SCienCe e viees 2020




Check for
updates

SCIENCE ADVANCES | RESEARCH ARTICLE

OPTICS

High-dimensional spin-orbital single-photon sources
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Hybrid integration of solid-state quantum emitters (QEs) into nanophotonic structures opens enticing perspectives
for exploiting multiple degrees of freedom of single-photon sources for on-chip quantum photonic applications.
However, the state-of-the-art single-photon sources are mostly limited to two-level states or scalar vortex beams.
Direct generation of high-dimensional structured single photons remains challenging, being still in its infancy. Here,
we propose a general strategy to design highly entangled high-dimensional spin-orbital single-photon sources by
taking full advantage of the spatial freedom to design QE-coupled composite (i.e., Moiré/multipart) metasurfaces.
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We demonstrate the generation of arbitrary vectorial spin-orbital photon emission in high-dimensional Hilbert spaces,
mapping the generated states on hybrid-order Bloch spheres. We further realize single-photon sources of high-
dimensional spin-orbital quantum emission and experimentally verify the entanglement of high-dimensional
superposition states with high fidelity. We believe that the results obtained facilitate further progress in integrated
solutions for the deployment of next-generation high-capacity quantum information technologies.

INTRODUCTION

Polarization states of photons carrying spin-angular momentum
(SAM) are restricted to two-dimensional alphabet with canonical
right (|R)) and left (|L)) circular polarization (CP) eigen-states as
basis modes, although multiple options can be applied in two-
dimensional subspaces (1-3), which can be represented on a stan-
dard Bloch (or Poincaré) sphere (4, 5). The spatial modes of photons
carrying orbital angular momentum (OAM), which are associated
with an azimuthal phase of the form exp(il¢) representing the heli-
cal twisting of the phase £ times the azimuth (¢) (6, 7). In principle,
there is an infinite number of spatial modes with this discrete count-
able basis resulting in an extra quanta of OAM per photon, a feature
that provides a higher quantum channel capacity, beyond one bit
per photon (8, 9). For classical light, numerous investigations have
been conducted to explore all freedom degrees of light, especially,
toward high-dimensional structured light (10, 11). One of the most
attractive directions for extending the degrees of freedom of classi-
cal light is the combination of SAM and OAM, which elevates scalar
OAM beams to vector vortex beams and gives rise to spin-orbit
vectorial states (12, 13), especially with the help of planar subwave-
length artificial structures (i.e., metasurfaces) (14-17). At the single-
photon level, the OAM manipulation was demonstrated only two
decades ago (18, 19), with the flexible control of quantum state of
light being far less developed in comparison with classical free-
space light (20-22).

Conventional approaches for shaping quantum light inevitably rely
on the use of external and bulky optical components, including lens,
waveplates, polarizers, spatial light modulators (SLMs), and digital mi-
cromirror devices (23-26). Although optical metasurfaces have been
designed to manipulate single-photon beams, in most cases, they are
still treated as external components, like their bulky counterparts,
which are placed away from the photon sources (27-30). By integrat-
ing quantum emitters (QEs) with nanophotonic structures, such as
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photonic crystals or microrings (31-34), the generation of single
photons with SAM or OAM was respectively realized though with
strict conditions. Another avenue for realizing advanced single-photon
sources is to use metasurfaces that are coupled on-chip to QEs and
designed to generate well-collimated single-photon beams with rela-
tively high efficiency (35-38). On-chip generation of single photons
encoded with SAM was first realized and then extended to OAM
(35, 36). Single mode circularly polarized single-photon vortex beams
and linearly polarized single-photon vortex beams have also been real-
ized with QE-coupled anisotropic metasurfaces (39, 40). Recently, the
vectoral scattering holography (VSH) approach has been proposed as
an inverse design method for creating on-chip nanostructures inte-
grated with QEs (41-43). In this approach, the reference wave is QE-
excited surface plasmon polaritons (SPPs) that radially propagate on
the surface, the framework that is different from the traditional holog-
raphy based on free-space light. The developed VSH approach has
been applied to generate both single-channel (41) and multichannel
(42, 43) photon emission with desired polarizations and off-normal
propagation directions. Although the previous works demonstrated
the possibility for on-chip generation of SAM and OAM photon states,
extending the developed approach to generating high-dimensional
structured single photons remains to be challenging and it is still elu-
sive to find a reliable way for designing nanostructures to control the
superimposition of spin-orbital photon emission.

In this work, we propose a general approach for designing single-
photon sources of high-dimensional spin-orbital photon beams to
drastically expand the degrees of freedom in comparison with the
state of the art. The principle is to design on-chip QE-coupled com-
posite metasurfaces that would make full use of the spatial freedom
and outcouple QE-excited (nonradiative) SPPs into photon emis-
sion encoded with vectorial spin-orbital states. We develop the VSH
approach to separately generate the interference patterns of spin-
orbital waves (i.e., signal waves) and QE-excited SPPs (i.e., refer-
ence waves), which are then superimposed as a Moiré pattern and
binarized further to be used for fabricating (around a QE) a na-
noridge patterned metasurface. The generation of arbitrary vec-
toral spin-orbital quantum emission in high-dimensional Hilbert
spaces is presented with the hybrid-order Bloch spheres (HOBSs),
revealing accurate manipulation of arbitrary vectoral spin-orbital
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states. Furthermore, using signal waves with different topological
charges and beam radii to generate spatially resolved metasurfaces,
we realize single-photon sources of high-dimensional spin-orbital
quantum emission and experimentally demonstrate the entangle-
ment of high-dimensional superposition states with high fidelity. The
proposed approach and the designed single-photon sources facilitate
further progress in quantum nanophotonics and open avenues for
advanced photonic quantum information technologies.

RESULTS

Operation principle

High-dimensional spin-orbital quantum light sources can be real-
ized by on-chip integration of QEs and composite metasurfaces,
which are obtained by calculating, superimposing, and binarizing
several interference patterns (Fig. 1). A QE, located atop a silica
(SiO2)-covered silver (Ag) film, is considered as a vertical electric
dipole that can efficiently excite SPPs radially propagating along the
surface. To outcouple the QE-excited nonradiative SPPs into upward-
going single-photon emission encoded with high-dimensional states,
composite nanostructures should be carefully designed by making
full use of spatial freedom of the space including both the azimuthal
and the radial directions. The developed VSH approach is a promis-
ing way to design QE-coupled nanostructures for the generation of
photon emission with desired polarizations and propagation direc-
tions (41-43), while precisely controlling the ratio and phase differ-
ences of generated spin-orbital waves is yet to be realized. Here, we
extend the VSH approach to the high-dimensional regime exempli-
fying the case for two signal waves to be reconstructed (note S1 and

Composite
metasurface

fig. S1). Two spin-orbital waves (i.e., signal waves, E5; and E;) with
arbitrary amplitude, polarization, and topological charges can be
used to separately interfere with QE-excited SPP waves (i.e., refer-
ence waves, Ep), as illustrated in Fig. 1B. Here, we use the signal

waves with radial polarization, E;; = cos ( g )ei"’/ ’LGY 16,) [ cos ]
! sind
andE, = sin(9 )e"“"/ZLG0 14,) [cosq) , because it (e.g., Eg1) can
2 123 .
sing
be decomposed into |L) and |R) with the corresponding topologi-

cal charges of £1; = £; — 1 and £g; = £; + 1 (note S2). The signal
waves are the fundamental Laguerre-Gaussian (LG) beam with

LG%I =4/ #1‘ : W%~exp(— %) : (\/EWLI>I€I| -exp(i{ ,¢), where the
number of radial nodes is 0, w; is the LG beam waist, and the ra-
dius vector r = 4/x% + y? (44). It should be noted that, in this
work, we extend further the VSH approach by introducing the
angular parameters (0, ¢) to precisely manipulate the ratio (re-
lated to ©) and relative orientation (related to @) of the signal
waves Eg; and Eg,. The QE-excited reference waves are in the

COS

form of Eg,, ~ exp(—iky, ) - [ ¢], where kgpp = (20/A) Nypp,

with Ngpp being the effective index osflgfd’)Ps at the targeted wavelength
A of photon emission from QEs. The obtained interference patterns
are then superimposed, resulting in a Moiré pattern when consid-
ering the spatially overlapped signal waves (i.e., having the same
radii) or two spatially resolved patterns corresponding to the spatially
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Fig. 1. High-dimensional spin-orbital quantum light sources. (A) Direct on-chip generation of high-dimensional spin-orbital quantum light with the QE coupled com-
posite metasurfaces. (B) The VSH-based approach for generation of high-dimensional spin-orbital quantum light illustrating the recording and reconstruction process.
(C) Design of the QE-coupled Moiré metasurface by superimposing two interference patterns of arbitrary spin-orbital signal waves ({; = +2 and £, = —2) and QE-excited
SPPs. (D) Intensity cross sections of the Moiré interference patterns marked by dashed lines with corresponding colors in (C).
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separated (because of different radii) signal waves. Either way, the
combined interference pattern is then binarized, into a two-part (con-
ventional) nanoridge pattern or Moiré metasurfaces, as shown in Fig.
1C. For binarizing the interference pattern, the threshold should be
properly chosen to make sure the filling ratio  of the generated meta-
surfaces corresponds to the SPP effective index used in the design,
satisfying the relationship Ny, = (1 — x)Neg(air) + yNeq(dieletric),
where Neg(air) and N.g(dieletric) are the effective mode indices for
QE-excited SPP waves propagating in Ag-SiO, interface without and
with dielectric layer (35). The thickness of metasurfaces is set as 150 nm
to ensure efficient outcoupling of QE-excited SPPs into free-space
photon emission. To show the superposition of two interference pat-
terns into Moiré pattern more clearly, we mark two dashed lines on
the patterns 1 and 2 and their superimposed pattern with different
colors, displaying the intensity cross sections in Fig. 1D. Because of
different intensity distributions of two patterns, which originate from
different signal waves used for the interference with the reference SPP
field, the intensity of the superimposed Moiré pattern in different areas
varies across the metasurface (cf. Fig. 1D, top and bottom). The ob-
tained composite interference pattern and the corresponding Moiré
metasurface have more freedom than previous designs, originating
not only from the properties of two (or even more) signal waves
themselves but also from their intensity ratios and relative orienta-
tions (figs. S2 to S4) that can be completely and accurately controlled
during the design process (i.e., during the computer-aided record-
ing procedure in the VSH). The same features are also found when
superimposing several spatially resolved interference patterns gen-
erated with signal waves having spatially separate supports because
of different topological charges and beam radii. It is therefore pos-
sible to directly (at-source) generate quantum structured light en-
coded with composite high-dimensional states using either of the
regimes described above. This approach represents notable improve-
ment over previous works on generation of single-photon vortex states
[LY|er) + [R)|LR) (36) and |R)|LR) (39). Moreover, with our VSH-
based design strategy, more high-dimensional states can be generated,
e.g [LY{[€01) + [€12) + [€13) -} + [R){|€r1) + [€r2) + |€r3)++-}, sim-
ply by introducing more signal waves in the design process.

Arbitrary vectoral spin-orbital quantum emission
First, we consider high-dimensional vectoral spin-orbital beams com-
posed of two CPs, each carrying two different OAMs

|‘P)=é |L){cos(g>eiq)/2 |€L1>+Sin(g>9_iq’/2 I{)/LZ)}

+é |R){cos<g)ei“’/2 |€R1>+sin<g>ef"‘p/2 |€R2>}

where IL) = (ex +iex) / \/E and IR) = (ex - iex) / \/z represent two
orthonormal CP states with e, and e, being the unit vectors along the
x and y axes in the Cartesian coordinate system, 0 and ¢ are the con-
stants, and [£;), |€12), [Lr1), and |Lg,) represent the OAM states. For
example, |01;) is associated with the helical wave front described by
the azimuthal phase factor exp(il1;¢$). The above state (Eq. 1) can be
graphically shown using the spherical coordinates (6, ¢) in two
HOBSs of orders (€1, £12) and (£r1, £r2), respectively. It is easily seen
that any arbitrary spin-orbital states described with Eq. 1 can be rep-
resented by two points on two HOBSs. For instance, considering the
HOBS related to |L) states (Fig. 2A), the north (0, 0) and south (=, 0)
poles of the HOBS represent two orthonormal sates of % IL)|+1)

1)
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and L ILy| =3 ) which are associated with two left-hand CP (LCP)
2

vortex fields with topological the charges of {; = +1 and {1, = -3,
respectively. The HOBS equator corresponds to the hybrid states with
equal contributions (i.e., with the same amplitudes) from these two
basis states (i.e.,\% |L)|+1) and \/% [L)|=3) ), which can be de-

scribed as (e?|L)|+1) + e¢7*?|L)|-3))/2. By varying parameters 0
and @, arbitrary vectoral spin-orbital quantum emission can be real-
ized, mapping any position on the HOBS. Similarly, considering the
HOBS related to |R) states (Fig. 2A), where the north and south poles

L L Ry|— i .
are 7 [RY|+3) and 7 |R)|—1), the HOBS points represent su
perpositions of right-hand circularly polarized (RCP) vortex fields

with topological charges of {g; = +3 and {g, = —1. It should be noted
that because of radially polarized SPP waves used as the reference
waves, the generated photon emission always contains both |L) and
|R) state components. This is due to the reconstructed (with na-
noridge metasurfaces) photon emission featuring the same polariza-
tion as the reference waves, i.e., the radial polarization, which can be
decomposed into LCP and RCP wave components, showing the natu-
ral superiority for the direct generation of spin-orbital photon emis-
sion by the proposed VSH approach (note S2). In the meantime, the
topological charges of LCP and RCP components are strictly related,
ie, Lr — €L = 2, as they are generated from the radial polarization.
This strict relationship can be made redundant by introducing aniso-
tropic scatterers (39) to construct holographic metasurfaces.

For the experimental generation composite vectoral spin-orbital
quantum emission, we first design the corresponding QE-coupled
Moiré metasurfaces using the VSH approach as described above
(Fig. 1, B to D). The two interference patterns, calculated for the SPP
reference wave interfering with two radially polarized signal waves
encoded with two OAMs, 42 and —2, are superimposed as a Moiré
pattern, which is then binarized into the Moiré metasurface to be
fabricated around QE. We use nanodiamonds containing nitrogen
vacancy center (NV-ND) as QEs, whose emission peak appears at
around 670 nm. The metasurface, made of hydrogen silsesquioxane
(HSQ), is fabricated around a preselected NV-ND. Three metasur-
faces with (6, @) being set as (n/6, ©/4), (n/2, n/4), and (27/3, ©/4),
respectively, were fabricated (Fig. 2B), and the corresponding quan-
tum emission was characterized by the combination of a quarter-
waveplate and a linear polarizer taking Fourier plane images (see the
“Optical characterization” section). The simulated and experimental
far-field distributions shown in the insets in Fig. 2A, with the exceptional
points being marked, reveal the combination of different topologi-
cal states and demonstrate good overall correspondence between the
simulated and experimental emission patterns [numerical aperture

(NA) = 0.5]. For small 6 (e.g., © = n/6), the emission is dominated

by the nearby pole state < % |L)|+1)for LCP and\/LE |R)|+3) for RCP )

The emission gradually transforms to the opposite pole state
1 1 o . .

<$ |L)|=3) or W [R)|-1) ) with increasing the azimuthal angle 6. At

the HOBS equator with 6 = n/2 two states contribute equally as de-
scribed above. Therefore, by changing the angular parameters (6, ¢)
of signal waves used in the VSH design procedure, one can actively
manipulate high-dimensional states of the generated photon emis-
sion (figs. S3 and S4). Furthermore, using simulations of quantum
emission from the correspondingly designed QE-coupled Moiré
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Fig. 2. Generation of arbitrary vectoral spin-orbital quantum emission in high-dimensional Hilbert spaces. (A) HOBSs presenting structured photon emission vor-
tex beams with vectoral spin-orbital states, |L) (left) and |R) (right). The insets show the far-field emission intensity patterns (NA = 0.5) and the corresponding phase pro-
files of three QE-coupled Moiré metasurfaces. The metasurfaces are related to the signal beams with £y =+2and £, =—-2.(B) The scanning electron microscope (SEM)
images of three QE-coupled Moiré metasurfaces with (6, ¢) being set as (n/6, n/4), (n/2, n/4), and (2n/3, ©/4), from the left to the right. Scale bars, 2 pm. (C) The modal
spectrum changing with the azimuthal angle 0 (analytic with lines and simulation with histogram) of |L) (left) and |R) (right).

metasurfaces, we quantified the contributions from differently
weighted OAM states, both for LCP and RCP. It is seen (Fig. 2C) that,
by varying the azimuthal angle 0 in the design process, the fraction of
OAM states in the generated photon emission changes according to
the analytic (harmonic) dependencies (Eq. 1).

High-dimensional single-photon sources

To demonstrate the use of composite multipart metasurfaces for real-
izing high-dimensional single-photon sources, we consider the case
of two radially polarized signal beams Eg; and Eg; having different
topological charges (£; = 5 and £, = 11) and different beam radii
(w1 = 6.5\ and w, = 1.5)), resulting in two spatially resolved (radi-
ally separated) interference patterns (Fig. 1A). We further set the HOBS
angular parameters (6, ¢) to be (n/2, n/4), ensuring equal contribu-
tions to the hybrid state (Eq. 1). In this case, we use nanodiamonds

Kan et al., Sci. Adv. 10, eadq6298 (2024) 6 November 2024

containing single germanium vacancy centers (GeV-NDs) as QEs
capable of generating single photons at room temperature with a nar-
row emission peak at 602 nm. The multipart metasurface is designed
with the VSH approach and then fabricated around preselected a
GeV-ND (fig. S5). From the scanning electron microscopy (SEM)
and atomic force microscopy (AFM) images (Fig. 3A), it is seen that
the GeV-ND is located precisely at the center of high-quality fabri-
cated metasurface. A tightly focused radially polarized laser beam
(532 nm), which can produce a strong electric field component (E,)
perpendicular to the surface, is applied for preselecting and efficient-
ly exciting the GeV-ND with the sufficiently large normal dipole pro-
jection of the QE radiative transition (figs. S6 and S7). For both
simulated and experimentally obtained far-field emission patterns,
one distinguishes two, inner and outer, parts of the photon emission
(Fig. 3B). The inner and outer parts of LCP emission are related to
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Fig. 3. Generation of composite high-dimensional spin-orbital quantum emission. (A) SEM (top) and AFM (bottom) images of the sample. Scale bar, 2 pm. The meta-
surfaces is related to the signal beams with £; = +5 and {, = 4+11. (B) Simulation and experimental results of the emission patterns (NA = 0.9) and corresponding phase
profiles of LCP (top row) and RCP (bottom row) states. (C) HOBSs presenting composite photon emission vortex beams in high-dimensional Hilbert spaces of LCP (top row)

and RCP (bottom row) states.

the superposition of |[L)|+4) and |L)|+10) states, while the inner
and outer parts of RCP emission are related to the superposition of
[R)|+6) and |R)|+12) states, respectively. These OAM encoded in the
LCP and RCP emissions can directly be deduced from the emission
phase distributions. With the used design parameters, the generated
states are located on the HOBS equators (Fig. 3C). The number of
spiral arms (i.e., m = 5 and m = 11, respectively) of the metasurfaces
in two regions equals to the topological charges (£; =5 and £, = 11)
of the two radially polarized signal waves. Therefore, the generated
spiral metasurfaces provides external phase distribution for the radi-
ally polarized SPP waves, which are outcoupled to photon emission
and can be decomposed into |L) and |R) with the topological charges
of m — 1 and m + 1. Similar features can also be found in the previ-
ously considered Moiré metasurface, which is composed of two in-
terference patterns exhibiting two double spirals of opposite chirality,
i.e., m =42 and m = -2 (Fig. 2B).

Entanglement of high-dimensional superposition states

To explicitly validate the entanglement between high-dimensional
composite states, we perform the quantum state tomography (QST)
to characterize the entangled states of different modes with projection
measurements with different combination of polarization and OAM
basis (note S3 and tables S1 and S2). In the experiment, we used
quarter-waveplate, linear polarizer, and half-waveplate to project the
photon emission into different elements of the polarization basis and
an SLM to project the photon emission into different OAM basis ele-
ment (fig. S7). We define [¥,) = |R)|+6) + |R)|+12), |¥}) = |R)|+4) +
IR)+10), [¥e) = |L)|+6) + [L)|+12), and |¥y) = |L)[+4) + |L)|+10).
The density matrices for |¥,)= \% (I 16, =+4) + IRY [{ g = +6))

and [¥,) = % (|L) [, =+ 10) +|R) [ g = +12)) are separately char-

acterized with twice 16-projection measurements to recover the
density matrices (figs. S8 and S9). It can be seen from the density
matrices that it is an entangled high-dimensional states (Fig. 4, A

Kan et al., Sci. Adv. 10, eadq6298 (2024) 6 November 2024

and B). The concurrences obtained from the simulation and experi-
mental results are 0.95 and 0.88, respectively, demonstrating that the
high-dimensional superposition states of different modes are highly
entangled. The fidelity between the reconstructed density matrices
of the predicted and experimentally obtained states is defined as

2
F(pps Pexp) = [Tr <\ [\/PPexp \/PT)] , where p; and pey, are the den-

sity matrices of the entangled state of predicted results and the mea-
sured results, respectively. The fidelity between the simulated and
experimentally measured states is 0.89, which proves that the experi-
mentally obtained quantum state is close to the simulation. The rea-
sons for nonunity fidelity may rise from the nanofabrication error and
the deterioration of relatively weak single-photon emission during
passing through number of optical components in experimental
measurements. We further analyze the robustness of the design by
shifting the QE location over 50 nm in both x and y directions, as
well as by applying blue and red wavelength shifts (+5 nm, i.e., to 597
and 607 nm). We found that the generated states maintain high fidelities
(>0.95) compared to the ideal case (fig. S10). The high fidelities and
robustness demonstrate the potential of using QE-coupled composite
metasurfaces for high-dimensional quantum emission, with special at-
tention to be paid to the proper orientation of QE radiative transition.
The emission spectra of the GeV-ND before and after the QE coupling
to the metasurface are practically identical, except for some intensity
enhancement (Fig. 4C), showing narrow-band fluorescence emission
peaks around 602 nm, where the counts increase may attribute to the
Purcell enhancement and enhanced collection after coupling with
metasurface. The second-order correlation functions are measured by
Hanbury Brown-Twiss setup (fig. S6), showing g(z)(O) =0.11and 0.21
before and after coupling with metasurface, respectively (Fig. 4D), in-
dicating excellent and stable single-photon properties at room tem-
perature. The single-photon performance might be improved by using
low-fluorescence materials to construct metasurfaces and conducting
the experiment at cryogenic temperatures.
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Fig. 4. Demonstration of entanglement of single-photon emission with composite high-dimensional superposition states. (A) The simulated density matrices
density matrix for the entangled state. (B) The experimentally measured density matrix recovered for the entangled state by using QST. (C) Spectrum and (D) autocorrela-

tion comparison of QE before and after coupling with metasurfaces.

DISCUSSION

In the preceding, we have proposed a general strategy for designing
high-dimensional spin-orbital single-photon sources based on QE-
coupled composite (i.e., Moiré/multipart) metasurfaces, getting rid of
external components like bulky optical components or metalens (19, 45).
In comparison with recently reported Moiré metasurfaces for shaping
classical free-space light (46, 47), here, we combine the holography ap-
proach and Moiré pattern to on-chip generate quantum light states by
taking full advantage of the spatial degrees of freedom in designing
metasurface patterns obtained from the interference of spin-orbital
waves and QE-excited SPPs. We have demonstrated the generation of
arbitrary vectorial spin-orbital photon emission in high-dimensional
Hilbert spaces, which is represented with the HOBSs, showing the capa-
bility of precise manipulation of high-dimensional states by controlling
the weighting parameters signal waves in the designing process. This can
be viewed as an inverse design approach to generate composite OAM
modes, which is entirely different strategy from that used the angular
gratings to design the spin-orbital microlaser (13, 48) and optical vortex
microcombs (49, 50).

Moreover, our approach can be extended to design more high-
dimensional quantum light sources by increasing the number of
signal waves to generate interference patterns or separating the
in-plane area to several parts, allowing for arbitrary generation of
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high-dimensional superposition states. By using two signal waves
with different topological charges and beam sizes to generate the
two-part composite metasurface, we realize the single-photon
source of high-dimensional spin-orbital quantum emission. We
think that it is definitely possible to generate the quantum states us-
ing different radial and azimuthal degrees of freedom and keeping
the same beam size parameter, but working out the general imple-
mentation approach for their arbitrary combination is challenging
and goes beyond the design approach presented in this work. It may
also be possible to realize on-chip single-photon skyrmion sources,
featuring more complex vectorial field structures with versatile and
resilient topological characteristics (51, 52). Furthermore, we char-
acterize the entangled LCP and RCP superposition states, revealing
the entanglement of single-photon emission with composite high-
dimensional superposition states with the high fidelity. Last, it is
important to note that design strategy is general and can be used
for other QEs with different wavelengths (53, 54), e.g., with those
single-photon emitters operated at cryogenic temperatures, the
performance may be further improved. We believe that the pro-
posed approach and the designed single-photon sources facilitate
further progress in integrated solutions for the deployment of next-
generation high-capacity quantum information processing tech-
nologies (11, 55, 56).
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MATERIALS AND METHODS

Numerical simulations

Numerical simulations of QE-coupled metasurfaces were performed
with three-dimensional finite-difference time-domain method. The
QE was simulated as a z-direction electric dipole radiating at 602 nm,
fitting the emission peak of GeV-ND. The dipole was placed 50 nm
atop the SiO, spacer (20 nm) and silver film (150 nm) and in the
center of dielectric nanostructures (with thickness of 150 nm and
refractive index of 1.41). A two-dimensional monitor 150 nm atop
the configuration was employed to collect far-filed electric field by
near- to far-field transformation method.

Device fabrication

Fabrication of QE-coupled metasurfaces followed a well-established se-
quence of technological steps (fig. S5). A 150-nm-thick silver film was
first deposited on the silicon substrate by the thermal evaporation, fol-
lowed by a 20-nm-thick SiO, layer being deposited by the magnetron
sputtering method. Then, a group of gold markers were fabricated on
the substrate by a combined process of EBL (JEOL-6490 system; accel-
erating voltage, 30 kV), gold deposition, and lift-off. Subsequently, solu-
tion of GeV-NDs was spin-coated with proper diluted concentration.
After preselecting GeV-NDs by the fluorescence scan and characteriz-
ing quantum properties, the positions of candidates are determined by
the dark-field microscope image with the precise alignment procedure,
in which we use prefabricated markers to build (x, y) coordinate system
in the surface plane and then determine the coordinates of a suitable
ND by fitting two Gaussian distributions to the diffraction-limited spot
of the ND (35, 36). A negative photoresist (HSQ) was subsequently
spin-coated at 3000 rpm, for 45 s, and heated at the hotplate on 160°C
for 2 min to form a ~150-nm layer, which was examined by the AFM
(NT-MDT NTEGRA). According to the relative positions of NDs, the
metasurface configurations obtained from the VSH approach were
written using a properly adjusted electron-beam dose. Subsequently, a
second round EBL was then carried out on the resist around GeV-NDs
to fabricate the designed metasurfaces. Last, QE-coupled metasurfaces
were obtained by development with the tetramethylammonium hy-
droxide solution (for 4 min) and water (for 60 s).

Optical characterization

The QE-coupled metasurfaces was characterized with the experimen-
tal setup as shown in figs. S6 and S7. Radially polarized 532-nm laser
beam was used to drive and preselect GeV-NDs that can form a dom-
inant dipole moment perpendicular to the substrate surface. The exci-
tation and collection of photon emission were by the same objective
with NA = 0.9 (The Olympus MPLFLN x100). Fluorescence imaging
was performed by a synchronous movement of piezo-stage with
mounted sample and projecting the collected fluorescence emission
to the avalanche photo diodes (APDs). Fluorescence spectra were
measured using the spectrometer (Andor Ultra 888 USB3-BV) oper-
ating within 540 to 820 nm. Second-order correlation was recorded
by registering the temporal delay between photon detection events
between APD1 and APD?2 in a start-stop configuration, using an elec-
tronic timing box (Picharp-300; Pico quant). The LCP and RCP emis-
sion patterns were measured by the combination ofa quarter-waveplate
and a linear polarizer taking Fourier plane images. An SLM was used
to generate the computed holograms with different topological charg-
es. The reflected light from the incident light was filtered out by a set
of dichroic mirrors (Semrock FF535-SDi01/FF552-Di02) and with a
long-pass filter 550 nm (Thorlabs FELH0550) and a band-pass filter
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605 + 8 nm. The quantum state topography was performed based on
the polarization and OAM coincidence with a set of superpositions of
polarization and OAM basis (note S3 and fig. S8 and S9).

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S10

Tables S1 and S2
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