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Abstract

Structuring light emission from single-photon emitters (SPEs) in multiple degrees of freedom is of great importance
for quantum information processing towards higher dimensions. However, traditional control of emission from quan-
tum light sources relies on the use of multiple bulky optical elements or nanostructured resonators with limited
functionalities, constraining the potential of multi-dimensional tailoring. Here we introduce the use of an ultrathin
polarisation-beam-splitting metalens for the arbitrary structuring of quantum emission at room temperature. Owing
to the complete and independent polarisation and phase control at the single meta-atom level, the designed
metalens enables simultaneous mapping of quantum emission from ultra-bright defects in hexagonal boron nitride
and imprinting of an arbitrary wavefront onto orthogonal polarisation states of the sources. The hybrid quantum met-
alens enables simultaneous manipulation of multiple degrees of freedom of a quantum light source, including direc-
tionality, polarisation, and orbital angular momentum. This could unleash the full potential of solid-state SPEs for their

use as high-dimensional quantum sources for advanced quantum photonic applications.
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1 Introduction

Quantum emission is pivotal to the realisation of pho-
tonic quantum technologies, cryptography, commu-
nications, sensing, and computing [1, 2]. Solid-state
single photon emitters (SPEs) such as defects in hexago-
nal boron nitride (hBN) operate at room temperature
and are highly desired due to their robustness and bright-
ness [3-5]. The conventional way to collect photons from
SPEs often relies on a high numerical aperture (NA)
objective lens or employing micro-structured antennas
such as nanopillars [6]. While the efficiency of photon
collection can be high, these tools lack the capability to
manipulate quantum emission - particularly in regard to
directionality or phase. Consequently, for achieving any
desired structuring of the emitted quantum light source,
multiple bulky optical elements such as polarisers and
phase plates are inevitably required.

The ability to arbitrarily structure light in its multi-
dimensions is of great importance for quantum light
sources [7—13]. In this respect, metasurfaces have trans-
formed the landscape of photonic design, propelling
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major technological advances spanning from optical
imaging [14, 15], displays [16], and holography [17-21],
to LiDAR [22] and molecular sensing [23]. Recently, the
direct integration of nanoscale emitters into nanostruc-
tured resonators and metasurfaces have been realised
to collect [24, 25] and demonstrate basic tailoring of the
SPEs emission [26-29]. These initial demonstrations,
although with limited control over quantum emission,
constituted the necessity for flat optics to advance the
manipulation of quantum emission according to its mul-
tiple degrees of freedom.

Here we address this vision, by designing and engineer-
ing a multifunctional metalens, capable of tailoring the
directionality, polarisation, and orbital angular momen-
tum (OAM) degrees of freedom simultaneously (Fig. 1A).
Specifically, we utilise the metalens to demonstrate a
multidimensional structuring of quantum emission from
SPEs in hBN, operating at room temperature. Since our
designed meta-atoms in the metalens can achieve com-
plete and independent polarisation and phase manipu-
lation, it is possible to encode different wavefronts onto
orthogonal polarisations of SPEs. Hence, we demon-
strate arbitrary shaping of the directionality of quantum
emission by adding phase gratings selective to orthogo-
nal polarisations onto the metalens profile, which are
represented by different spots in the momentum space
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of the metalens (Fig. 1B). In addition, we show that dif-
ferent helical wavefronts can be further added onto the
metalens profile, leading to the generation of distinc-
tive OAM modes in orthogonal polarisations of SPEs,
which are represented by doughnut-shaped spots with
different sizes in momentum space (Fig. 1C). The dem-
onstrated arbitrary wavefront shaping of quantum emis-
sion in multiple degrees of freedom could unleash the full
potential of solid-state SPEs to be used as high-dimen-
sional quantum sources for advanced quantum photonic
applications.

2 Results

2.1 Design and fabrication of a multifunctional metalens
We design a polarisation beam-splitting metalens to
decompose the emission from hBN into two orthogo-
nal linear polarisation (LP) states along the x- and y-axis
directions, denoted as LPx and LPy, respectively. We
chose the LP to match the linearly polarised emission
profile of SPEs in hBN. However, we note that the design
could be adapted for other orthogonal polarisations
of light, such as left and right circularly polarised light.
Taking advantage of the multiplexing possibility offered
by the metalens, we add multiple functionalities—spe-
cifically controlling the directionality and polarisation, as
well as structuring the OAM of quantum emission.
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Fig. 1 Schematics of multidimensional manipulation of hBN quantum emission using a multifunctional metalens. A Directional photon

splitting, polarisation control and subsequent OAM encoding. The green arrows stand for the directionality control of SPE emission collected

by the metalens. The two sine waves indicate the splitting of SPE emission into two orthogonally polarised streams. The two helical beams indicate
a further dressing by OAM. B, C Enlarged views of each encoding concept where grating and vortex grating are adapted to structure the photons
in extra dimensions. In addition, the directionality of orthogonal linear polarisations is well inherited and projected as the red and blue spots

in the momentum (k) space



Lietal. eLight (2023) 3:19

To achieve this, we design cuboid shaped meta-atoms
with a fixed height (H) and varying length (/), and width
(d), arranged in a square lattice with periodicity (P),
as shown in Fig. 2A. We choose low-loss hydrogenated
amorphous silicon (a-Si:H) [30, 31] as the material of the
metalens due to its negligible extinction coefficient in
the visible emission of hBN SPEs (Additional file 1: Note
S1). We assume that the meta-atoms act as truncated
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rectangular waveguides, so with a sufficiently large H, any
desired independent phase modulation (¢) to the inci-
dent LPx and LPy polarisation channels from 0-2m can
be achieved by varying the transverse dimensions of / and
d. Subsequently, we perform a parameter sweep of differ-
ent values for H, /, and d, to design a meta-atom library
for matching any required ¢ for LPx and LPy using an
in-house-built rigorous coupled wave analysis (RCWA)
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Fig.2 Design and characterisation of a polarisation beam-splitting metalens. A Schematic of the meta-atoms made of low-loss a-Si:H

on silica. B Calculated phase delay and transmission library of meta-atoms covering 21 for both LPx and LPy light. The average transmission
is 94%. C Implemented phase maps for the metalens and gradient functions for LPx and LPy incidence. D Images of the fabricated metalens
taken with an (i) optical microscope and (i) scanning electron microscope. E Polar plot of the measured far-field deflection of the metalens

under LPx and LPy dipole-like illumination. The bottom images are associated back-focal-plane image patterns. F Calculated collection efficiency
of an isotropic emitter in free space as a function of numerical aperture of the collecting lens. A cyan star marks our metalens collection efficiency
with NA=0.869. Inset: point spread function of the metalens under the LPx and LPy plane-wave incidence, where the scatter and solid lines
represent the experimental and theoretical characterisations, respectively
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solver. Eight phase steps between 0-2m are successfully
achieved from various values of / and 4 at a fixed H of
550 nm (Fig. 2B). Any meta-atoms with a transmission
lower than 80% were ruled out from the library, and the
meta-atoms with the closest ¢ for both LPx and LPy were
determined for each required phase step. The chosen
8% 8 meta-atoms show an average transmission of 94%,
and average discrepancy in ¢ of ~0.09 rad. The phase
maps of a metalens with a high numerical aperture (NA)
of 0.869 were designed to collect and collimate the emis-
sion from SPEs. To realise the control of directionality of
LPx and LPy emissions, two independent linear phase
gratings can be further implemented onto the lens profile
of the orthogonal polarisations. The angle of the deflec-
tion depends on the grating period that the phase gra-
dient cycles over 2m. As an example, the required phase
maps for LPx and LPy to deflect beams in the +x direc-
tion are shown in Fig. 2C, while the whole design process
and lens functions are outlined in more detail in Addi-
tional file 1: Note S2.

To fabricate the designed metalens, we employ stand-
ard electron-beam lithography followed by a dry etch-
ing process (see Methods). Optical microscope as well
as scanning electron microscope images of the metalens
are shown in Fig. 2D. The cuboid shaped meta-atoms
are fabricated with high accuracy across the metalens,
albeit with a slightly slanted sidewall. We experimentally
characterise the metalens performance through a dipole-
like incidence (Additional file 1: Note S3). As shown in
Fig. 2E, the fabricated metalens can efficiently deflect the
orthogonal polarisations of LPx and LPy into different
directions, with two distinct collimated beams propagat-
ing at around * 16°. We define our metalens efficiency
as the product of collection efficiency corresponding to
the maximum collection angle (NA of the metalens) and
total transmission efficiency of the metalens (Fig. 2F).
The collection efficiency as a function of NA of an ideal
lens with unity transmission efficiency in the air is shown
in Fig. 2F [32]. Considering isotropic SPEs having the
same radiation in all directions (i.e., uniform radia-
tion), a high-NA lens of NA=0.869, corresponding to
the maximum collection angle of 120° leads to an ideal
collection efficiency of 0.3. To experimentally verify the
high NA of our metalens, we measure the point spread
function (PSF) of the metalens based on an incident col-
limated beam (Additional file 1: Note S3). The cyan star
marker in the figure denotes the fabricated metalens (NA
of 0.869) collection efficiency, which considers both the
average transmission efficiency of meta-atoms (~0.94)
and the substrate transmittance (~0.91). Figure 2F inset
shows the resulting PSF line profiles of the metalens in
both experiment (scatter line) and theoretical calculation
(solid line), showing a great agreement verifying that our
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metalens has a high NA of 0.869. The small side lobes in
the characterised PSF profiles are mainly due to the off-
axis aberration in a tight focus [33].

2.2 Characterisation of quantum emission
with a polarisation beam-splitting metalens

To prepare the hBN SPEs, the hBN solution containing
SPEs is prepared on a glass substrate (see Methods). We
choose SPEs with emission at ~610 nm, to match the
designed metalens. First, the emitters are characterised
using a conventional confocal microscope with a Han-
bury Brown-Twiss interferometer to confirm the quan-
tum nature of emitted light, as shown in Fig. 3A. Briefly,
the hBN emitters are excited using a green (532 nm)
laser and the emission is collected using same objective.
The chosen SPE is shown in Fig. 3B, with a dominant
zero-phonon line (ZPL) centred at 591 nm and a minor
phonon sideband (PSB). Photon anti-bunching behav-
iour is confirmed by recording the second-order cor-
relation function, g?(t), with a background corrected
g?(0)=0.05. Finally, the SPE dipole orientation is con-
firmed to be 106° (black arrow) with respect to the labo-
ratory frame, as confirmed by rotating a linear polariser
in the collection path (Fig. 3C).

We now utilise the metalens for multidimensional
structuring of the quantum emission of the precharac-
terised hBN SPE. First, the metalens is used as a collec-
tion lens in the transmission path and the LPx direction
is set to horizontal (90°) as shown in Fig. 3C (red arrow).
An SPE dipole-to-metalens LPx intersection angle of 16°
is hence derived. As expected, the SPE emission passes
through the polarisation beam-splitting metalens and
splits into LPx (red curve) and LPy (blue curve) as shown
in Fig. 3D. Both photon streams result in sharp spectra
with peaks centred at 591 nm, corresponding to the ZPL
of the SPE. LPx and LPy polarisation are confirmed with
a polariser and have been used to calibrate the metalens
mounting angle. Note, the peak area ratio is A p,/A;p, =
0.19 which is slightly higher than the anticipated dipole
projection ratio (tan(16°))> =0.08 in the orthogonal direc-
tions. One possible explanation is the variation of free
space to fibre collection efficiency at each channel, as
will be later confirmed by back-focal plane imaging. The
inset in Fig. 3D shows confocal photoluminescence (PL)
scans of the SPE as imaged through the metalens in both
LPx and LPy channels, normalised to the LPx maximum.
The distinct emission from SPE as well as their signal-
to-noise ratio are clearly visualised for each polarisation
channel. The missing PSB peak is caused by the wave-
length selectivity of the metalens, more discussion can be
found in Additional file 1: Note S4.

To clarify that the detected photons are from the same
SPE, 2nd order cross-correlation measurements between
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Fig.3 Characterisation of hBN SPEs with the polarisation beam-splitting metalens. A A schematic optical setup for the photonic measurement.

B PL collected via reflection channel (traditional objective) with a ZPL at ~591 nm. Inset, g@(r) confirmed the quantum nature of the SPE. C Emitter
dipole orientation, measured from the reflection channel where 0°is the y (vertical) direction. The metalens orientation is set to 90° (red arrow).
The emitter dipole orientation (black arrow) of 106° is derived after fitting with a sine function. D PL spectra collected from LPx (red curve) and LPy
(blue curve) polarised channels employing the metalens. Insets are corresponding PL raster maps of the emitter. Colour bars in two maps are

set to the same for a clear intensity contrast. Scale bars are 1T um. E-G Cross correlation antibunching measurements from different channels.

E Reflection PL and LPx correlation. F Reflection PL and LPy correlation. G LPx and LPy correlation. g?(t) data is background corrected

these PL channels are performed. Figure 3E and F show
cross-correlation measurements between the emitter
PL in reflection (employing a traditional objective) ver-
sus LPx and LPy (employing the metalens as the col-
lecting lens). Figure 3G shows the cross-correlation
between the two polarisation channels LPx and LPy
(using the metalens to collect the light). Note that the
correlation between LPx and LPy channels illustrates the

single-photon emission of the source. The same SPE with
its corresponding quantum behaviour is verified across
all three measurements, as all the g®(0) values approxi-
mately equal to 0.1 (Additional file 1: Note S5). These
successful measurements confirm the potential of met-
alens for low-intensity light collection—as demonstrated
with quantum emitters in hBN. Furthermore, the inde-
pendent sample substrate enables its use as a confocal
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mapping lens. To this extent, the results of other SPEs are  streams of the emitted light from SPEs, we imprint dif-
shown in Additional file 1: Note S6. ferent functionalities on the metalenses for multi-dimen-

sional structuring of quantum emission. We design and
2.3 Arbitrarily structuring quantum emission fabricate four different metalenses with distinct func-
After confirming the beam-splitting metalens efficiently  tionalities and increasing complexity, as shown sche-
collects and spatially separates the linear polarisation matically in Fig. 4A. By employing the 8-step (16-step)
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Fig.4 Arbitrary structured quantum emission with polarising beam-splitting metalenses. A Schematics of different metalens functionalities. The
circles represent desired positions for orthogonal linear polarisations in the K space. The doughnut-shaped spots indicate the generation of OAM.

B Far-field optical images of the fabricated metalens. Scale bar is 30 um. C Experimental (top) and numerically calculated (bottom) results of the SPE
far-field back focal imaging. Curves in c represent the vertically accumulated PL intensity of the LPx (filled with red) and LPy (filled with blue). The
red and blue circles are zoomed-in insets for highlighting the intensity distributions of the orthogonal polarisations
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phase meta-atoms, Metalens 1(2) deflects LPx and LPy to
angles of +12.58° (+6.29°) along the x-direction, respec-
tively. Metalens 3 deflects LPx and LPy in arbitrary direc-
tions, shifted from the centre, and finally, Metalens 4
encodes different helical phase fronts carrying distinctive
OAM values (/=3 and /=-1, in our case)—in addition to
the directionality and polarisation. Figure 4B shows the
far-field optical images of the fabricated four metalenses
and their characteristic interference patterns. We then
employ these metalenses to image the same SPE, as pre-
sented in Fig. 3.

The results of the four metalenses are shown in Fig. 4C.
For convenience and clarity, we rotate the emitter to
146°, resulting in a dipole-to-metalens intersection angle
of 56° to balance the emission rates of the two chan-
nels (Additional file 1: Note S7). The white dash circles
in the images represent the maximum splitting angle of
25°, while the inset red (blue) circle is a zoomed-in image
of the LPx (LPy) spot. Using Metalens 1 we observe two
bright spots, and the PL signals (summed in Ky direc-
tion) gave a clear peak profile of the two spots with an
intensity ratio of A;p,/A;p, = 1.8, indicating a dipole pro-
jection angle of 53° which aligns well with the measured
56°. Metalens 2 demonstrates axial symmetric deflection
with a half-splitting angle compared to Metalens 1. As
expected, the emitters are imaged closer, with a smaller
deflection angle and spot intensity ratio of A;p,/A;p,
= 1.8. Metalens 3 splits the incoming SPE asymmetri-
cally, with two spots falling into the same side and also
deflected in the y axis (A;p,/A;p, = 13.7). The combina-
tion of Metalenses 1-3 hence allows for complete direc-
tion and polarisation control of the imaged SPEs. As a
final demonstration, we employ Metalens 4 to show two
doughnut beams (zoomed-in in the insets) that corre-
spond to the OAM with topological charges of /=3 and
[ = — 1 for the LPx and LPy channels, respectively. Since
the larger OAM leads to larger doughnut intensity distri-
bution in the momentum space, LPy becomes brighter
than LPx (A p,/A;p, = 2.0). Furthermore, we experimen-
tally confirm that the two structured beams carry the
correct topological charges (Additional file 1: Note S8).
Moreover, structuring SPE with the OAM property is
achieved from the phase manipulation, which conserves
the sub-Poissonian photon statistics and does not affect
the antibunching nature of the photons. As a result, our
metalens conclusively demonstrates a complete control
of single photons in directionality, polarisation and OAM
dimensions, simultaneously.

To support these results, we have also performed sca-
lar wave propagation calculations. Complex-amplitude
profiles were extracted from the four metalens with
two polarisation channels, then modified by assuming
the dipole source is located at the exact focal position
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(subtraction of lens phase in each profile). First, each
modified profile with the two polarisation channels was
used to evaluate far-field profiles using Rayleigh-Som-
merfeld (RSD) diffraction integral. Then, far-field images
in the LPx and LPy channel were directly integrated by
considering the polarisation angle of the dipole source
(Fig. 4C bottom panel). Each metalens performs the
desired function well, showing a clear collimated beam
that is successfully structured as designed. Compared
to previous demonstrations [23-25], this work presents
for the first time multi-dimensional shaping of quantum
emission by using a single metalens structure, capable of
simultaneous control of the linear momentum, polarisa-
tion, and OAM of SPEs (Additional file 1: Table S1).

3 Discussion

In this work, we proposed and implemented a multi-
functional metalens to arbitrarily structure quantum
light sources at room temperature. Realised with bright
and linearly polarised SPEs in hBN, our designed and
fabricated polarisation beam-splitting metalens allows
independent wavefront shaping of orthogonal linear
polarisations. We further experimentally demonstrated
arbitrary directionality control of single photon emis-
sion, as well as imprinting different OAM modes onto
its orthogonal polarisations. As such, our demonstra-
tion offers a new platform to use ultrathin meta-optics
for arbitrary wavefront shaping of quantum emission in
multiple degrees of freedom at room temperature. It may
provide new insights into the field of quantum informa-
tion science—specifically manipulating photon polari-
sations has great impact for quantum cryptography and
entanglement distribution with improved filtering. The
polarisation separation is vital, for future employment
of hBN SPEs for polarisation entangled photon pair
generation, as it is commonly used for down converted
photon sources [34]. Notably, a major reason of choos-
ing SPE instead of other types of point-like sources is
because manipulating quantum source instead of classic
photoluminescence meets the needs of quantum pho-
tonics. For future quantum applications, we will need
not only abundant quantum sources with various on-
demand properties but also miniaturised device footprint
for good scalability. To the best of our knowledge, this
work has achieved the highest degrees of freedom in the
manipulation of SPEs in the air environment at a room
temperature.

Although the focus here is the multi-functionality and
flexibility of the metalens to image a selected SPE, inte-
gration of hBN SPE to metalens could also be possible by
bulk engineering or addition of a transparent spacer [35],
adapting device architectures and aligning approaches
developed earlier [26]. Photon collection of solid-state
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SPEs is an outstanding challenge which may hinder prac-
tical applications. Indeed, various strategies to enhance
photon collection have been demonstrated, including
the use of distributed Bragg reflectors [36], perturbed
photonic crystal cavities [37], circular grating cavities
[38, 39], nano-antennas [40], and solid immersion lenses
[25]. We believe their implementation with our demon-
strated wavefront-shaping metasurface is not a trivial
task and beyond the scope of current work, where we
focus on improving functionality, rather than focusing
solely on collection enhancement. We note, that our pro-
posed hybrid hBN—silica metalens can be implemented
together with any additional photon collector.

Moreover, our confocal mapping metalens endows a
direct access to the OAM states of single photons, offer-
ing a compact platform for high-dimensional quantum
entanglement to increase the quantum information
capacity [41-44]. Future extension of the metalens to
realise higher-order structured vector beams [41, 45,
46] could enable the generation of high-dimensional
single-photon hybrid quantum states. Furthermore,
future integration of structured SPE sources with a reli-
able transmission environment such as optical fibres [47]
could promise a quantum network with higher informa-
tion capacity, robustness to noise and better security.
Lastly, we envision that combining the spin defects in
hBN with the proposed multifunctional metalens may
enable efficient spin photon readout and remote quan-
tum sensing [48-52].

4 Methods

4.1 Numerical calculations

The propagation phase delay and field profiles of the
meta-atoms were calculated using an in-house built
RCWA solver. The far-field propagation of the four met-
alenses was calculated using scalar diffraction, specifi-
cally the RSD integral method. The input amplitude and
phase profiles for each metalens were retrieved from the
S parameters of the spatially arranged meta-atoms.

4.2 Sample preparation

4.2.1 Metalens fabrication

Plasma-enhanced chemical vapour deposition (PECVD,
BMR Technology HiDEP-SC) was used to deposit a
550-nm-thick hydrogenated amorphous silicon (a-Si:H)
layer on a 500-pm-thick silica wafer. A gas flow rate,
chamber pressure and operatingtemperature were set to
be 10 sccm for SiH, and 75 sccm for H,, 25 mTorr, and
200 °C, respectively. The standard electron-beam lithog-
raphy process (ELIONIX, ELS-7800) was used to trans-
fer the designed metalens onto the positive photoresist
(495 PMMA A6, Micro-Chem). The acceleration volt-
age and beam current were set to be 80 kV and 500 pA,
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respectively. The exposed photoresist patterns were
developed in methyl isobutyl ketone/IPA (1:3) solution
for 10 min at 0 °C. The electron-beam evaporation (KVT,
KVE-KVE-ENS4004) was used to deposit a 60-nm-thick
chromium (Cr) mask and residual unexposed photore-
sists were stripped using acetone. The Cr mask pattern
was transferred onto the a-Si:H layer using dry etching
(DRMS85DD, TEL). The residual Cr mask was removed
using Cr etchant (CR-7).

4.2.2 hBN sample preparation

hBN nanoflake solution (few layers with submicrometer
lateral size, Graphene Supermarket) was drop casted on
a gold-marked thin glass coverslip, and then dried on a
hotplate at 50°C for 5 min, followed by 400°C annealing
on a hotplate for 3 h and 5 min UV ozone plasma to oxi-
dise the potential organic residuals. SPEs within the tar-
get spectral range (610+20 nm) were then pre checked
by a lab-built confocal microscope and later relocated
with the assistance of gold markers. For the specific sam-
ple used in this work, we can roughly find less than ten
emitters per scan (50X 50 pm?).

4.3 Experimental setup

4.3.1 Metalens characterisation

The schematics of the optical setups for metalens char-
acterisation are illustrated in Additional file 1: Note
S3. A continuous-wave laser beam at 633 nm (CPS635,
Thorlabs) was first passed through a spatial filter system
which consists of two concave lenses and a 5 um pinhole
(P5CB, Thorlabs). Then the beam was linearly polarised
using a linear polariser (LPVISE100-A, Thorlabs), and
the polarisation angle was tuned using a halfwave plate
(AHWP10M-600, Thorlabs). For PSF imaging, a weakly
focused beam using a 4%x/0.13 NA objective (LMPlanFL
N, Olympus) was incident on the metalens. The focused
beam by the metalens was captured using an imaging
setup comprised of a 100x/0.8 NA objective (LMPlanFL
N, Olympus), tube lens (TTL180-A, Thorlabs), and CCD
(INFINITY2-1RC, Infinity). For imaging far-field pat-
terns, the beam was tightly focused by the 100x/0.8 NA
objective to imitate dipole emission. The dipole-like
beam was then collected and collimated by the metalens.
A back focal image of the collimated beam was formed
at the back focal plane using a 20x/0.45 NA objective
(LMPlanFL N, Olympus), and captured using two con-
cave lenses and sCMOS camera (Panda 4.2 bi UV, PCO).

4.3.2 SPE-metalens PL characterisation

The schematics of a lab-built optical setup for SPE-
metalens characterisation are illustrated in Fig. 3A. A
532-nm CW laser (Gem 532TM, Laser Quantum Ltd.)
was used to pump the SPE through a 100x/0.9NA air
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objective (TU Plan Fluor, Nikon), reflected PL sig-
nal was filtered by a beam splitter and long pass filter
before being coupled into a 62.5-uym core multimode
fibre and then connected to a spectrometer (Princeton
Instruments, Inc.). Or be split by a 50:50 fibre split-
ter and went into two avalanche photodiodes (APDs,
SPCM-AQRH-16, Excelitas Technologies) for Hanbury
Brown and Twiss measurements. The transmission PL
was collected by the metalens. Given the short focal
distance of the metalens, the hBN side and metalens
side were placed face to face. Next, the metalens loca-
tion was first confirmed by the supercontinuum white
light laser (SuperK Fianium, NKT) with the wavelength
being set to the same wavelength of the emitter. Two
collimated beam spots can be observed once the met-
alens focal plane reaches the focal spot of the incom-
ing laser. The sample mounting and aligning platform
are shown in Additional file 1: Note S7. The two beams
were then independently coupled into two multimode
fibres (core size 62.5 um) and then can be connected
either to a spectrometer or an APD. Photon correlation
was done by a time-correlated single-photon counting
module (Picoharp 300, PicoQuant). All measurements
were done under an excitation power of 500 W (before
objective). And 568-nm long pass filters are used to fil-
ter out lasers in all collections.

4.3.3 SPE-metalens back focal imaging characterisation
Back-focal plane imaging allows the direct measure-
ment of the far-field intensity distribution emanating
from the single-photon source. The optical setup used
is similar to the metalens characterisation setup (Addi-
tional file 1: Note S3), where a back focal image of the
collimated beam is formed at the back focal plane using
a 20X/0.4 NA objective (LMPlanFL N, Olympus). Then
acquired by an EMCCD (iXon Ultra 888) placed at a
distance of 4f away from the objective on a path, sepa-
rate from the main confocal collection pathway.
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Additional file 1: Note S1. Measured refractive index of a-Si:H. NoteS2.
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