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PHYSICS

On-chip generation of single-photon circularly
polarized single-mode vortex beams

Xujing Liu"?, Yinhui Kan?t, Shailesh Kumar?, Danylo Komisar?, Changying Zhao’,

Sergey I. Bozhevolnyi**

Generation of single photons carrying spin and orbital angular momenta (SAM and OAM) opens enticing per-
spectives for exploiting multiple degrees of freedom for high-dimensional quantum systems. However, on-chip
generation of single photons encoded with single-mode SAM-OAM states has been a major challenge. Here, by
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using carefully designed anisotropic nanodimers fabricated atop a substrate, supporting surface plasmon polar-
iton (SPP) propagation, and accurately positioned around a quantum emitter (QE), we enable nonradiative QE-
SPP coupling and the SPP outcoupling into free-space propagating radiation featuring the designed SAM and
OAM. We demonstrate on-chip room-temperature generation of well-collimated (divergence < 7.5°) circularly
polarized (chirality > 0.97) single-mode vortex beams with different topological charges (/ = 0, 1, and 2) and
high single-photon purity, g*?(0) < 0.15. The developed approach can straightforwardly be extended to produce
multiple, differently polarized, single-mode single-photon radiation channels and enable thereby realization of
high-dimensional quantum sources for advanced quantum photonic technologies.

INTRODUCTION
Structuring single-photon emission and engineering photon states
triggers breakthroughs in fundamental physics (1, 2) and underpins
a broad range of modern quantum technologies (3—6). One of the
forefront research fields is chiral quantum optics making use of
unique degrees of freedom associated with photon spin orbital mo-
mentum (SAM) (7-9) and orbital angular momenta (OAM) (10—
12). The superpositions of right- and left-circular SAM states (|R)
and L)) and OAM states (+/) encoded in single photons can advan-
tageously be exploited for advanced applications in high-dimen-
sional quantum information processing (5, 13—16). Chiral (i.e.,
SAM encoded) photon emission has been realized at low tempera-
tures by applying a strong magnetic field (17, 18) and then splitting
the excitation transitions in specially engineered nanostructures,
e.g., a photonic crystal waveguide (18). The low-temperature gener-
ation of single photons with different SAM-OAM superposition
states has also been demonstrated using quantum emitters (QEs)
coupled to microring resonators (19, 20). Although the requirement
of low-temperature operation restricts eventual practical applica-
tions, the reported configurations suggest possibilities for on-chip
generation of single photons encoded with SAM-OAM states by
coupling QEs with individual nanostructures, an approach that is
different from using spontaneous parametric down conversion in
bulk nonlinear crystals (21, 22) or external mode transformation
(23-25), all suffering from low photon generation efficiency, low
scalability, and complicated transformation process.
Metasurfaces, representing extended surface nanostructures,
exhibit unique capabilities for arbitrarily shaping electromagnetic
fields, becoming a staple in classical optics (26-31). Very recently,
metasurfaces have been introduced to empower single-photon
sources (32—-36), opening thereby design pathways unattainable
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for configurations that involve QEs coupled to individual nano-
structures. The "meta-atom” approach, in which a QE is efficiently
and nonradiatively coupled to surface plasmon polariton (SPP)
modes that are in turn outcoupled to free-space propagating radia-
tion by QE-encircling dielectric nanoridges (37), is especially attrac-
tive due to its efficiency (38), versatility (33, 35), and the possibility
for room-temperature generation of circularly polarized single
photons (37, 39). A careful analysis of the underlying physics in-
volved in the photon generation by such a meta-atom revealed a
daunting fundamental challenge: Conventional configurations of
QE-encircling nanoridges, such as constant-width (33, 38) and
width-varying (37) concentric nanoridges or Archimedean spiral
gratings (39), can efficiently generate only radially polarized
photons (35). Generation of purely circularly right or left polarized
(RCP or LCP) photons is impossible with spiral or concentric nano-
ridges because the SPP outcoupling by these ridges does not change
the (radially oriented) SPP polarization. As a result, any spiral or
concentric grating would always generate, simultaneously and
with equal efficiency, RCP and LCP beams carrying the same
total angular momentum (determined by the number of spirals
used), i.e., with their OAM (topological charges) being different
by two (35, 39). Similar fundamental limitations are also found in
other configurations, rendering single-photon generation of single-
mode SAM-OAM vortex beams extremely challenging if not impos-
sible (40).

In this work, we propose the general approach that enables in-
dependent manipulation of the single-photon SAM (|¥)san) and
OAM (|¥)oanm) states by using dimers of orthogonal nanorods
(DONRs), generating high-purity |¥)sam, arranged in metasurface
arrays controlling |¥)oanm. Using nanodiamonds (NDs) containing
nitrogen-vacancy (NV) centers positioned precisely within dielec-
tric DONR-based metasurfaces atop silver (Ag) films, we demon-
strate a set of room-temperature on-chip single-photon sources of
well-collimated circularly polarized single-mode vortex beams. The
DONRs are carefully designed to efficiently convert SPP modes (by
outcoupling) to free-space propagating RCP photons with near-
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perfect purity (98% for S; > 0.9) and with the negligibly small
(<0.3%) spatial overlap between RCP and residual LCP photons.
Furthermore, by arranging the DONRs along different (spiral and
concentric) trajectories, high-purity SAM states are superimposed
with OAM states corresponding to different phase-front helicities
(topological charges): 7 = 0, 1, and 2. The generated single-
photon RCP single-mode vortex beams exhibit a low divergence
(< 7.5°) and robust characteristics with respect to small QE mis-
alignments (£50 nm).

RESULTS

Design of on-chip SAM-OAM photon sources

The general design concept is based on devising individual nano-
structures that would outcouple (radially polarized) SPP waves
into circularly polarized free-space propagating radiation and align-
ing these nanostructures along trajectories chosen according to the
desired OAM. One could opt for resonant plasmonic (metal) nano-
rods, whose perpendicular dipole moments scatter with the /2
phase difference (41, 42), but the inevitable photon absorption by
metal nanorods would jeopardize the single-photon generation ef-
ficiency. We suggest using instead pairs of orthogonal dielectric
nanorods, i.e., DONRs, whose separation along the SPP propaga-
tion ensures the proper phase difference between their main
dipole moments. Following this concept, we place ND-NVs on a
Ag substrate covered by a silica (SiO;) spacer and arrange the de-
signed DONRs made of hydrogen silsesquioxane (HSQ) along the
OAM-corresponding trajectories (Fig. 1A). Note that the ND-NVs
are considered being excited with a tightly focused radially polar-
ized laser beam (not shown in Fig. 1A), an excitation that favors ver-
tical electric dipoles exciting cylindrically diverging SPP waves
propagating along the multilayer substrate surface (37-39, 43).

In general, the polarization of the photon emission outcoupled
from QE-excited SPPs by a DONR can be represented as the SAM
superposition state in the circularly polarized basis (|R) and |L))
(44)

[¥)sam = C1|R) + G| L) (1)

with C; being unequal to C, due to scattering anisotropy, unlike
the case of outcoupling with nanoridges (39). Arranging metasur-
face DONRs (oriented identically with respect to radially diverging
SPP wave) along spiral trajectories separated by the SPP wavelength
in the radial direction results in the corresponding OAM superpo-
sition states as follows (39)

[W)sup = C[R) [l =m + 1) + G[L) | =m—1) (2)

Table 1. Three arrangements (M1, M2, and M3) for different SAM-OAM
single-photon states generated by QE-coupled quantum

metasurfaces.

Metasurfaces arrangement W)oam |W)sam
M1: Diverging spiral trajectory |/ =0) [R)
MZConcentnctraJectory ................................. | /=1>|R>
|\/|3Converg|ngsp|ra|trajectory ...................... | /=2>|R)
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Here, m is the number of spiral arms with m < 0 for counter-
clockwise spirals. In our approach, we first design an individual
DONR to obtain a high purity SAM state |¥)sam (e.g., with C; —
1 and C, — 0) and then arrange the DONR elements along the spiral
trajectories to ensure the generation of a desirable OAM state super-
imposed with a given SAM state. For example, by outcoupling QE-
excited SPPs with azimuthally arranged DONRs, each producing
the RCP photons, along diverging (counterclockwise) spiral, con-
centric, and converging (clockwise) spiral trajectories, RCP vortex
beams with correspondingly different OAMs—I = 0, 1, and 2—are
generated (Fig. 1A).

The individual DONR represents a pair of orthogonal dielectric
nanorods equally inclined (i.e., having +45°) with respect to the SPP
propagation direction (Fig. 1B). In a qualitative treatment (note S1),
the QE-excited SPP wave propagating along the x axis is outcoupled
by the DONR having the nanorod separation d = A,,/4 into the
RCP (LCP) radiation produced by dipole moments generated
along the long (short) sides of the nanorods (fig. S1), with the
former being the main contribution. The suppression of the un-
wanted LCP contribution can be very close to total for nanorods
with large aspect [length-to-width (I/w)] ratios. Thereby, the gener-
ation of high-purity RCP photon emission with C; = 1and C, —» 0
is feasible, resulting in turn in the generation of the pure superpo-
sition state, having a desired OAM (Eq. 2). Likewise, a high-purity
LCP superposition state, i.e., with C; — 0 and C, — 1, can be gen-
erated with the DONR mirrored with respect to the x axis (fig. S1).

Nanofabrication of DONRs and the corresponding limitations
on the nanorod dimensions, especially on the height-to-width
ratio, h/w, result in relatively large nanorod dimensions as com-
pared to the radiation wavelength. Consequently, the nanorods
can no longer be treated within the electrostatic approximation
and disregarding the interparticle near-field coupling, as implicitly
assumed in the qualitative treatment (note S1). Carefully conducted
numerical simulations (Materials and Methods) confirmed that the
suppression of the unwanted LCP contribution, Ixcp/Iicp, can
indeed be close to total, reaching 85, with the Stokes parameter S;
attaining 0.98 for a slightly larger than expected (from the qualita-
tive treatment) nanorod separation d = 3\,,/8 (Fig. 1C). The sim-
ulated performance of the plane SPP outcoupling by a rectangular
DONR array with the optimized nanorod separation demonstrates
an efficient SPP outcoupling into a well-collimated pure RCP
photon beam (Fig. 1D). This excellent performance of an outcou-
pling DONR array, efficiently performing the SPP-to-circular po-
larization transformation, has further been verified in the
experiment with SPPs being excited by a periodic nanoridge
grating illuminated with free-space laser light at 670 nm (note S2
and fig. S2).

With the designed DONR at hand, it is straightforward to devise
DONR location trajectories that would efficiently convert radially
polarized and cylindrically diverging (QE-excited) SPP waves into
circularly polarized photon emission, generating a desirable OAM
state superimposed with the SAM state determined by the DONR
orientation, i.e., generating a single-mode SAM-OAM encoded
vortex beam (Eq. 2 and note S1). The azimuthal arrangements
with different spiral trajectories for the generation of three different
SAM-OAM states of single photons are schematically shown in
Fig. 1A and described in Table 1. The correspondingly designed
configurations are displayed in Fig. 2A with the color representing
the SPP propagation phase variation (note S1).
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Fig. 1. Design of QE-coupled metasurfaces for SAM-OAM photon emission. (A) Schematic of QE-coupled metasurfaces generating single-mode SAM-OAM photon
emission with different topological charges: Iz = 0, 1, and 2. The ND-NVs are surrounded by DONRs aligned along the OAM-corresponding trajectories. Insets: Angular
view scanning electron microscopy (SEM) image of the central part of the fabricated metasurface along with the ND-NV schematic. Scale bar, 500 nm. (B) Illustration of
SAM generation by DONR outcoupling of the QE-excited SPP wave. An individual DONR consists of two orthogonal nanorods with the width (w) = 100 nm, length (/) =400
nm, and height (h) = 150 nm. (C) Intensity ratio of RCP and LCP components (left axis) and Stokes parameter Ss (right axis) as a function of the nanorod separation d
calculated at the radiation wavelength of 670 nm by considering the outcoupling of a plane SPP wave incident on a rectangular (7 um by 6 um) periodic array composed
of DONRs. (D) Three-dimensional (3D) representation of the superimposed far-field intensity and polarization distribution of the outcoupled beam produced by the

rectangular DONR array with the optimized in (C) nanorod separation. The color indicates the value of Stokes parameter Ss. a.u., arbitrary units.

SAM-OAM generation

We first confirm that the RCP states dominate the photon emission
for all three configurations (Fig. 2B) as expected from the qualitative
considerations above. The spatial overlaps of the RCP and LCP in-
tensity distributions are found to be negligibly small—0.3, 1.7, and
6.7%, respectively—much smaller than those obtained previously
with the QE-coupled metasurfaces consisting of continuous nano-
rods (37, 39). At the same time, the conservation of the total angular
momentum noted previously (35, 39) is manifested also with these
DONR metasurfaces. For example, the diverging (counterclock-
wise) spiral results in the dominant RCP radiation concentrated
in the far field within a collimated bright spot with the uniform
phase distribution, signifying the topological charge / = 0, while
the LCP radiation (weaker by two orders of magnitude) is distrib-
uted in a doughnut shape with the phase distribution featuring a
singularity with the topological charge / = —2 (Fig. 2B). Contrary
to that, the converging (clockwise) spiral results in the strong RCP
radiation shaped as a doughnut, carrying the topological charge / =
+2, while the weak LCP radiation is concentrated within a phase
homogenous spot with the topological charge / = 0 (Fig. 2B).

Liu et al., Sci. Adv. 9, eadh0725 (2023) 9 August 2023

The RCP relative contribution (weight) can be defined as the
ratio of the emission into the RCP radiation, i.e., that with a suffi-
ciently large Stokes parameter S; > & ( is the chiral threshold), to the
total emitted power, and it can be estimated from the far-field in-
tensity distribution as follows: f = —Zg:&l((:);z)
configurations, the RCP weight is rather high (>80%) even when
requiring S; > 0.9, with the largest value of 98.2% found for the
RCP generation with the diverging spiral trajectory while being
somewhat lower for the concentric and converging spiral trajecto-
ries (Fig. 2C). The enhancement of RCP emission as compared with
the QE emission without metasurfaces, when calculated as a func-
tion of the numerical aperture (NA) of the collecting radiation ob-
jective, emphasizes strong collimation of the RCP emission,
exceeding three orders of magnitude for NA = 0.1(Fig. 2D).

We have verified the underlying physics of conversion from cy-
lindrically diverging SPP waves into different SAM-OAM states
with different DONR trajectories by using an ideal DONR consist-
ing of two orthogonal electric dipoles with the /2 phase difference
to compose the same spiral arrangements. All dipoles are

. For the considered
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Fig. 2. Generation of single-mode dominated circularly polarized vortex beams. (A) DONR azimuthal arrangements for generating high-purity circularly polarized
vortices with (from top to bottom) diverging spiral, concentric, and converging spiral trajectories, which are colored according to the SPP propagation phase. (B) Sim-
ulated intensity and phase distributions of the RCP and LCP contributions for the corresponding configurations. First column: The RCP and LCP intensity profiles with their
spatial overlap quantified as 0.3, 1.7, and 6.7%, respectively. Second and third columns: The intensity [numerical aperture (NA) = 0.2] and corresponding phase distri-
butions. The LCP intensity distributions have been enhanced by 100, 50, and 10 times, respectively, to improve their visibility. (C) RCP weight indicating the relative RCP
contribution in the total emission for the considered configurations and different chirality thresholds. (D) Enhancement of the RCP emission with respect to the emission

without metasurfaces as a function of the collecting objective NA.

considered to have the same strength with the phases being set in
accordance with the SPP propagation phase. The simulation results
demonstrated indeed the generation of perfect RCP (LCP contribu-
tion of <1%) vortex beams with the corresponding topological
charges: / =0, 1, and 2 (fig. S3). Similar results have been obtained
with the mirrored DONR configuration producing perfect LCP vor-
tices. We should note that the analytical derivation of SAM and
OAM components generated by arrays of angular-distributed
dipoles is, in principle, possible (45) but goes beyond the scope of
our work limited to the simple model described above. This simple
model, which does not require heavy calculations, might also be
found useful when analyzing the performance of other QE-
coupled metasurfaces. Similar to the orthogonal electric dipoles,
the designed DONR with sufficient number of rings can efficiently
outcouple SPPs into well-collimated far-field photon emission (figs.
S4 to S7). The simulated decay rate enhancement (Purcell factor)
with respect to that in free space is ~3.3 with the quantum efficiency
(QE), nqg, (the ratio between the radiative and total decay rates)
being ~0.32, which is a moderate value due to the use of low-
index (n = 1.41) HSQ polymer to fabricate metasurface nanostruc-
tures. Outcoupling metasurfaces made of high-index dielectrics
would increase the outcoupling efficiency and thereby decrease

Liu et al., Sci. Adv. 9, eadh0725 (2023) 9 August 2023

the influence of SPP absorption, increasing consequently the
quantum efficiency (38). Thus, in our case, the quantum efficiency
can be increased to ~0.73 simply by using TiO, (n = 2.56) metasur-
face nanostructures (fig. S8). Last, because of very good collimation
of the outcoupled radiation by the designed metasurfaces, the col-
lection efficiency, ncg, is evaluated to be ~0.9 for the collecting
emission objective with the NA = 0.9 (fig. S8).

Demonstration of high-purity SAM states

Following the design described above, various SAM-OAM photon
sources were fabricated using NDs containing multiple NVs or
single NV centers, respectively (fig. S9). The scanning electron mi-
croscopy images of the fabricated metasurfaces with DONRs lined
up along different spiral trajectories evidence accurate positioning
of NDs with multiple NVs (Fig. 3A) as well as high quality and ho-
mogeneity of the fabricated nanostructures (figs. S10 and fig. S11).
The performance of photon sources was characterized by evaluating
the Stokes parameters (So, Sy, S», and S3), in which S, represents the
total emission intensity; S; represents the intensity difference
between two orthogonal linear polarizations; S, represents the in-
tensity difference between other orthogonal linear polarizations,
which are rotated by 45° with respect to the former one; and S;
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Fig. 3. Demonstration of high-purity SAM states. (A) SEM images of the fabricated quantum metasurfaces for generating circularly polarized vortex photon beams.
Scale bars, 2 um for all SEM images. (B) Simulated (Sim.) and experimentally (Exp.) measured intensity distributions of the photon emission from the corresponding
quantum metasurfaces (NA = 0.3). The white dashed circles encircle the areas corresponding to the full width at half maximum intensities. (C) 3D representation of the
superimposed intensity and polarization distributions. The height indicates the intensity, and the color indicates the degree of the circular polarization, with the red (blue)
color representing the RCP (LCP). (D) Intensity-weighted P, and maximum P in the high-intensity areas.

represents the intensity difference between the right- or left-hand
circular polarizations (all normalized to the total intensity obtained
in each measurement) (37, 46, 47). The Stokes parameters were di-
rectly measured with the photon emission passing through a
quarter—wave plate and linear polarizer (fig. S12 and note S3). We
evaluate the chirality (i.e., the degree of circular polarization) of the
observed photon emission using the chiral parameter S; weighted

with the other parameters: P, = 33/\/(81)2 +(8)% + (S3)°. Far-
field photon emission patterns feature well-collimated beams,
with a very good correspondence between the simulated and exper-
imentally observed intensity distribution (Fig. 3B and fig. S13).
Note that the experimentally obtained divergence angles, 2.4°, 5°,
and 7.1°, are very close to those expected from the simulations.
The simulated and measured photon emission intensity and polar-
ization distributions superimposed in three-dimensional (3D) rep-
resentations exhibit a very good correspondence (Fig. 3C),
ascertaining the generation of single-mode SAM-OAM beams. To
quantitatively characterize the performance with respect to the chi-
rality of generated photon beams, we define the degree of circular
polarization averaged over the intensity distribution:
P.=Y";P.(i)I(i)/>_:I(i). The photon beam chirality can thus be
evaluated as the average chirality P, calculated from the high-inten-
sity data area (i.e., within the divergence angle indicated by the
dashed line in Fig. 3B). This procedure results in the average

Liu et al., Sci. Adv. 9, eadh0725 (2023) 9 August 2023

beam chirality values of 0.934, 0.902, and 0.893 for the three realized
(diverging spiral, concentric, and converging spiral) configurations,
respectively. Moreover, the maximum chirality values are measured
to be 0.996, 0.978, and 0.991 for these configurations, confirming
further the generation of high-purity RCP beams (Fig. 3D).

The OAM states of generated SAM-OAM photon beams were
characterized by using a spatial light modulator (SLM), whose re-
flection was encoded with different orders of spiral phases, to de-
modulate phase profiles of OAM beams (39, 44). When changing
the topological charge of the SLM phase distribution, the azimuthal
intensity pattern of a photon beam reflected by the SLM should
change in accordance with the topological charge of the generated
vortex beam. A bright spot is expected to be formed when the to-
pological charge of the SLM phase is opposite to that of the vortex
beam (fig. S14). Our experimental characterization (Materials and
Methods) demonstrated that the azimuthal intensity patterns ob-
served for different SLM spiral phase distributions exhibit indeed
well-pronounced and concentrated bright spots for the correspond-
ing topological charges of the SLM phase distribution (fig. S15), in-
dicating thereby high quality of the fabricated SAM-OAM photon
sources. We have also observed that the metasurfaces composed of
the mirrored DONRs result in the generation of high-quality LCP
photon Gaussian and vortex beams (fig. S16).
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Single-photon single-mode SAM-OAM beams

Following the design, fabrication, and characterization procedures
described above (but using NDs containing only single NV centers;
fig. S17), we realized and characterized single-photon sources of
well-collimated single-mode SAM-OAM beams. The main differ-
ences in the results of optical characterization are related to consid-
erably weaker photon signals from the single-photon sources,
resulting in the optical images being more influenced by the back-
ground noise. Thus, the azimuthal intensity distributions observed
for different SLM spiral phase distributions when characterizing
three different single-photon sources exhibited essentially the
same patterns (Fig. 4A), ascertaining also in this case, with the di-
verging, concentric, and converging spiral DONR trajectories, the
generation of the RCP vortex beams carrying the corresponding to-
pological charges /7 = 0, +1, and +2. The generated SAM-OAM
photon modes were of high purity, especially the Gaussian RCP
mode exhibited the impressive mode purity of 81%, with 94%
being expected from simulations (Fig. 4, B and C). The second-
order correlation functions of photon emission measured before
and after NV-ND coupling to the corresponding metasurface
feature the zero-delay level g(z)(O) = 0.129 and 0.141, respectively
(Fig. 4D), indicating excellent and stable single-photon properties.
In addition, the NV-ND lifetimes (fig. S18) and fluorescence spectra
of photon emission (Fig. 4C) did not change notably when mea-
sured before and after NV-ND coupling to the metasurface. The
single-photon emission spectrum obtained after the NV-ND cou-
pling features two zero-phonon lines, appearing at 575 and 637
nm and indicating, respectively, the charge state of NV dominated
by negative (NV~) and neutral (NV9) charge state (47), and the

P
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emission peak at ~670 nm, which is the target wavelength of the de-
signed metasurfaces. We note that the proposed design approach is
general and can be used for other QEs with different wavelengths
and emission decay rates. Regarding the single-photon purity and
photon indistinguishability, it has been demonstrated that these two
characteristics can be maintained at a very high level (at cryogenic
temperatures) even after QE coupling to nanostructures (48-50).

DISCUSSION

In this work, we proposed the general approach for designing
single-photon circularly polarized single-mode vortex beams,
with the SAM and OAM states being separately controlled by the
DONR configuration and array arrangement. The developed ap-
proach provides thereby a straightforward flexible way to precisely
engineer the SAM-OAM states of single photons emitted by the
DONR-based quantum metasurface. A set of room-temperature
single-photon sources has been designed, fabricated, and character-
ized, demonstrating the generation of high-purity circularly polar-
ized vortex beams by the fabricated QE-coupled quantum
metasurfaces. Our successful experimental realizations of high-
quality SAM-OAM encoded single-photon sources confirm the ro-
bustness of the developed approach with respect to small QE dis-
placements with respect to the DONR arrangement as indicated
by the numerical simulations (figs. S6 and S7). This approach can
straightforwardly be extended to produce linearly polarized photon
beams by interleaving two metasurfaces (51), i.e., DONR arrange-
ments for providing the RCP and LCP photons. Interleaving two
metasurfaces for generating different SAM-OAM states opens a
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grams with the topological charges of —3, —2, —1, 0, and 1. Second, third, and fourth rows present the intensity distributions obtained with the diverging, concentric, and
converging spiral arrangements, respectively. (B and C€) Mode purity of the single-photon source simulated (B) and measured (C) with the diverging spiral trajectory. (D)
Second-order correlation function g of single-photon emission measured before and after the ND-NV coupling with the metasurface using 100 uW of 532-nm con-
tinuous laser. (E) Fluorescence spectrum of the single-photon emission measured before and after the ND-NV coupling.
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way for producing entangled SAM-OAM states, similarly to what
has recently been demonstrated (39), but with a very substantial dif-
ference: The total angular momentum of entangled states does not
have to be the same—it can be arbitrarily different in accordance
with the design of the individual metasurfaces (fig. S19). Moreover,
high-order OAM modes can also be realized with the proposed
DONR-based quantum metasurfaces by increasing the number of
spiral arms (fig. S20). Furthermore, by gradually changing the chi-
rality of composing DONRs, the SAM and OAM of the photon
emission can be flexibly manipulated with different ratios (fig.
S21). Last, by combining the interleaving procedure (51) and re-
cently established holographic formalism (35), the general approach
developed in this work can further be extended to produce multiple,
differently polarized radiation channels and enable thereby realiza-
tion of high-dimensional quantum sources for advanced quantum
photonic technologies. The on-chip room-temperature versatile
handling of photon states opens thereby exciting perspectives for
designing advanced single-photon sources and would contribute
to further developments within chiral quantum optics, concerned
with advanced functionalities such as spin/angular controlled
photon switching and high-dimensional quantum information
processing.

MATERIALS AND METHODS

Numerical simulations

Numerical simulations of QE-coupled metasurfaces were per-
formed with 3D finite-difference time-domain (FDTD) method.
A z-direction electric dipole was placed 30 nm atop the SiO,
spacer (with the thickness of 20 nm) and silver film (with thickness
of 150 nm) and in the center of dielectric nanostructures (with
height of 150 nm and refractive index of 1.41). The wavelength of
the dipole was set as 670 nm, fitting the emission peak wavelength of
ND-NVs. The period of the metasurfaces was set to be equal to the
SPP wavelength (A, = 580 nm with the effective SPP mode index
tspp = 1.16). The start radius ry is 1.7App,. The number of windings
was N =9, enabling efficiently outcoupling SPPs into well-collimat-
ed far-field photon emission (figs. 4 and S5). A 2D monitor 30 nm
atop the configuration was used to collect far-filed electric field by
near- to far-field transformation method.

Device fabrication

Fabrication of QE-coupled metasurfaces followed a well-established
sequence of technological steps (fig. S9) (37, 46). A 150-nm-thick
silver film was first deposited on the silicon substrate by the
thermal evaporation, followed 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 the electron
beam lithography (EBL), gold deposition, and the lift-off. Subse-
quently, ND-NVs were spin-coated with proper concentration.
After that, the dark-field microscope image or the fluorescence
scan image was taken to determine the position of, respectively,
multiple or single ND-NVs with the help of alignment markers.
It should be noted that the accurate positioning of DONR arrange-
ments with respect to singles NV centers was more problematic as
compared to the positioning of NDs with multiple NVs because it
had to be relied on fluorescence images (fig. S17) that were noisier
than the dark-field images (fig. S9). After determining the position
of ND-NVs with the precise alignment procedure, a negative

Liu et al., Sci. Adv. 9, eadh0725 (2023) 9 August 2023

photoresist (HSQ) was subsequently spin-coated at 4000 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 atomic force microsco-
py (NT-MDT NTEGRA). The EBL direct writing of metasurface
patterns was then carried out on the resist around NV-NDs
(JEOL-6490 system; accelerating voltage of 30 kV). Last, QE-
coupled metasurfaces were obtained by development with the tetra-
methylammonium hydroxide solution (for 4 min) and isopropanol
(60 s).

Optical characterization

Characterization of QE-coupled metasurfaces was conducted using
essentially the same experimental setup as in the previous experi-
ments (fig. S12) (37, 39).

Excitation of single photons

A linearly polarized 532-nm continuous wave or pulsed laser beam,
after passing through a radially polarized converter (AR Coptix
RPC), was used to driven NV-NDs to form a dominant dipole
moment perpendicular to the substrate surface. The excitation
and collection of emission were by the same objective with NA =
0.9 (x100; The Olympus MPLFLN).

SAM and OAM states measurement

In SAM states, the Stokes parameters (S, S;, S», and S3) were mea-
sured to characterize the SAM states. S; and S, were measured by
orienting the linear polarizer and taking Fourier plane images. S;
was measured by the combination of a quarter-wave plate and a
linear polarizer. In OAM states, an SLM working at 670 nm was
used to generate the computed holograms with different topological
charges. As the SLM only responds to the linear polarized light, the
RCP component generated from the QE-coupled metasurface was
converted to the linearly polarized photons by a 45°-oriented
quarter—wave plate combined with a vertically placed linear polar-
izer. The reflected light from the incident light was filtered out by a
set of dichroic mirrors (Semrock FF535-SDi01/FF552-Di02) and
with long-pass filter of 550 nm (Thorlabs FELH0550) and band-
pass filter of 676 nm (with 29-nm bandwidth; Edmund Optics).
Single-photon characterization

The photon emission was guided to spectrometer or single-photon
detectors for the measurement of correlation, spectrum, and fluo-
rescence image via the flip mirror. Fluorescence imaging (for ND-
NV positioning process) was performed by a synchronous move-
ment of piezo stage with mounted sample and projecting the col-
lected fluorescence emission to the avalanche photo diodes
(APDs). The decay rate measurements were carried out with a
pulsed laser (PicoQuant LDH-PFA-530L) at 1 MHz together with
APD1 (1-SPAD, PicoQuant). Fluorescence spectra were measured
using the spectrometer (Andor Ultra 888 USB3-BV) operating
within 540 to 820 nm. Second-order correlation was recorded by
registering the temporal delay between APD1 and APD2 in a
start-stop configuration using an electronic timing box (PicoHarp
300, PicoQuant).
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