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ABSTRACT: On-chip manipulation of photon emission from
quantum emitters (QEs) is crucial for quantum nanophotonics and
advanced optical applications. At the same time, the general design
strategy is still elusive, especially for fully exploring the degrees of
freedom of multiple channels. Here, the vectorial scattering
holography (VSH) approach developed recently for flexibly
designing QE-coupled metasurfaces is extended to tempering the
strength of QE emission into a particular channel. The VSH power
is demonstrated by designing, fabricating, and optically character- GE; - n
izing on-chip QE sources emitted into six differently oriented \ /
propagation channels, each representing the entangled state of E scatterer
orthogonal circular polarizations with different topological charges Mspp
and characterized with a specific relative strength. We postulate

that the demonstration of tempered multichannel photon emission from QE-coupled metasurfaces significantly broadens the
possibilities provided by the holographic metasurface platform, especially those relevant for high-dimensional quantum information
processing.
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B INTRODUCTION Furthermore, on-chip generation of single-photon circularly
polarized single-mode vortex beams®® and linearly polarized
vortex beams®* have been realized with QE-coupled aniso-
tropic metasurfaces by arranging carefully designed anisotropic
elements into appropriate surface patterns.g’?”34

The general design strategy exploited is based on the
vectorial scattering holography (VSH), which can be viewed as
an inverse design approach and that was recently proposed for
designing metasurfaces to structure QE photon emission into a
well-collimated stream of photons with desired polarizations.*’
The VSH application has resulted in significant progress
comparing with previous directional but poorly polarized
photon emission that was generated simply with QE-coupled
Doppler bullseye nanoridges.'” Very recently, the VSH design
strategy has been applied to realize on-chip integrated efficient
generation of two well-collimated single-photon beams

Engineering characteristics of radiation from quantum emitters
(QEs) is crucial for quantum technologies as typical free-
standing QEs feature poorly defined directivity, polarization,
and wavefronts.""® Conventional approaches for shaping
photon emission rely on bulky optical components and
systems, such as wave plates, lens, polarizers, and spatial light
modulators, complicated arrangements that unavoidably
increase the system complexity and lower the efficiency of
photon emission.” > Recently, on-chip QE-coupled meta-
surfaces, consisting of arrayed nanostructures integrated with
QEs, have been proposed to efliciently outcouple QE-excited
(nonradiative) surface plasmon polaritons (SPPs) into well-
defined photon emission,"*~'? opening thereby a new avenue,
which is different from previously developed external
metasurfaces™ " or individual nanostructures.” >* On-chip
(at-source) generation of single-photon emission with radial :
and circular polarizations (RP and CP) has been realized with Received: November 29, 2023 Phdtonics
QE-coupled bullseye nanoridges'* and width-gradient nano- Revised:  January 30, 2024
ridges,'> respectively. Encoding single-photon beams with Accepted: January 31, 2024
orbital angular momentum was demonstrated with Archime- Published: February 15, 2024
dean spiral nanoridge gratings that can be set with different

number of arms related to the topological charges.'®
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Figure 1. On-chip QE-coupled holography metasurfaces for tempering photon emission into multiple channels. (a) Schematic of on-chip QE-
coupled holography metasurfaces for generation of directional photon emission with different intensities in each channel. (b,c) Process of designing
on-chip QE-coupled metasurfaces with developed holography approach, (b) recording process of the interference between QE-excited SPPs (i.e.,
reference waves) and multiple signal waves with different directions, polarizations, and amplitudes, (c) reconstruction process by coupling QE-
excited SPPs into photon emission with holography metasurfaces composed of nanoscatterers.

propagating along different off-normal directions with
orthogonal linear polarizations, a complex functionality that
can be assigned to a chip-integrated micronano single-photon
polarization beam splitter.”® Moreover, the original VSH
approach® has further been extended and applied to realize
quantum light sources for multichannel emission encoded with
different spin and orbital angular momenta in each channel,
extending multiple degrees of freedoms of QE radiation.””
Although these studies demonstrated a very powerful platform
for on-chip manipulation of photon emission, on-chip
generation of multichannel photon emission with different
intensities in each channel has not yet been realized, and the
corresponding design approach is still elusive.

In this work, we further develop the VSH for structuring
multichannel photon emission propagating along different
directions so that the QE emission strength in each channel
can flexibly be tempered by using preset signal waves in the
VSH procedure. To show the versatility of the developed
approach, we designed, fabricated, and characterized a set of
holographic metasurfaces that on-chip couple with nitrogen-
vacancy (NV) centers in nanodiamonds (NDs). The photon
emission, which is radially polarized and can be decomposed in
to left- and right-hand circular polarization (LCP and RCP),
propagating in six channels with the identical azimuthal angle
(20°) is demonstrated. Similarly, we realize the generation of
six-channel photon emission propagating in two sets of
different zenith angles (10 and 20°). Furthermore, we
demonstrate the generation of photon emission with gradually
adjusted intensity in different channels, a demonstration that
enables more freedom for on-chip structuring of QE radiation
with implications to advanced optical applications and
quantum technologies.

B RESULTS AND DISCUSSION

The generic implementation of on-chip QE-coupled holo-
graphic metasurfaces for tempering photon emission into
multiple channels with different intensities is schematically
shown in Figure la. A properly selected QE (i.e., featuring a
dominant radiative dipole perpendicular to the surface
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plane)'*™" is found atop a 20 nm thin SiO, spacer covering
a silver (Ag) film. When the QE is driven by a strongly focused
radially polarized excitation laser beam, radially polarized SPPs
are QE-excited and radially propagate along the substrate
surface. By introducing a properly designed metasurface,
composed of nanoscatterers positioned around the QE, the
QE-excited SPPs would be coupled into free-space photon
emission with desired properties. Like in the classical
holography approach,” the developed VSH should first be
applied to generate the surface hologram, which is then
binarized end up in a metasurface nanoridge structure.
Notably, it is the in-plane nonradiative QE-excited SPPs that
are utilized as reference waves, Eg,, in the recoding process
(Figure 1b), a feature that is crucially different from those
inherent to classical holography approach.”® Multiple (N)
signal waves, E, ,, with arbitrary directions (zenith angle 6, and
azimuthal angle ¢,), polarizations (e.g, RP or CP), and
amplitude ratios (a,), are applied to interfere with the

reference wave, ESPP, thus generating the interference pattern

(ie., a hologram), I(x,y) = fo:]lEspp + anES,nlz. It is
important to generate the total interference pattern from the
superposition of individual interference patterns that are
related to each channel with independent properties, rather
than obtaining a combined interference pattern resulting from
the interference between the superimposed (multiple) signal
waves and reference wave. The latter may result in an
unwanted crosstalk and diffusely scattered light.”” Further-
more, by properly setting a threshold, the interference pattern
can be binarized into nanoridge structures (holographic
metasurfaces) that are to be fabricated around the QE and
utilized to reconstruct the photon emission with the desired
channel amplitudes, corresponding to the preset signal waves,
by outcoupling the QE-excited SPP waves (Figures 1c, S1 and
Note S1).

Here, we use the hydrogen silsesquioxane (HSQ), one of the
dielectric polymers whose refractive index is 1.41,” to
construct the metasurfaces. The thickness of the metasurfaces
is 180 nm. With the filling ratio set as 0.5, the effective
refractive index is about 1.24. The inner and outer radii of the
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Figure 2. Structuring photon emission into multichannel off-normal directions with the identical azimuthal angle by on-chip QE-coupled
holography metasurfaces. (a) Simulation results of the generation of photon emission propagation with the zenith angle of 6 = 20° and azimuthal
angles of ¢, = 0°, ¢, = 60°, @5 = 120°, @, = 180°, 5 = 240°, and ¢ = 300°. From left to right: the configuration (scale bar, 2 ym), the emission
pattern (NA = 0.9), the LCP component, and the RCP component, where the dashed circles indicate the emission angle of 6 = 20°. (b)
Experimental results with a bandpass filter of 676 + 15 nm. From the left to the right: the SEM image of the sample (scale bar, 2 ym), the emission
pattern (NA = 0.9), the LCP component, and the RCP component. (c) Experimental result with a bandpass filter of 650 + 20 nm.

metasurfaces are set to be 0.75 and 7 ym, respectively, which is
able to efficiently outcouple the nonradiative QE-excited SPPs
into free space photon emission. It is possible to further
optimize the metasurface configuration by carefully taking into
account the beam size of signal wave and the SPP propagation
loss during the interference process of holography’” and thus
balance the structure size and the outcoupling efficiency. In
this work, we use the ND-NV centers as QEs whose emission
peaks are around A = 670 nm when operating at room
temperature and being driven by 532 nm laser.'*"> It should
be noted that the proposed approach is general that can be
used for different kinds of QEs, such as quantum dots,
molecules, defects in 2D materials, and other color centers in
diamonds, with different decay rates and emission wave-
le:ngths.40_43 Moreover, the material of metasurfaces is also not
limited to HSQ, other dielectric materials,**~*¢ e.g, TiO,, can
be used to construct the designed metasurfaces.

The signal waves include six radially polarized beams with
corresponding propagation angles, which can be expressed as
E,, = (Euu Eg,) ~ exp(—ikor,)-exp(il,p)-(cos @; sin @),
where r,, = sin 6, cos @,-x + sin 6, sin ¢y, ¢ = tan”'(y/x),
and ky = 27/A. In this work, for simplicity, the topological
charges of signal waves are set as 0, [, = 0. We start from the
relatively simple regime for off-normal photon emission with
the zenith angle of @ = 20° and the azimuthal angles
(clockwise) of @, = 0° ¢, = 60°, @5 = 120°, ¢, = 180°, ¢
= 240° and @4 = 300°, where the amplitudes of six signal
waves are identical (i.e, |E ;| = |E,| = |E ;| = [E | = [E 4| = |
E.4l). The signal waves independently interfere with the
reference wave, i.e, the QE excited nonradiative SPPs radially
propagating on the surfaces, which is in the form of E,, ~
exp(—ikg,,r)-(cos @; sin @), where the radius vector

r= .« +y°, kopp = (277/2) Ny, with Ny, being the effective
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index of SPPs at the targeted wavelength 4 of photon emission
from QEs. The holography metasurface is binarized from the
total interference pattern and then integrated with the QE.
Three-dimensional (3D) finite difference time domain
(FDTD) simulations are conducted to characterize the
performance of the designed QE-coupled holography meta-
surfaces, where the QE is treated as an electrical dipole (1 =
670 nm) vertically orientated to the substrate surfaces. As
shown in Figure 2a, from the left to the right are the
configuration of the metasurface, the emission pattern, the
LCP component, and the RCP component (NA = 0.9). The
photon emission in each channel propagates exactly in the
corresponding angles as theoretically designed (indicated with
the dashed white lines). Due to the intrinsic properties of
radially polarized QE-excited SPPs, the reconstructed photon
emission can be decomposed into LCP (with topological
charge of —1) and RCP (with topological charge of +1)
components where the total angular momentum is con-
served.”” Evolution of generation of photon emission from a
single channel to multiple channels can be found in Figure S2.
Furthermore, to experimentally demonstrate the design
strategy, we fabricated the designed holography metasurfaces
(made of HSQ) precisely around the preselected NDs
containing NV centers that are treated as QEs on top of the
silica-covered silver film, following the well-developed
fabrication process'’ (Figure S3). Figure 2b shows the
scanning electron microscopy (SEM) image of the fabricated
sample and the characterization photon emission (NA = 0.9)
with a bandpass filter of 676 + 15 nm being used to filter a
narrow band photon emission around the emission peak
(Figure S4), which coincides well with the simulation results.
Moreover, the radial polarization property of the photon
emission is characterized by rotating a polarizer (details can be
found in Figure SS). It should be noted that the ND-NVs are
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Figure 3. Structuring photon emission into multichannel off-normal directions with two set of different zenith angles by on-chip QE-coupled
holography metasurfaces. (a) Simulation results of the generation of photon emission propagating with angles of 8, = 20° and 6, = 10°, and the
azimuthal angles of ¢, = 30°, ¢, = 90°, @5 = 150°, @, = 210°, ¢, = 270°, and ¢4 = 330°, respectively. From left to right: the configuration (scale
bar, 2 ym), the emission pattern (NA = 0.9), the LCP component, and the RCP component. (b) Experimental results with a bandpass filter of 676
+ 15 nm. From left to right: the SEM image of the sample (scale bar, 2 ym), the emission pattern (NA = 0.9), the LCP component, and the RCP
component. (c) Experimental result with a bandpass filter 650 + 20 nm.

driven by a tightly focused radially polarized 532 nm laser
beam, in which the horizontal (in-plane) components can be
canceled by each other in the focal spot, thus leading to a large
vertical (out-of-plane) component of the electric field. Thus,
the QEs feature the radiative transition dipoles dominant with
their large vertical excitation components perpendicular to the
surface.”> Moreover, we also checked the performance of
photon emission around 650 nm with a bandpass filter of 650
+ 20 nm (Figure 2c), which shows that the photon emission
maintains the designed propagation angles as well as the
corresponding polarizations.

The proposed design approach can be used to design
holography metasurfaces for structuring multichannel photon
emission propagating at different zenith angles and thus
reconstructing the preset signal waves with different quantum
light holography. Here, we set the signal waves with the radial
polarization and with two set of different zenith angles of 6, =
20° and 6, = 10° and the azimuthal angles (clockwise) of ¢, =
30°, @, = 90°, @5 = 150°, ¢, = 210°, @ = 270°, and @, = 330°,
respectively, keeping the amplitudes of six signal waves being
identical (i.e, IE, ;| = |E,| = |[E 3| = [E | = |[E | = |[E(|). Figure
3a presents the generated metasurface configuration and the
corresponding simulation results, demonstrating that photon
emission propagates in the designed directions and can also be
decomposed into LCP and RCP components. The QE-
coupled holography metasurfaces are then fabricated with the
preselected ND-NVs, which precisely locate in the center of
the structure (Figure 3b). From the experiment results
measured with a bandpass filter of 676 + 15 nm, one can
see that photon emission in each channel propagates in the
designed direction with a donut-shape intensity profile, which
generally coincides well with the simulation results. For the
experiment results measured with a bandpass filter of 650 + 20
nm, similar to those results with the identical zenith angle
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(Figure 2c), the photon emission in each channel still
propagates in the right direction, though they are bright
spots rather than donut-shaped intensity profiles. This can be
easily understood as it is 20 nm away from the design
wavelength and the measured photon emission is broadband,
while the design is conducted for a single wavelength (670
nm), nevertheless, it also shows the robustness of the design
approach for structuring photon emission into arbitrary angles.

Furthermore, we develop the holography approach in a
more general case that can temper multichannel photon
emission with different intensities in each channel. By
introducing the amplitude factor a, for the signal waves, i.e.,
a,|E |, the contribution of each signal wave in the interference
process can be modulated, thus changing the binarized
configuration. We set the signal waves still with radial
polarization and with the zenith angle of # = 20° and
azimuthal angles (clockwise) of ¢, = 0°, ¢, = 60°, @5 = 120°,
@4 = 180° @5 = 240° and ¢4 = 300°, which is the same
condition as the first case, while introducing the amplitude
factors of a; = 0.8, ¢, =09, a3 =1, @, = 1.1, a5 = 1.2, and a4 =
1.3. As expected, the interference pattern and the binarized
metasurface are different with the configuration in Figure 2a
that is symmetric. The generated photon emission propagates
in designed off-normal angles, most importantly, the intensities
gradually increase (clockwise). The designed holography
metasurface is precisely fabricated around ND-NVs. Both the
experiment results characterized with the bandpass filters of
676 + 15 and 650 + 20 nm show the directional photon
emission with gradually changed intensity for the total
emission patterns (NA = 0.9), the LCP component, and the
RCP component. Therefore, the developed VSH approach
provides a powerful tool for designing holography metasurfaces
to flexibly temper the multichannel QE photon emission with
arbitrary directions, polarizations, and intensity ratios. More-
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Figure 4. Tempering photon emission into multichannel off-normal directions with the different strength in each channel from on-chip QE-
coupled holography metasurfaces. (a) Simulation results of the generation of photon emission propagation with the zenith angle of € = 20° and
azimuthal angles of ¢, = 0°, ¢, = 60°, @3 = 120°, ¢, = 180°, 5 = 240°, and ¢ = 300°, where the intensities gradually increase. From the left to the
right: the configuration (scale bar, 2 ym), the emission pattern (NA = 0.9), the LCP component, and the RCP component. (b) Experimental
results with a bandpass filter of 676 + 15 nm. From left to right: the SEM image of the sample (scale bar, 2 ym), the emission pattern (NA = 0.9),
the LCP component, and the RCP component. (c) Experimental results with a bandpass filter 650 + 20 nm.

over, from the spectrum of photon emission (Figure S6), the
appearance of NV~ and NV zero phonon lines indicates that
the photon emission comes from QE-coupled holography
metasurfaces, which maintains the properties of spectral
emission of ND-NVs after being integrated with the designed
metasurfaces.' 7"’

To more clearly validate the developed VSH approach,
Figure S presents the results of the quantitative character-
ization of the strength of QE photon emission in each channel,
which are calculated based on the results presented in Figure 4.
As aforementioned, the designed amplitude factors of signal
waves are set as @; = 0.8, @, = 0.9, a; =1, ay, = 1.1, a5 = 1.2,
and a4 = 1.3, the theoretical results of the reconstructed
photon emission intensity in each channel would be a. As
shown in Figure 5, the solid lines are the theoretical results that
gradually increase from channel 1 to channel 6, where the
photon intensities in all of the channels have been normalized
to the highest one (i.e., channel 6). For all the regimes, both
the simulation and experiment results, including the total
photon emission, the LCP component, the RCP component,
coincides well with the theoretical design. The small
divergence between the simulation and theory may arise
from the imperfections of the binarization of metasurfaces
from the interference patterns, especially for the complicated
situations with the overlap of several channels. For the
experiment results, besides the possible nanofabrication errors
of the samples, during the characterization, the photon
emission passing through lots of optical components, such as
lenses, filters, and reflection mirrors, would distort the
performance of the photon emission pattern as well as
destabilizing the intensity in each channel. Nevertheless, even
with these potential negative factors, the experimental results
and simulations explicitly demonstrate the design strategy for
precisely tempering photon emission into multiple channels.
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Figure 5. Intensity ratio of the tempered photon emission in each
channel from on-chip QE-coupled holography metasurfaces. (a)
Photon emission in each channel, (b) LCP component, and (c) RCP
component.

B CONCLUSIONS
In summary, we have developed the VSH, as an inverse design

approach, to flexibly design on-chip emitter-coupled holog-
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raphy metasurfaces that can outcouple the nonradiative QE-
excited SPPs into multichannel photon emission with desired
directions, polarizations, and different intensity ratios in each
channel. Based on the proposed approach, we designed,
fabricated, and characterized a set of on-chip emitter-coupled
holography metasurfaces with different functionalities. We first
demonstrated structuring photon emission into six channels
with radial polarization and off-normal direction (6 = 20°),
followed by realizing the generation of multichannel photon
emission with two set of different zenith angles (6 = 10° and 6
= 20°). Furthermore, by introducing the varied amplitude
factors to the signal waves, thus modulating the interference
strength with reference waves, we have realized multichannel
photon emission with different intensities in each channel,
which coincides well with the theoretical design for both
simulation and experiment results. The developed inverse
design approach provides a powerful tool to design versatile
on-chip emitter-coupled holography metasurfaces to flexibly
structure multichannel photon emission with more freedom,
including arbitrary directions, polarizations, and intensity
ratios, which may find applications in advanced quantum
technologies, especially those relevant for high-dimensional
quantum information processing.

B METHODS

Numerical Simulations. Numerical simulations of char-
acterization of QE-coupled holography metasurfaces are
implemented with a 3D FDTD method. The QEs are modeled
as vertically orientated electric dipoles with a wavelength of
670 nm, which coincides with the emission peak of ND—NVs
at room temperature. The dipole is placed 30 nm on top of the
substrate of a silica (20 nm)-covered silver film (150 nm). The
metasurfaces are made of dielectric materials with the refractive
index being set of 1.41. The thickness of the metasurface is 180
nm. A two-dimensional (x—y) planar monitor is put 100 nm
atop the structure, which is utilized for monitoring the electric
and magnetic fields that are further used to calculate the far-
filed emission patterns, the LCP and RCP components by the
near- to far-field transformation projection.

Device Fabrication. The fabrication process of the
designed QE-coupled holography metasurfaces follows a
well-established sequence of technological steps (Figure S3).
First, a 150 nm thick silver film is deposited on the silicon
substrate by the thermal evaporation, followed by a 20 nm
thick SiO, layer being deposited with the magnetron sputtering
method. Second, the position markers made of gold are then
fabricated on the substrate by a combined process of electron-
beam lithography (EBL, JEOL-6490 system, accelerating
voltage 30 kV), development, 35 nm thick gold film deposition,
and lift-off. Then, the NDs—NVs with proper diluted
concentration are spin-coated at 3000 rpm, for 60 s on the
substrate surface, after which the NDs—NVs are selected by
the precise alignment procedure with the help of the dark-field
microscope images. HSQ_solution is subsequently spin-coated
at 3500 rpm, for 45 s and then being heated at the hot plate on
160 °C for 2 min to form a ~180 nm layer. Finally, another
round of EBL is implemented for fabrication holography
metasurfaces on the relative positions of NDs—NVs related to
the prefabricated markers. QE-coupled holography metasurfa-
ces are then obtained after the development with the
tetramethylammonium hydroxide solution (for 4 min) and
water (60 s).
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