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O P T I C S

Room-temperature on-chip orbital angular momentum 
single-photon sources
Cuo Wu1,2†, Shailesh Kumar2†, Yinhui Kan2,3, Danylo Komisar2, Zhiming Wang1, 
Sergey I. Bozhevolnyi2, Fei Ding2*

On-chip photon sources carrying orbital angular momentum (OAM) are in demand for high-capacity optical infor-
mation processing in both classical and quantum regimes. However, currently exploited integrated OAM sources 
have been primarily limited to the classical regime. Here, we demonstrate a room-temperature on-chip integrated 
OAM source that emits well-collimated single photons, with a single-photon purity of g(2)(0) ≈ 0.22, carrying 
entangled spin and OAM states and forming two spatially separated entangled radiation channels with different 
polarization properties. The OAM-encoded single photons are generated by efficiently outcoupling diverging 
surface plasmon polaritons excited with a deterministically positioned quantum emitter via Archimedean spiral 
gratings. Our OAM single-photon source platform bridges the gap between conventional OAM manipulation and 
nonclassical light sources, enabling high-dimensional and large-scale photonic quantum systems for quantum 
information processing.

INTRODUCTION
Angular momentum that includes the spin angular momentum 
(SAM) (1) related to circular polarizations and the orbital angular 
momentum (OAM) associated with helical wavefronts is one of the 
fundamental physical properties of light. In contrast to the SAM 
that only takes two values of ±ℏ, the OAM can carry discrete angular 
momenta of ℓℏ (2–4), where ℓ is an unbound integer corresponding 
to the topological charge and ℏ is the reduced Planck constant. The 
possibility of generating an infinite number of states characterized 
by different OAMs opens up an unprecedented opportunity for 
high-capacity information processing in both classical and nonclas-
sical regimes. Typically, OAM beams are generated by combining 
external light sources and extra phase transformers, including either 
bulk optical components such as computer-generated holograms 
(5, 6) and spiral phase plates (7, 8), or recently developed compact 
metasurfaces (9, 10) and whispering-gallery mode resonators (11, 12). 
Lately, integrated chip-scale microlasers have been extensively in-
vestigated for internally excited vortex beams with high purity  
(13–18).

Despite certain achievements, the insofar demonstrated on-chip 
OAM sources are limited to the classical regime, while compact 
quantum sources of OAM encoded single photons still remain 
largely unexplored. To realize quantum sources of photons carrying 
OAM, separate single photons from spontaneous parametric down- 
conversion (SPDC) process are combined with extra phase modula-
tors (19, 20), resulting in bulky configurations and additional losses. 
SPDC-based single-photon sources are inherently probabilistic, ex-
hibiting an intrinsic trade-off between their efficiency and photon 
purity, a circumstance that limits their potential for being exploited 
in large-scale and high-dimensional photonic quantum systems. 
Very recently, solid-state sources for single photons with OAM 

have been realized using epitaxial quantum dots embedded in micro-
ring resonators cooled to a temperature of 30 K (21), which restricts 
the practical applications at room temperature. Room-temperature 
on-chip integrated sources of single photons carrying OAM states 
have remained so far elusive while being in demand for high-capacity 
quantum information processing to meet requirements of increas-
ing both photon states and entanglement dimensionality.

Here, we use deterministically positioned nanodiamonds (NDs) 
containing individual nitrogen-vacancy (NV) centers (ND-NVs) as 
single quantum emitters (QEs) to spontaneously trigger collimated 
single photons carrying SAM and OAM superposition states, which 
is efficiently outcoupled by QE-excited diverging surface plasmon 
polaritons (SPPs) with an Archimedean spiral grating (22–24) atop 
a dielectric-spacer–coated silver substrate. The considered configu-
ration enables room-temperature generation of oppositely spinning 
photons carrying the conserved total angular momentum and 
propagating in spatially separated entangled radiation channels.

RESULTS
Design principle of on-chip OAM sources
The operation of our OAM single-photon source is schematically 
visualized using layer-by-layer representation in Fig. 1A. A prese-
lected ND-NV with desired single QE characteristics and having 
the main contribution of the radiative transition dipole moment 
normal to the surface (i.e., along the z axis) is deterministically lo-
cated in the center of an Archimedean spiral grating made of hydro-
gen silsesquioxane (HSQ) atop a thin silica (SiO2) spacer film 
supported by a silver (Ag) substrate. This preferable dipole orienta-
tion is ensured by selecting those ND-NVs that luminesce most 
strongly when being illuminated with a tightly focused radially po-
larized laser beam, which produces a strong normal (to the surface) 
electric field component Ez of the pump beam in the focal plane 
(25). Consequently, upon excitation of thus selected ND-NV with a 
tightly focused radially polarized pump laser beam (excitation not 
shown in the schematic), the ND-NV transition dipole along the z 
axis is the main source of radiation radiating into cylindrically di-
verging (i.e., radial) SPPs supported by the composite air-SiO2-Ag 
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interface (25, 26). Note that it is only the SPP in-plane components 
that can be efficiently outcoupled into far-field radiation along the 
normal to the surface direction. These SPP in-plane components 
can be expressed in the propagation plane as follows, considering 
only the main terms at distances far away from the source point 

(27):     
→

 E    spp   =  
exp(i  k  spp   r)

 _ 
 √ 

_
 r    ( 

cosφ
  sinφ  ) , where φ is the azimuthal angle, r is 

the distance to the source point, and kspp is the SPP propagation con-
stant (Fig. 1, A and B). After propagating over an azimuthally varied 

distance of  r(φ ) =  r  0   + ∣ m ∣   
 l  0  

 _  n  spp      
φ _ 
2p   (0 ≪ φ < 2Np) , the SPP in-

plane components interact with the Archimedean spiral grating that 
subsequently scatters SPPs into collimated single photons propa-
gating away from the surface and carrying a spiral phase profile of  

d(φ ) =  n  spp    2p _ 
 l  0  

   r(φ ) = mφ +  d  c   , where r0 is the starting radius, m is 
the arm number with m < 0 for counterclockwise (CCW) spirals, N 
is the number of spiral windings, l0 is the free-space radiation 

wavelength,   n  spp   =   
 l  0  

 _ 
2p  Re( k  spp  )  is the effective SPP mode index, and   

d  c   =  n  spp    2p _ 
 l  0  

    r  0   +  d  0    is a constant phase term including the phase 
shift d0 during the SPP scattering. Hence, the polarization state of 
generated single photons in the far field can be represented as the 
OAM superposition state in the circularly polarized (CP) basis (note S1)

  ∣  y  m  ⟩=   1 ─ 
 √ 
_

 2  
  (∣ R⟩∣  ℓ  R   = m + 1⟩ − ∣ L⟩∣  ℓ  L   = m − 1⟩)  (1)

showing unambiguously that the right CP [RCP, ∣R⟩] and left CP 
[LCP, ∣L⟩] OAM beams with topological charges of ℓR = m + 1 and 

ℓL = m − 1, respectively, are generated simultaneously, forming a 
pair of entangled states composed of different SAM and OAM with 
the total angular momentum being conserved (fig. S1).

If the CCW spiral grating has only one arm (i.e., m = −1), then 
the accumulated phase variation d is continuously changed within 
the full 2p range with respect to the azimuthal angle φ rotating from 
0 to 2p for scattered electric fields that originate from the spiral head 
to its tail (Fig. 1C). The corresponding far-field intensity, which can 
be found by Fourier transforming the scattered near field, consists 
of the LCP (with ℓL = −2) and RCP (with ℓR = 0) components featur-
ing, correspondingly, a doughnut profile (intensity vanishes at the 
center due to the phase singularity) and Gaussian shape (Fig. 1A). 
Contrary to the SPPs outcoupling with a trivial bullseye (concentric 
circular) grating producing the far-field intensity pattern with a 100% 
spatial overlap between the RCP and LCP components (Fig. 1D), 
the introduced spiral gratings result in spatial separation between 
the RCP and LCP components, with the intensity overlap of only 
23% in the considered one-arm spiral grating (Fig. 1E). The spatial 
separation of the entangled RCP and LCP radiation channels with 
the same total angular momentum bears important implications to 
high-dimensional quantum information processing (16). The sim-
ulated Stokes parameters further validate the angle-dependent po-
larization of the outcoupled photons characterized by two entangled, 
RCP and LCP, states (Fig. 1F), consistent with the cross-sectional 
profiles in Fig. 1E.

According to the theoretical analysis, we designed three typical 
CCW Archimedean spiral gratings with m = −1, −3, and −5 to im-
plement our practical OAM photon sources, ensuring well-defined 

Fig. 1. Design of the collimated OAM single-photon source. (A) Schematic of the OAM single-photon source operation in layer-by-layer representation: a SiO2-coated 

Ag substrate, supporting radial SPPs excited by a QE z-oriented dipole; an HSQ spiral grating, outcoupling SPPs into a well-collimated photon stream; and decomposed 

far-field RCP and LCP intensity profiles, from left to right, respectively. (B) Three-dimensional rendering of the electric field radiation of a z-oriented dipole. (C) Analytical 

azimuthal phase distribution generated due to the propagation and scattering of radial SPPs on the first winding of the HSQ spiral. (D and E) Analytical cross-sectional 

profiles of far-field RCP and LCP components produced with radial SPPs being outcoupled by a bullseye grating (D) and one-arm CCW spiral grating (E). The intensity 

overlap between the RCP and LCP components is 100 and 23%, respectively, demonstrating spatial separation of entangled radiation channels with distinctly different 

polarization properties. (F) Simulated Stokes parameter S3 of RCP (+1) and LCP (−1) components in the total field.
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far-field radiation patterns and considerably high collection efficien-
cies (see Materials and Methods, note S2, figs. S2 to S8, and tables S1 
and S2). The optimized geometrical parameters of the m-arm con-
centric spiral are starting radius r0 = 450 nm, free-space radiation 
wavelength l0 = 670 nm, effective SPP mode index nspp = 1.218, and 
number of windings N = 9, which is large enough to transform SPPs 
into outgoing photons. In the case of |m| > 1, the adjacent spiral 
arms are offset with an angle of Δφ = 2p/∣m∣. The concentric HSQ 
ridges are placed atop an Ag substrate coated with a 20-nm-thin 
SiO2 spacer that ensures environmental protection of the Ag sub-
strate, effective coupling of ND-NV radiation into SPPs (26), and a 
sufficiently long propagation length of SPP (fig. S2). Figure 2A dis-
plays the schematic of the spiral gratings and their corresponding 
analytical phase distributions, indicating m-fold 2p phase variation 
along the azimuthal direction. The performance of the proposed 
OAM photon sources was first investigated with simulations where 
the QE was modeled as a z-oriented electric dipole and positioned 
30 nm away from the SiO2 spacer. After interaction with Archime-
dean spiral gratings (fig. S4), the radial SPPs excited from QE radi-
ation are converted into well-collimated outgoing photons carrying 
different SAM and OAM and concentrated around the center in the 
far field (Fig. 2B, note S3, and fig. S5). As a result, the simulated 
collection efficiency through an objective with a numerical aperture 
(NA) of 0.9 exceeds 97%, even for the most divergent LCP OAM 
light with ℓL  =  −6 achieved with the five-arm spiral (fig. S6). 
With arm number varied from −1 to −5, the LCP beam maintains a 

directional doughnut shape with the divergence angle increased, while 
the RCP beam changes from Gaussian-shaped to doughnut-shaped, 
whose topological charges can be directly recognized from the sim-
ulated phase windings in the CP basis (Fig. 2C and fig. S9). Because 
the RCP and LCP components share almost 50/50 power of the out-
coupled QE radiation (fig. S3), the OAM beams with higher topo-
logical charges look dimmer. Following simulations, the OAM photon 
sources were fabricated with NDs containing multiple NV centers 
as a conceptual demonstration based on the equivalence between 
multiple and single ND-NVs by using a combined process includ-
ing thin-film deposition, spin-coating, and electron-beam lithogra-
phy (EBL) (see Materials and Methods along with figs. S11 to S13). 
Figure 2 (D to F) shows the top-view scanning electron microscopy 
(SEM) images of the HSQ spiral gratings with ND-NVs precisely 
positioned. Compared to semiconductor microring lasers (28) or 
metasurface-assisted surface-emitting lasers (29) and SAM single- 
photon sources (30, 31), we directly pattern HSQ resists to make spiral 
gratings with an extremely small vertical feature size of only 180 nm, 
thereby avoiding the complex etching and multiple steps of align-
ment that may change or damage the emission property of the QEs.

Experimental demonstration of OAM sources with multiple 
and single NV centers
To attain the designed OAM emission, we optically pumped the se-
lected ND-NVs with a tightly focused radially polarized beam at a 
wavelength of 532 nm to produce a strong longitudinal electric field 

Fig. 2. Simulation of the collimated OAM photon sources. (A) Schematic of the spiral gratings and their corresponding analytical phase distributions with arm number 

of m = −1, −3, and −5 from top to bottom, respectively. (B) Decomposed far-field LCP and RCP intensity profiles normalized to the one-arm spiral grating. The white 

dashed circles denote the collection angle with numerical aperture (NA) = 0.2. (C) Simulated phase windings in the far field for corresponding configurations. (D to F) SEM 

images of the fabricated OAM photon sources with arm number of m = −1, −3, and −5.   l  spp   =   
 l  0  
 _  n  spp     is the SPP wavelength. Scale bars, 2 mm.
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component Ez at the sample surface (see Materials and Methods 
along with fig. S14), which can selectively excite the z component of 
the transition dipole in ND-NVs, mimicking the simulation condi-
tion (32–34). In the Fourier plane, a linear polarizer (LP) and a 
quarter-wave plate (QWP) were used to decompose the far-field 
radiation into the CP basis, where the fast axis of the QWP is set to 
be ±45° while the LP is vertically placed. When the QWP is −45°- 
oriented, the projected LCP components all have doughnut shapes 
spatially expanding with the increased arm number (Fig. 3A). Spe-
cifically, the measured divergence angles are qdiv = 4.37°, 7.93°, and 
10.50° for the spirals with arm number of m = −1, −3, and −5, re-
spectively, consistent with analytical calculations. With the QWP 
rotated to 45°, a Gaussian-shaped (ℓR  =  0 with the main lobe at 
q = 0°) and other two doughnut-shaped (ℓR = −2 with qdiv = 4.54° 
and ℓR = −4 with qdiv = 8.64°, respectively) RCP beams are observed 
with the increase arm number (Fig. 3B). By integrating the far-field 
intensities in the CP basis, the intensity fractions between the RCP 
and LCP components are 48/52, 49/51, and 51/49, respectively, ap-
proaching the theoretically calculated and simulated values (fig. S3).

By using specific NDs with a small fraction containing single NV 
centers, collimated OAM single-photons are presented at room 
temperature with one-arm HSQ spiral grating. Compared to NDs 
with multiple NV centers, these single-NV NDs have smaller diam-
eters and lower scattering cross sections, which can be deterministi-
cally located with fluorescence images (fig. S16, middle). After 
locating several fluorescent ND-NV candidates with a strong out-
of-plane radiative transition dipole component indicated by strong 
luminescence when being illuminated with a tightly focused radially 
polarized pump beam, a Hanbury Brown and Twiss interferometer 
was used to determine the ND-NV with single QE characteristics. 
Before fabrication (the uncoupled bare single ND-NV), the fitted 
second-order intensity correction function g2(0) of the selected 
single-vacancy ND is only ~0.16, indicating high single-photon purity. 
As anticipated, the far-field intensities projected to CP basis are ho-
mogeneously distributed with near-identical patterns in the Fourier 
plane, resulting from the direct far-field radiation from the QE with 
the dipole moment normal to the surface (fig. S16, top) (34–36). 
After fabrication of the one-arm HSQ spiral grating around the pre-
characterized ND containing a single NV center (the coupled con-
figuration), the autocorrelation g2(0) is slightly increased to ~0.22, 
maintaining the intrinsic single-photon feature at room tempera-
ture (fig. S16, bottom). In addition, the HSQ spiral grating also pro-
vides weak backscattering (second-order Bragg reflection) for the 
ND-NV, which slightly enhances the emission and shortens the 
lifetime (fig. S17, A and B) (37). Afterward, well-collimated single- 
photon out-of-plane emission is formed due to the interaction be-
tween radial SPPs and the introduced spiral grating, which does not 
require cryogenic environment and multimode interference (21). 
Impressively, the decomposed LCP beam carries OAM with a topo-
logical charge of ℓL = −2 and features a doughnut shape, while the 
RCP component has pure SAM and exhibits a Gaussian distribu-
tion (Fig. 4, A and B). The measured mode purities as defined in 
(28) of the decomposed LCP and RCP components after phase- 
demodulated by a spatial light modulator (SLM) are found to be 62.0 
and 66.6%, respectively (note S4 and figs. S20 and S21). Compared 
to the simulated values (fig. S22), the mode purity degradation is 
mainly associated with the broadband spontaneous emission of the 
ND-NV that are not spectrally filtered to ensure a sufficient signal-to- 
noise ratio after the mode projection by the SLM that intrinsically 

suffers from optical aberration (e.g., chromatic aberration and dis-
tortion) when multiple wavelengths are involved. Here, the degra-
dation can be possibly addressed by using group IV color centers in 
NDs with sharp and strong zero-phonon lines (38).

Entanglement between SAM and OAM states
The generated single photons carry SAM and OAM superposition 
states and form two spatially separated entangled radiation chan-
nels with distinctly different polarization properties without any 
external quantum sources (19), providing multiple degrees of free-
dom to encode high-capacity information on a single photon for 
advanced quantum information processing (19, 30, 39–41). First, 
the superposed polarized radiation channels are still correlated. As 
shown in Fig. 4D, a polarizing beam splitter (PBS) was used to split 
single photons into two separate channels with specific polarization 
states. The LCP channel and RCP channel carrying OAM and SAM 
are antibunching with g2(0) ≈ 0.15 (Fig. 4C). To show the entangle-
ment between SAM and OAM states and validate the Bell state of 

Fig. 3. Experimental demonstration of the collimated OAM photon sources. 
(A and B) Measured far-field LCP (A) and RCP (B) intensity patterns as a function of 

the collection angles. Superimposed white curves are the analytically calculated 

cross-sectional profiles along the x axis, while dashed lines indicate the collection 

angle with NA = 0.2. The numbers denote the positions of peak in the respective 

figure panels.
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the generated single photons, we performed full quantum state to-
mography to recover the density matrix by conducting 16 projec-
tion measurements with different polarization and OAM bases 
(note S5, fig. S20, and table S3) (42, 43). The simulated and mea-

sured density matrices of the Bell state  ∣ y⟩=   1 _ 
 √ 
_

 2  
 (∣ R⟩∣  ℓ  R   = 0⟩ − ∣ L⟩ 

∣ ℓ  L   = − 2⟩)  are well recovered (Fig. 4, E and F), with fidelities (note 
S5) approaching 0.991 and 0.656, respectively, indicating the en-
tanglement between SAM and OAM states. Noticeably, the deterio-
rated fidelity in the experiment that is linked to the measured mode 
purities can be also efficiently improved with group IV color centers 
in NDs (38). The emitted single photons carrying entangled SAM 
and OAM states are highly stable in tracing duration up to 20 min 
without any operation (fig. S17C). Despite moderate mode purities 
and fidelity, this ultrathin planar device effectively reduces inte-
gration complexity and emits well-collimated high-purity single 
photons carrying SAM and OAM superposition states at room 
temperature.

DISCUSSION
We have demonstrated a room-temperature on-chip integrated OAM 
single-photon source that emits well-collimated and high-purity 

single photons carrying entangled SAM and OAM states. The OAM 
single-photon source is realized by efficiently extracting in-plane 
diverging SPPs excited from a single ND-NV via the HSQ Archime-
dean spiral grating that affects spatial phases, which exhibits advantages 
of surface-confined configuration, reduced fabrication process, and 
high collection efficiencies. The considered OAM single-photon 
source is sufficiently robust with respect to the fabrication induced 
displacement of the ND-NV location at the 20-nm scale (note S6 
and fig. S23), which is a typical fabrication accuracy that can be en-
sured with the standard EBL. We would like to emphasize that similar 
room-temperature on-chip photon sources with different quantum 
OAM states can accordingly be demonstrated by using HSQ spiral 
gratings with arm numbers |m| > 1. Our design makes spatially sep-
arated entangled radiation channels addressable by directly stream-
ing single photons with entangled SAM and OAM states without 
any external sources, paving the way for advanced quantum pho-
tonic superdense information processing on a chip (44). Furthermore, 
superior OAM single-photon sources with unlocked SAMs and 
arbitrary topological charges could be targeted by using discrete 
anisotropic meta-atoms combined with photonic inverse design 
(45). This compact platform is also amenable for developing OAM 
and time-bin hyperentangled photon pairs by using semiconductor 

Fig. 4. Experimental demonstration of the collimated OAM single-photon source. (A and B) Measured far-field LCP (A) and RCP (B) intensity patterns with the 

single-photon source. (C) Measured correlation between LCP and RCP channels. (D) Simplified representation of a modified Hanbury Brown and Twiss setup for correla-

tion measurement between RCP and LCP channels. (E and F) Simulated (E) and experimental (F) density matrices for the Bell state ∣y⟩ on single photons.
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quantum dots (46–48) and opens fascinating perspectives for high- 
dimensional, large-scale, and integrated photonic quantum sys-
tems (40, 49–51).

MATERIALS AND METHODS
Numerical simulations
We modeled the performance of OAM sources with different arm 
numbers in real situations using the finite-difference time-domain 
method (Lumerical Solutions). In our simulations, a z-oriented 
electric dipole that acts as the QE was placed 30 nm away from a 
20-nm-thick SiO2 spacer on top of a 150-nm-thick Ag substrate. 
The SiO2 was regarded as a lossless dielectric with a constant refrac-
tive index of n = 1.45, while the relative permittivity of Ag was de-
scribed with the experimental data (52). The Archimedean spiral 
gratings made of HSQ were generated according to the formulas in 
the Results section, where the refractive index was set to 1.41 at the 
wavelength of 670 nm based on the spontaneous emission of ND-
NVs. Perfectly matched layers were used in the x, y, and z directions 
to truncate the simulation domain. We optimized the geometry of 
spirals to be 180  nm in height, 220  nm in width, and 450  nm in 
starting radius to realize well-defined doughnut patterns in the far 
field. The SPP wavelength was calculated to be 550 nm based on a 
filling ratio of 0.4. In the simulation domain, a two-dimensional 
monitor in the xy plane located one wavelength away from the top 
surface of our device was used to collect electric fields in the near 
field, which are then transformed into the far-field radiation in the 
spatial frequency domain. Last, the far fields are decomposed in the 
CP basis, where the RCP and LCP beams share nearly identical in-
tensities with the fractions approaching 50%, as shown in fig. 
S3A. Figure S3B displays the simulated topological charges and in-
tensity ratio of RCP and LCP OAM beams as a function of the arm 
number m. Because of the reversal symmetry, similar results can be 
observed once the rotation of the spiral gratings is switched from 
CCW to clockwise.

Device fabrication
As discussed in the Results section, the fabrication of the OAM sources 
is feasible, which is based on the combined techniques of thin-film 
deposition, spin-coating, and EBL, without any etching. Figure S11 
illustrates the main workflows of the fabrication process. First, the 
gold (Au) alignment markers were defined with the first EBL (fig. 
S11, A to C). A 3-nm titanium (Ti) layer, a 150-nm Ag layer, and a 
1-nm Ti layer were deposited onto a silicon substrate through ther-
mal evaporation successively. Then, a 20-nm SiO2 spacer was de-
posited with magnetron sputtering in 1 cycle (fig. S11, A and B). 
The positive resist polymethyl methacrylate (PMMA) (2% in anisole, 
MicroChem) with a thickness of 100 nm was spin-coated and baked at 
180°C for 2 min. After baking, the PMMA layer was exposed at 
30 kV (JEOL-6490 system). After development in the solution of 
methyl isobutyl ketone (MIBK) and isopropyl alcohol (IPA) of 
MIBK:IPA = 1:3 for 35 s and rinsing in the solution of IPA for 60 s, 
a 1-nm Ti adhesion layer and a 35-nm Au layer were subsequently 
deposited. Last, the Au markers were formed after a liftoff process 
(fig. S11C). Once the Au markers were defined, a diluted ND solu-
tion was spin-coated at 2000 rpm for 60 s on the substrate with 
markers (fig. S11D), where the spin-coated density of NDs can be 
controlled by the concentration of the solution. The relative posi-
tions of NDs were precisely determined by locating markers around 

four corners and fitting the scattering or fluorescence images of 
NDs (fig. S12). A negative resist HSQ with a concentration of 
6 weight % is subsequently spin-coated at 1200 rpm for 60 s to fully 
cover Au markers and NDs on the substrate (fig. S11E). The de-
signed spiral gratings were patterned around the selected NDs by 
the second EBL with the precise alignment to the markers, followed 
by the development in the 25% tetra methylammonium hydroxide 
solution for 4  min (fig. S11F). The height of the one-arm HSQ 
spiral is characterized by an atomic force microscope, which is 
around ~180 nm (fig. S13). The alignment accuracy between HSQ 
patterns and NDs can be confirmed with SEM images.

Optical characterization
Figure S14 shows the optical setup for the far-field pattern, spectrum, 
and correlation measurements. A linearly polarized continuous- 
wave laser (crystal laser) at 532 nm served as the pump laser, whose 
power was tuned with different neutral density filters for im-
aging and excitation. The pump laser power could be also 
continuously adjusted by a half-wave plate and a PBS. After passing 
through the PBS, the vertically polarized component remained in 
the optical path. A radial polarization converter (ARCoptix) trans-
formed the linearly polarized light into the radially polarized beam, 
which was then tightly focused onto the sample plane by a 100× 
objective with a NA of 0.9 (MPLFLN, Olympus). The fluorescence 
of the ND was collected by the same objective and filtered with two 
oppositely faced dichroic mirrors (Semrock). By scanning the sam-
ple with a piezo stage, the fluorescence image was constructed by 
recording the photon counts with a single-photon avalanche photo-
diode (APD). To measure far-field patterns in the Fourier plane, a 
flip mirror (FM) and a lens were used to project the back focal plane 
to the digital camera (Hamamatsu). Figure S15 shows the projected 
total far-field patterns of the fabricated OAM sources composed of 
NDs containing multiple NVs and HSQ spiral gratings with differ-
ent arm numbers without any filters, which are consistent with the 
simulation results in fig. S5. With a broadband QWP mounted on a 
programmable controlled rotation stage and a LP vertically orien-
tated, the far-field radiation was decomposed into the CP basis. By 
flipping the FM down, the ND emission went through a beam split-
ter and its photon counts were collected by two APDs, forming a 
Hanbury Brown and Twiss interferometer for second-order inten-
sity correlation or lifetime measurement. As NV center is a three- 
level system, the correlation between two APDs can be described as

   g   2 (t ) = 1 +  c  2    e   −  t _  t  2     +  c  3    e   −  t _  t  3      (2)

where c2,3 and t2,3 are the coefficients and decay times, respectively. 
The measured g2(0) of the selected single-vacancy ND before cou-
pled to the spiral is only ~0.16, indicating high single-photon purity. 
In this case, the total far-field intensities of the single photon emis-
sion are uniformly distributed in the Fourier plane (fig. S16A). 
With polarization projection by using the QWP and LP, we can ob-
serve evenly distributed RCP and LCP components contributed 
from radial SPPs (fig. S16, B and C). After fabricating the one-arm 
HSQ spiral, in the fluorescence map, there appears a disk contour 
around the selected ND, which is associated with the fluorescence 
from the fabricated HSQ spiral grating and, in turn, demonstrates 
the precise alignment and high fabrication quality. After coupling, 
the spontaneous emission of ND is enhanced in spectrum and 
shortened in lifetime due to the feedback of the HSQ spiral grating 
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(fig. S17, A and B). We also keep pumping our OAM single-photon 
emitter for 20 min without any operation. Overall, the count trace 
shows highly stable emission except for the slight decrease in counts 
due to the laser shifting and defocusing from intrinsic displacement 
and vibration in the setup as well as the blinking arising from switch-
ing of charged states between NV− and NV0 in NDs (fig. S17C).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/ 

sciadv.abk3075
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