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ABSTRACT

Quantum photonic technologies such as quantum sensing, metrology, and simulation could be transformatively enabled by the availability
of integrated single photon sources with high radiative rates and photon collection efficiencies. We address these challenges for quantum
emitters formed from color center defect sites such as those in hexagonal boron nitride, which are promising candidates as single photon
sources due to their bright, stable, polarized, and room temperature emission. We report design of a nanophotonic coupler from color
center quantum emitters to a dielectric metasurface lens. The coupler is comprised of a hybrid plasmonic-dielectric resonator that achieves
a large radiative Purcell enhancement and partial control of far-field radiation. We report radiative Purcell factors up to 285 and photon col-
lection efficiencies up to 89% for a lossless metasurface, applying a continuous hyperboloidal phase-front. Our hybrid plasmonic-dielectric
coupler interfacing two nanophotonic elements is a compound optical element, analogous to those found in microscope objective lenses,
which combine multiple optical functions into a single component for improved performance.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0059012

INTRODUCTION

Single photon sources are physical systems capable of emitting
photons on demand and are applicable for quantum sensing, cryp-
tography, metrology, and simulation.'” An ideal single photon
source is an emitter triggered by an optical or electrical excitation
that emits a single photon of controlled frequency, wavevector, and
polarization in response to a control excitation. Many material
systems have been shown to exhibit single photon emission, includ-
ing trapped ions," color center defects in wide bandgap materials
such as diamond’ and silicon carbide,” quantum dots,” organic
molecules,” and carbon nanotubes.” Quantum emitters formed
from color center defects in hexagonal boron nitride (hBN), a wide
bandgap Van der Waals material, are one promising material plat-
form exhibiting single photon emission. Hexagonal boron nitride
point defects have been reported to exhibit room temperature
single photon emission that is polarized and photostable. They also
have record high brightness, narrow emission spectra, and high

intensity of the zero-phonon line with respect to phonon side-
bands.'™'" Recent experiments have shown that the axial position
and the 3D dipole orientation of hBN quantum emitters can be
accurately measured.'” Furthermore, some of these quantum emit-
ters have very strong out-of-plane dipole orientation, which is
highly desirable for tuning emission wavelength using external elec-
tric fields."”™"”

Outstanding challenges in the design of efficient single photon
sources include achieving a useful high radiative rate, high photon
extraction efficiency, and also control of far-field radiation. High
radiative rates are required for high frequency operation, and effi-
cient photon extraction is required for deterministic generation of
photons, which is important for many quantum photonic technol-
ogies such as secure quantum communication and photonic
quantum computation. Currently, bulky optical components,
coupled by free-space light propagation, are needed to efficiently
capture photon emission from quantum emitters. These preclude
design of compact, integrated single photon sources. Prior works
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have sought to address these challenges by coupling point defects
with nanoantennas, °~***' waveguides,””*" or grating structures.”*
Solid immersion lenses have also yielded near unity photon collec-
tion efﬁciency,23’2(’ and in one recent work, a metasurface was used
to image diamond NV centers.”” Metasurfaces have also been used
to generate and control non-classical light and facilitate quantum
interference’®™” and entanglement.’”"

In this work, we design a nanophotonic coupler comprised of
a hybrid plasmonic-dielectric resonator that couples emitted
photons from quantum emitters to a dielectric metasurface lens.
The device achieves a high radiative Purcell factor, collection effi-
ciency, and degree of control over far-field radiation. First,
quantum emitters in #BN are coupled to hybrid plasmonic-dielec-
tric resonators (Fig. 1). Similar plasmonic nanogap resonators have
been explored for plasmonic lasing’”* and large Purcell enhance-
ment.”” High field confinement results in large radiative Purcell
factor, and resonators efficiently outcouple photons to free space.

Previous reports have demonstrated coupling #BN emitters to
plasmonic resonances, including single nanoantennas,”® gap dimer
modes,”” and lattice modes.”® Simulations for single nanoantennas
indicate radiative Purcell factors ~10,”° while simulations of gap
dimer modes report total Purcell factors up to 1200.”” However, in
this case, radiative quantum efficiency is not considered. In all
these cases, the reported experimental values for emission intensity
enhancement do not exceed one order of magnitude. Designs with
dielectric materials such as microcavities’ and monolithic pho-
tonic crystal cavities'’ report Purcell factors of ~4 and ~15 in
experiments. While Purcell enhancements reported in our work are
obtained via simulations (and would likely represent an upper
bound for experimentally achievable values), the hybrid design
offers some unique benefits. Our design uniquely combines advan-
tages of plasmonic and dielectric couplers. Plasmonic designs gen-
erally achieve high local fields and Purcell enhancements on the
nanometer scale at the cost of absorptive losses. Meanwhile,
designs using dielectric materials, such as microcavities and
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FIG. 1. Overview of device design. Z-oriented dipole sits in a thin hBN layer
between a silver substrate and cylindrical silicon antenna, resulting in high radia-
tive Purcell enhancement. The antenna’s output radiation is efficiently collected
and collimated by a o-SiC:H dielectric metasurface on the silica substrate. Inset:
Imag(Ez) mode profile of silicon antenna.
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photonic crystal cavities, suffer fewer absorption losses but at the
cost of light confinement. The hybrid coupler presented here
achieves both the goals of low loss and high light confinement.

The second component to this work is an efficient dielectric
metasurface, which collects and collimates photons emitted from
the plasmonic-dielectric resonator (Fig. 1). Metasurfaces are two-
dimensional subwavelength arrays of scatterers capable of control-
ling the amplitude, phase, and polarization of incident light.*'~**
Metasurfaces allow precise control over the phase-front of input
light. Individual metasurface scatterers are resonantly excited by
input light and induce controllable phase jumps at the surface,
which may be used to construct phase gradients. This enables
applications such as beam steering*’ and focusing.*® Efficient trans-
missive dielectric metasurfaces have been demonstrated at optical
wavelengths using materials such as TiO, and SizN,."*? In this
work, dielectric scatterers are preferable to plasmonic (metal) struc-
tures due to lower absorption losses.” Additionally, a metasurface
is an apt choice for this collector lens because of low linewidths of
HBN quantum emission.'' Metasurfaces are generally dispersive,
which can be disadvantageous for applications like broadband
imaging. On the other hand, single photon emitters in #/BN only
require precise wavefront control at narrowband wavelength, elimi-
nating drawbacks present in general metasurface imaging. The
design we present is an important step toward realizing nanoscale
and micron-scale integrated single photon sources. Careful design
of the near-field and far-field environment of the emitter allows for
efficient and bright sources with extreme wavefront control.

COMBINING PURCELL ENHANCEMENT AND
META-OPTICS

In order to obtain partial control over quantum emitter far-
field radiation patterns and increase their spontaneous emission
rates, we carefully designed the optical environment of the emitter.
Coupling quantum emitters with plasmonic-dielectric antennas
yields partial control over emitter far-field radiation. Coupling also
increases the local optical density of states, ultimately increasing
the spontaneous emission rate via the Purcell effect. Using finite-
difference time-domain simulations (Lumerical), we model an
emitter with a z-oriented dipole embedded in multilayer hBN.
Quantum light emission from #BN color centers has been observed
in several wavelength ranges, ranging from the visible to near-IR,
and we select a representative emitter wavelength of 623 nm based
on past works.'"*””" The hBN layer sits on a silver substrate. A
cylindrical silicon resonator sits on the hBN layer (see S1 in the
supplementary material for optical constants). The dielectric nano-
cylinder and silver substrate support a plasmonic-dielectric reso-
nance offering high field enhancement in the hBN layer,”’ as
shown in field profiles in Fig. 1. Mode profiles are obtained by
exciting the resonator with an x-polarized plane wave and record-
ing field in the center of the hBN spacer layer. Large electric fields
correspond to increased local density of states and enhancement of
the spontaneous emission rate.

The hBN layer is 4 nm thick.”” The choice of multilayer BN
is made because of past works achieving similar thicknesses of hBN
by exfoliation'® and chemical vapor deposition.” Also, multilayer
hBN has been shown to exhibit color centers with greater spectral
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FIG. 2. Antenna-emitter coupled system. (a) Z-oriented dipole sits in a thin hBN layer between a silver substrate and cylindrical silicon antenna, resulting in high
radiative Purcell enhancement. (b) and (c) Far-field radiation plots of output antenna radiation of the antenna-emitter system (red) and hBN emitter on the silver

substrate (blue).

stability as compared to monolayer or few-layer flakes.”’
Figure 2(a) gives a schematic of the plasmonic-dielectric resonator.
Hybrid plasmonic-dielectric modes can be conceptualized as
surface plasmons reflecting off the boundaries of the dielectric
nanocylinder. They are described by indices (n and m), where n
represents radial and m represents azimuthal field variation. We
designed a silicon nanocylinder such that the (1, 1) mode occurs at
the design wavelength (Fig. 1, inset). We optimized the geometry of
the nanocylinder in full-wave simulations (Lumerical) by exciting
the hybrid resonator using a total-field scattered-field source and
sweeping over parameters. For a wavelength of 623 nm, this results
in a silicon nanocylinder with h=100nm and R=46nm. The
z-oriented dipole is placed at Ax =34 nm to maximize the overlap
of the dipole with electric fields, which increases Purcell enhance-
ment. Purcell factor is computed using full-wave simulation and
the Lumerical built-in function with a dipole source embedded in
hBN. The plasmonic-dielectric resonator yields partial control over
the far-field radiation pattern of the dipole, as shown in Figs. 2(b)
and 2(c). With no silicon nanocylinder, a z-dipole embedded in
hBN on a silver substrate exhibits two symmetric radiation lobes;
and radiation is highly non-directional. The addition of the silicon
nanocylinder results in a far-field pattern containing a single lobe.
This result is important because it allows for efficient collection of
photons using metasurfaces. Near-to-far-field transformations are
performed using an open source software based on Lorentz reci-
procity.”" The plasmonic-dielectric resonator enhances the sponta-
neous emission rate of the /BN emitter. This effect is quantified by
the Purcell factor, which is the ratio between emitted power in an
engineered environment (y,,) and emitted power in a homoge-
neous environment (y,). Equation (1) gives an expression for the
Purcell factor. Py is the power radiated by a dipole in homogeneous
media, 4 is the dipole moment, and E is the electric field,

Y tot a) *
Yot _ © [ty E). 1)
Yo 2P0 {ﬂ

The Purcell factor depends on the imaginary part of the dot
product of the dipole moment and field. The hybrid plasmonic-
dielectric resonance exhibits high enhancements in the z-
component of electric field, which is highly confined to the ABN
layer. This high field enhancement is the basis of the design and

also the reason for the selection of a z-oriented dipole. It is impor-
tant to note that Purcell enhancement in this configuration
depends strongly on hBN gap thickness (<10nm) with thicker
gaps resulting in lower field enhancement and Purcell factor.”'
Figures 3(a) and 3(b) give a spatial mapping of Purcell factor for a
z-oriented dipole situated in the hBN layer. Maximum Purcell
factor of 700 occurs at Ax =34 nm, coinciding with the highest
field intensities of the (1,1) mode (see Fig. 1, inset). Because the
system is not lossless, the Purcell enhancement has a contribution
from increased decay to free-space radiative channels (y,,;), surface
plasmon polaritons (y¢pp), and non-radiative channels (y,,), given
by Eq. (2). Silver is one of the least lossy metals in the visible. As a
result, the resonator structure efficiently launches surface plasmon
polaritons when excited by dipole radiation. Sources of absorption
include silver and silicon, which has a small but finite imaginary
part of refractive index at the design wavelength (623 nm). For
reference, the antenna simulation design is repeated while replacing
the silver substrate with a perfect electrical conductor in S2 in the
supplementary material. As shown in Fig. 3(c), the radiative com-
ponent of Purcell factor, 7;‘:’, exhibits a maximum of 285 at the
design wavelength,

Yiot = Vrad + Yspp + Y abs- (2)

We seek to maximize the radiative component of Purcell
factor and minimize absorption losses. Our figure of merit is the
radiative quantum efficiency, in which we consider the rate of
photon generation. This is given by Eq. (3). Quantum efficiency is
plotted in Fig. 3(d). For this system, the radiative quantum effi-
ciency reaches a maximum of 0.4 at the design wavelength,

QE = M_ (3)
Y tot

The plasmonic-dielectric resonator has several functions. It
increases spontaneous emission rate and outcouples photons to
free space by effectively transforming the radiation pattern of a ver-
tical (z-oriented) dipole to that of a horizontal (x-oriented) dipole.
The resonator configuration depends heavily on the vertical com-
ponent of the dipole emitter, as shown in Fig. 3(e). Radiative
Purcell factor drops dramatically as the polar angle © is increased
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FIG. 3. Purcell enhancement induced by silicon antenna. (a) Spatial mapping of Purcell enhancement for silicon antenna of height 100 nm and radius 46 nm. (b) Plot of
Purcell enhancement vs dipole position showing a maximum for a dipole at radius 34 nm. (c) Purcell enhancement vs wavelength (d) and radiative quantum efficiency vs
wavelength for dipole at radius 34 nm. (e) Radiative Purcell factor vs dipole orientation showing strong dependence on the z-component of dipole.

from 0. Photons coupled to free space are collected and collimated
with a dielectric metasurface. Metasurfaces are composed of arrays
of subwavelength scatterers. We choose amorphous silicon carbide
(a-SiC:H) cylindrical scatterers’” due to the high index and low
absorption of silicon carbide in the visible. Cylindrical symmetry of
scatterers ensures that the final device is polarization insensitive.
Cylindrical silicon carbide resonators with height =350 nm are
placed in a square lattice of period =300 nm [Fig. 4(a), inset]. By
varying cylinder radius, we find that the full 21 phase needed for
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metasurface operation is accessible [Fig. 4(a)]. This 2r range is dis-
cretized into eight phase values (0, n/4, /2, ..., 7n/4). Optimal cyl-
inder radii are selected to maximize transmission with average
transmission of 0.9633. Metasurface building blocks were simulated
in Lumerical as follows. Silicon carbide cylinders are placed on
quartz and excited using an x-polarized, plane wave input. One
period of the square lattice is simulated, and periodic boundary
conditions are used. Phase is computed using a two-dimensional
Fourier-transform of the electric fields and taking the phase of the

FIG. 4. Metasurface device. (a)
Transmission and phase vs phase of
(0-SiC:H) metasurface scatterers on a
quartz  substrate, showing eight
selected metasurface resonators. (b)
Metasurface phase profile of beam col-
limator with selected scatterers.
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propagating wave in the normal direction (k,=k,=0 in k-space).
Transmission is recorded using power monitors. Detailed analysis
of a single metasurface nanocylinder is given in S3 in the
supplementary material. We consider that the desired metasurface
must collect and collimate radiation from an effective point source
which is the silicon nanocylinder antenna. Thus, the hyperboloidal
phase profile given in Eq. (4) is appropriate. Here, x and y are the
spatial positions of metasurface scatterers, and f is the focal length,

oy =— T (VEFFEE ). @

We design a device with f=5um. A cross-sectional cut of
such a metasurface is given in Fig. 4(b) with appropriate o-SiC:H
scatterers outlined.

The final device is shown in Fig. 5(a). A circular metasurface
with diameter D is placed 5um above the silicon nanocylinder
antenna on a semi-infinite quartz substrate. Figure 5(b) gives the
coupling efficiency of the metasurface as a function of numerical
aperture, calculated using the Huygens—Fresnel integral and with
full-wave FDTD simulations. Coupling efficiency is defined to be
the power of transmitted through the metasurface cross-sectional
area 10um above the metasurface, normalized to the power
coupled to free-space photons from the plasmonic-dielectric reso-
nator. To compute coupling efficiency using the Huygens—Fresnel
integral, full-wave simulations are used to obtain fields at the meta-
surface input. These input fields are imparted with the hyperbolic
metalens phase profile, and far fields are calculated according to

Intensity (a.u.)

Eq. (5). Electric field at r, = (x2, ¥2,2) can be obtained from
the field at the 2z =0 ©plane. In the expression,

=1/ — 2P + (02— 7 + (2 and cos() = 2,

: : ikro
E(ry, w) = —%H cos(6) (1 + é) er E(x1, y1,z1 = 0)dxdy,.
0/ 1o
(5)

For high numerical aperture ~0.97, coupling efficiency of 0.89
is achieved with the Huygens—-Fresnel calculation, representing the
lossless metasurface. Full-wave simulation yields maximum cou-
pling efficiency of 0.65. The decreased performance in full-wave
simulations can be attributed to sources of loss such as the finite
pixel size of each metasurface scatterer and the deviation from
phase response of each scatterer obtained for normal incidence due
to high numerical aperture (NA) of the device. In contrast to the
Huygens-Fresnel calculation, which applies a continuous phase-
front, the full-wave metasurface applies phase at each scatterer. The
high NA of the metasurface results in varying optical response
from each o-SiC:H resonator as the incident angle of input light is
increased. Metasurface elements on the edge of the device are no
longer excited by normally incident light. Figure 5(c) gives a visual-
ization for the beam collimation after photons have passed the
metasurface. As evidenced in the far-field radiation patterns, the
metasurface redirects incident photons into a tightly collimated
beam, which will be useful for quantum photonic applications.
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CONCLUSION AND OUTLOOK

In summary, we have employed nanophotonic design to
manipulate single photon emission, building a device with high
radiative Purcell enhancement, high photon collection efficiency,
and strongly directional emission. We show that a hybrid plas-
monic-dielectric resonator antenna can be coupled with an ABN
quantum emitter to reach radiative Purcell factors up to 285.
However, the radiation from such nanoscale antennas is not highly
directional. By interfacing the nanoscale antenna with a dielectric
metasurface, we efficiently collect and control output radiation,
resulting in highly directional and efficient emission. For a lossless
metasurface, we report photon collection efficiences up to 89%.
When combined with the radiative quantum efficiency of 0.4, the
complete system efficiency is 35.6%. With the addition of sources
of loss such as finite pixel discretization and angular response of
scatterers, photon collection efficiency reaches 65% (full-wave sim-
ulations), corresponding to complete system efficiency of 26%.
Future works will investigate designs to increase radiative quantum
efficiency. One avenue is to investigate substitutes for the metal
back-reflector to prevent the coupling of emission to surface plas-
mons (rather than free-space photons). Another is to investigate
other dielectrics for the nanocylinder antenna because of finite
absorption in the silicon antenna.

Experimental demonstration of our proposed designs is
another future direction for this work. Device fabrication can be
completed with established techniques. The metasurface can be
fabricated by a top-down approach.”® First, amorphous silicon
carbide can be deposited by plasma-enhanced chemical vapor dep-
osition.”” Then, established electron-beam-lithography techniques
can be wused to pattern the film, followed by deep
reactive-ion-etching to define metasurface scatterers. To fabricate
and position silicon nanoantennas, approaches such as AFM tip
manipulation of nanoparticles are a viable option.””

This device is an important step forward for integrated
quantum optical technologies. It is also not limited to quantum
applications and could be applied to build novel light sources in
other material systems. For example, interlayer excitons in van der
Waals heterostructures have a strong z-component of electric
dipole.” Coupling such excitons with similar resonator designs
could yield light sources with high radiative Purcell factor and con-
trollable far-field radiation.

SUPPLEMENTARY MATERIAL

See the supplementary material for the details regarding
optical constants used in simulations (S1), analysis of an emitter
coupled to a hybrid resonator using a perfect electrical conductor
substrate (S2), and analysis of a single o-SiC:H metasurface nano-
cylinder (S3).
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