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ABSTRACT: To harness the potential of radially polarized photons
for classical and quantum communication applications, we demon-
strate an on-chip, room-temperature device, which generates highly
directional radially polarized photons at very high rates. The photons
are emitted from a giant CdSe/CdS colloidal quantum dot (gQD)
accurately positioned at the tip of a metal nanocone centered inside a
hybrid metal-dielectric bullseye antenna. We show that due to the large
and selective Purcell enhancement specifically for the out-of-plane
optical dipole of the gQD, the emitted photons can have a very high
degree of radial polarization (>93%), based on a quantitative metric.
Our study emphasizes the importance of accurate gQD positioning for
optimal radial polarization purity through extensive experiments and

simulations, which contribute to the fundamental understanding of
radial polarization in nanostructured devices and pave the way for implementation of such systems in practical applications using

structured quantum light.

KEYWORDS: radial polarization, quantum dot, Purcell factor, metal-dielectric nanoantenna, plasmonic resonator, nanophotonics

B INTRODUCTION

Radially polarized light is a special case of a family of vector
field optical polarization states, where at any point in a plane
perpendicular to the optical axis of the light beam, the electric
field vector is pointing in a radial axis emanating from the
center of the beam.' In axi-symmetrical vector-polarized
beams, the electric field polarization is not uniform over the
cross-section, generating complex polarization states.” The
vectorial properties of radially polarized beams are widely used
in various applications such as super-resolution methods,”™”
microlasers with controlled angular momentum,’ sharper
focusing,”® and optical trapping.”"’

Furthermore, radial polarization states offer numerous
approaches for encoding in high-dimensional quantum key
distribution (HD-QKD) protocols, offering increased security
and higher key rates.'"”'> These include multiarray encoding
techniques,” self-healing QKD schemes,"* and polarization
entangled photons.'® Notably, photons with radial polarization
have been shown as a source for ultrafast encoding on an HD
basis of hybrid spatial-polarization modes, requiring only a few
simple optical elements that can be modulated very fast with
current technologies.'®"”
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Radially polarized photons can in principle be approximately
generated from linearly polarized photons using complex phase
elements."®~** However, such elements introduce unavoidable
losses due to residual absorption and scattering, they have to
be specially designed to match a given source, and they are
bulky and hard to integrate in a compact way, especially with
multiple single-photon sources (SPS) on a chip, which are
considered to be the best sources for future QKD
systems.””*?

Therefore, the development of a compact, on-chip SPS
emitting hi%h-quality radially polarized photons at ambient
conditions,””** can open up opportunities for the implemen-
tation of complex quantum communication applications, such
as tight focusing, super-resolution, and HD-QKD based on
vector field polarizations.”*® A few demonstrations of SPS
devices emitting radially polarized photons from different
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Figure 1. Generation of radially polarized photons—concept. (a) A schematic of the device. (b—d) The concept of the device operation. The
nanocone resonantly enhances the out-of-plane dipole emission of the exciton in the gQD (blue) but not the in-plane component (dashed azure).
The photon field propagates radially in the dielectric slab waveguide (red arrows in (c)). The circular metallic grating is designed to diffract the
radially propagating field by 90°, resulting in a collimated photon field which is radially polarized (d). Near-field FDTD simulations of the out-of-
plane dipole radiation (e) and the in-plane dipole (f) confirm the strong enhancement of the out-of-plane dipole radiation. The colorbars are
intensity counts. (g) SEM image of the plasmonic device with a nanocone positioned in the center of a bullseye antenna.
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Figure 2. Characterization of a typical high-rate, high-directionality gQD-nanoantenna device. (a) Lifetime measurements (blue) and a 3-exponent
fit for the biexciton (XX), exciton (X), and metal emission (see Supporting Information and ref 38), with 74y = 0.449 + 0.065 ns,
Ty = 2.38 & 0.024 ns, and metal emission 7, = 0.054 + 0.008 ns. A lifetime measurement of a single gQD on glass (orange), with extracted
biexciton and exciton lifetimes of 7y = 3.03 + 0.31 ns and 75 = 22.56 + 1.20 ns, respectively, is shown as a comparison. The ratio 7y _/7x
suggests a Purcell enhancement of Pz ~ 10. (b) Photon collection efficiency (CE) from the device (purple) as a function of the collection
numerical aperture compared to a calculated bare gQD on glass (dashed black), demonstrating a high directionality of the emitted photons. An
angular profile of the emission is shown in the inset. (c) Emission spectrum showing the typical CdSe/CdS gQD-based device spectrum at room
temperature, with a central wavelength at ~645 nm.*

quantum emitters have been shown. One such source’ is unity collection efficiencies. The device showed clear
based on a nitrogen-vacancy (NV) center positioned on a signatures of radially polarized single-photon emission yet
plasmonic resonator. without a concrete demonstration and analysis of this
Another platform, particularly promising for real QKD important property.

applications, was recently demonstrated.”®*” This on-chip, Here, we analyze the polarization emitted from such gQD-
room-temperature, ultrabright, and highly directional SPS nanoantenna devices and show that they can emit photons
device was based on a single CdSe/CdS gQD*~** coupled to with a significantly high degree of radial polarization, an
a gold nanocone resonator, enclosed within a hybrid metal- important requirement for many applications.”’

dielectric circular Bragg antenna. The device was shown to By analyzing multiple devices that have a few gQDs bound
emit single photons at rates that can approach GHz, and near to the nanocone tips, we show that the radial polarization of
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Figure 3. Demonstration of radial polarization. Back focal plane images of the device from Figure 2 before (a) and after (b,c) a linear polarizer,
compared to corresponding FDTD numerical simulations (d—f), displaying the behavior expected from radially polarized light.””** The
polarization orientation is shown in the panel above. The colorbars are intensity counts.

the emitted photons results from a selective Purcell enhance-
ment of the out-of-plane dipole. We quantitatively assess the
degree of radial polarization (DORP), using a measure based
on the axial variation of the horizontal and vertical components
of the in-plane polarization, and establish a direct correlation
between the DORP and the precise positioning of the gQD on
the tip of the nanocone resonator. This pinpoints the
importance of accurate nanoemitter placement, which directly
affects the polarization of the emitted photons, as shown
recently in ref.” This correlation was also deduced through
finite difference time domain (FDTD) simulations and is
substantiated by comparing results across multiple devices.

B RESULTS AND DISCUSSION

Device Structure and Performance. Our devices,
illustrated in Figure la (see Supporting Information for
details), consist of a CdSe/CdS gQD40 coupled to a metal-
dielectric nanoantenna. As illustrated in Figure 1b and
discussed in ref,*® the surface plasmon resonance of the
nanocone at the nanoantenna’s center selectively enhances the
out-of-plane radiative dipole of the gQD through the Purcell
effect.””**™* The out-of-plane polarized photons, resulting
from the Purcell-enhanced excitonic recombination of the
excited gQD, are emitted preferentially in the radial direction
into the dielectric waveguide deposited on top of the gold
nanoantenna, as seen in Figure lc. The underlying periodic
bullseye structure is designed to serve as a first-order
diffraction grating for the wavelength range of the gQD,
rotating the propagation direction of the radially propagating
emitted photons by 90°, as depicted in Figure 1d. This circular
grating diffraction is designed such that the outgoing light is
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highly collimated, for maximal collection efficiency even with
low NAs 84950 Importantly, the circular symmetry of the
diffraction grating results in redirecting the radially polarized
light in the far field for an out-of-plane dipole at the center of
the antenna.

Near-field FDTD simulations, presented in Figure lef (see
Supporting Information for more details about the simu-
lations), confirm the significant field enhancement of the out-
of-plane mode of a radiating dipole compared to the in-plane
mode. Importantly, the plasmonic resonance can be tuned
across optical frequencies by adjusting the nanocone’s apex
angle to match the gQD’s emission properties.””

Figure 2a presents the measured performance of a typical
gQD-nanoantenna device with lifetimes of the biexciton (XX)
and exciton (X) cascade both significantly shortened compared
to a free-standing gQD due to the Purcell factor induced by the
nanocone resonator (see Supporting Information for the
typical properties of a single gQD). A 3-exponential fit was
applied to the lifetime measurements, accounting for the XX,
X, and metal emissions, with the latter having a significantly
shorter lifetime, along with a broadband emission overlapping
the gQD photon emission.” The metal emission can be
effectively filtered out using a time-gated filtering method.”"

This Purcell factor is the first ingredient in the enhanced
brightness of such devices. The sub-Poissonian nature of this
particular device of Figure 2, shown by photon correlation
measurements in Supporting Information, is limited by the
residual XX emission, due to the high quantum yield (QY) of
both the XX and X states of the gQD** (see Supporting
Information for correlation measurements).

https://doi.org/10.1021/acsphotonics.4c01516
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Figure 4. Vector field polarization extraction. The extracted far-field electric field vectors of two devices, one with a nanocone (a), showing a clear
radial polarization, and one without the nanocone (b), displaying random polarization. The colorbar is intensity counts.

Figure 2b shows a high collection efficiency at the first lens
due to the excellent directionality of the bullseye metal-
dielectric antenna, further enhancing the total brightness of the
device relative to a free-standing gQD, similarly to the devices
previously reported.*

Figure 2c presents the emission spectrum of a typical gQD-
based device, showing a clear gQD emission.”® At room
temperature, the central wavelength is ~645 nm,*® with a
broad spectrum mainly due to the spectral overlap between the
XX-X states and thermal broadening.

Experimental Demonstration of Radial Polarization.
Here, we analyze the vectorial polarization properties of the
emitted photons. Doing so, we can verify that indeed the
photons are radially polarized. Specifically, we image the
Fourier plane (K-space) of the emission from the device, which
gives the far-field angular intensity distribution of the emitted
photons.

Figure 3a exemplarily shows such a measurement on the
device as shown in Figure 2. A slowly diverging narrow ring-
like angular emission pattern is clearly observed, with a null at
its center. This ring-like pattern is strongly indicative of a far-
field radial mode of the photons.”’

To verify the radial polarization, we present similar
measurements with a linear polarizer (LP) placed after the
first lens. As depicted in the top panel of Figure 3, the LP
allows only one polarization direction to pass. For a radial field
distribution, this should result in two lobes, cut out of the
original ring-like pattern, with their connecting axis always
along the LP axis, so the lobes should rotate with the LP axis.
Images with the LP aligned horizontally and vertically, shown
in Figure 3b,c, indeed confirm that the rotating lobes are
synchronized with the axis of the LP, validatin_% that the
original far-field mode has a radial polarization.””>* We note
that Figures 3a—c show slightly asymmetrical modes,
potentially due to emitter placement inaccuracy. This will be
discussed later in detail.

Figures 3d—f present the far-field FDTD simulations of the
device (see Supporting Information), with a slight horizontal
offset of ~5 nm of the emitter from the center of the tip, in
order to simulate the slight asymmetry of the experimental
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results. A very good agreement is seen between experiments
and simulations, showing both the radially polarized nature of
the emission and the sensitivity to the position of the emitter
on the nanocone.

To further ascertain the radial polarization character of the
measured device, we deduced the electric field polarization
vector at each point in the angular emission image. This was
done by analyzing the intensity of each point (each made of a
sum over an eight-pixel domain) under four different,
nonorthogonal directions of the LP axis, as detailed in
Supporting Information. The arrows in Figure 4a delineate
the average orientation (arrow direction) and magnitude
(arrow length) of the electric field of the emission, clearly
demonstrating radial polarization along the plane. In contrast,
Figure 4b shows a similar analysis on a device consisting of a
gQD at the center of a metal-dielectric bullseye antenna but
394930 This device shows a highly
collimated, Gaussian-like angular emission pattern (unlike
the ring emission shown before) with essentially random field
polarization. Indeed it was shown before that in such a device,
the dominant emission results from the in-plane dipole
orientation of the gQD.*”*" Since the in-plane emission has
no preferred direction due to the circular symmetry of the
antenna, each emitted photon will be randomly polarized.

Degree of Radial Polarization. After verifying that our
devices can indeed emit highly collimated, radially polarized
photons at high rates (high Purcell factors), a quantitative way
to asses how pure the radial polarization of the photons and
what determines the quality of the radial polarization is
essential. In particular, we found that not all devices perform
equally well, in terms of both photon emission rate and the
quality of the radial polarization of the emission, and that these
two quantities are, in fact, correlated.

To quantify our discussion, we first note that the angular
intensity profile of radially polarized light can be expressed as

without a nanocone.

Ex(rr 9)

16,0 =1 )P = 1E(r) (<)

sin(6) )

(1)
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Figure S. Analysis of the degree of radial polarization and its underlying physical mechanism. (a) Experimental back focal plane image after a
horizontal LP of the emission from a device with a short 7y = 1.8 ns and a high DORP (C =~ 0.93) and (b) the angular intensity profile (blue)
fitted to sin*(0) (red). (c,d) A comparison to a simulated image and intensity profile of a well-positioned emitter, displaced by S nm. (e,f) is similar
to (a,b), but for a device with a long 7y = 11.8 ns and a low DORP (C =~ 0.52). The simulation in (gh) is done with a poorly positioned gQD with
a lateral tip displacement of ~40 nm. (i) Correlation between the exciton lifetime 7y and DORP (C). The dashed black line marks a ~10 nm tip
displacement. Inset is a sketch of the gQD lateral displacement. (j) Plot of the simulated Purcell enhancement ratio PFz/ PFX,Y and the DORP, for

various emitter displacements—vertical (green dots) and lateral (blue dots). The dashed black lines mark the threshold C over which the Purcell
factor ratio increases fast. Circle colors match the devices from the top panel. Inset is a SEM image of a device with a displaced gQD (red). The
colorbars are intensity counts.

After passing through an LP having its polarization axis along X s (1.(4) — | 2

Aler pss cop_ [Ele@® - 1@)
(R () )

I(r, 0) = [E,(r, O) = [E(r)cos(9) )
where n denotes an index of a point on the chosen radius and
As can be seen, the normalized intensity at a given radius r I(6) is the normalized measured angular intensity profile of the
from the center is given by device.

Ir(0) = 1,(0)/max(1,(9)) = 0052(9)’ so one can define the Figure Sa shows the back focal plane image of the emission
DORP for an intensity distribution passing the LP: from a device after passing an LP. This device has a

considerably shorter exciton lifetime of 7y = 1.8 ns as

_ 4 2 compared to a free-standing, similar gQD. This short lifetime
C=1- \/ e /; (1r(0) — W())°do () indicates a large Purcell factor, which for our devices is
predominantly for the out-of-plane dipole orientation, as

where 1,(0) = 1,(8)/max(1,(0)) is the normalized intensity explained above. The normalized angular intensity profile

of a general mixed polarization state. For a perfectly radial (dashed line) in Figure Sb is fitted to the theoretical profile of
polarization, ly;(8) = Iz(6), we have C = 1, while C < 1 for an an ideal radial polarization (i.e., c0s’(#)). As can be seen, good
imperfect radial polarization. For example, for a random agreement is found. Using eq 4, we indeed find C = 0.9319,
polarization, we get C = 0. which indicates a very pure radially polarized emission. Figure
To quantify C experimentally, we define Sc shows a simulation with an emitter only slightly displaced
4457 https://doi.org/10.1021/acsphotonics.4c01516
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horizontally (by ~5 nm) from the ideal position above the tip
of the nanocone. A similar, slightly shorter lifetime (z4x = 0.81
ns) is found, together with a similar emission profile and
similarly high DORP of C = 0.9233. These results demonstrate
the ability of our devices to produce highly collimated, radially
polarized photons at room temperature. The short, ~ 1 ns
lifetime demonstrates the capability of such devices to emit
photons at rates approaching GHz.*®

In contrast, Figure Se,f shows the emission profile and
angular profile of a device with a much longer lifetime (11.8
ns), which is close to that of the bare gQD. This indicates a
poor Purcell factor, likely due to a large displacement of the
emitter with respect to the ideal position on the nanocone. A
clear deviation from the radial polarization profile is observed.
As expected, the extracted DORP results in a significantly
lower value (C = 0.52). A simulated device with bad emitter
positioning (with a displacement of ~40 nm) yields a long
lifetime of 7.43 ns and a low DORP of only C = 0.68, as shown
in Figure Sgh.

It thus seems that the DORP and emission lifetime are
closely related. To substantiate this relation, DORP values
together with exciton lifetimes 7y were extracted from a series
of simulations of displaced emitters, with up to a 40 nm
displacement, and are plotted against each other as blue dots in
Figure 5i. Experimentally, we extracted the DORP and 7y from
several devices, which we plotted as orange dots in the same
figure. A clear correlation is seen for both experimental and
simulated data: The shorter 7y is, which means the emitter
experiences a larger Purcell factor, the larger the DORP is. For
the shortest 7y’s, C ~ 1. In contrast, longer 7y’s, approaching
the bare gQD 7y (no Purcell radiative enhancement), show
very low C values.

The natural explanation for such a distinct relation is
through the radiative enhancement of emission via the
nanocone-induced Purcell factor. As was discussed above, the
nanocone mostly enhances the emission of the out-of-plane
dipole. This emission results in radial polarization of the
photons in the far field. There is an optimum positioning of the
emitter above the tip of the nanocone that yields the largest
Purcell factor and thus the shortest 7y and the largest C. While
the devices are fabricated to meet this geometry, the emitter
placement procedure®®*” allows for small spatial deviations (of
a few nanometers) from this optimum position, both laterally
and vertically. Such a displacement is seen in the SEM image in
the inset of Figure 5j. Such a deviation reduces the Purcell
factor of the out-of-plane dipole (P,:Z), responsible for radial

polarization, with respect to that of the in-plane dipole (P,:XY) ,

which is responsible for emission with random polarization.
This reduction yields both a lifetime increase and C reduction.
We note that in contrast, a displacement of the whole
nanocone from the center of the cavity only slightly affects the
direction of the emission but not its polarization. This was
confirmed in our simulations.

To confirm this picture, a comprehensive simulation study
explored the influence of emitter displacement on the DORP,
considering both vertical and lateral displacements, depicted in
Figure §j. As expected, the larger the ratio Pr /P s, the

larger C becomes. Interestingly, C increases fast, and for
Pe,/Pe,, > 10, the devices have a high DORP with C > 0.85.

For our devices, this happens at displacements of ~10 nm.

We note that due to the limitations of gQD positioning (see
Supporting Information for details on the fabrication process),
only approximately 30% of gQD-based devices exhibited high
DORP. Further optimization of the device geometry, such as
refining the tip sharpness below 40 nm, could enhance both
the overall yield and purity of radially polarized photons,
thereby advancing the scalibility of integrated on-chip device
creation.

B CONCLUSIONS

We demonstrated an on-chip device architecture, based on a
gQD coupled to a metal-dielectric nanoantenna, capable of
generating photons with high brightness relative to a bare
gQD. In addition, this device emits photons with high
collection efficiency and with a high degree of a special
vectorial polarization state, namely, radially polarized photons,
at room temperature. Our study revealed, in a quantitative
manner, the mechanism behind the purity of the radial
polarization, determined by the positioning of the emitter with
respect to its optimal position where the radiative out-of-plane
dipole, responsible for the radial polarization, is maximally
enhanced.

Radial polarization has been shown to be a promising source
for various applications such as high-resolution focusing and
optical t\/veezing,3’7’8 as well as demonstrations of HD-QKD
protocols,'®'”*>* which can be encoded even at GHz rates
using fast electro-optical modulators.”® Our ultrafast room-
temperature SPS device’® can thus be a natural source for such
demonstrations. This work also opens possibilities for other
structured light applications using vector field polarization with
further engineering of the far-field pattern using modified
nanocone symmetries.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphotonics.4c01516.

Details regarding the device creation protocol, gQD
fabrication method, and supporting experimental results
in addition to numerical calculations of the gQD model
as a dipole source, FDTD displacement simulations, and
the data analysis of the degree of radial polarization
along with simulations regarding the gQD emission
(PDF)

B AUTHOR INFORMATION

Corresponding Authors
Yuval Bloom — Racah Institute of Physics, The Hebrew
University of Jerusalem, Jerusalem 9190401, Israel;
orcid.org/0000-0001-6675-329X; Email: yuval.bloom@
mail huji.ac.il
Ronen Rapaport — Racah Institute of Physics, The Hebrew
University of Jerusalem, Jerusalem 9190401, Israel;
orcid.org/0000-0001-7435-7924; Email: ronenr@
phys.huji.ac.il

Authors

Alexander Nazarov — Racah Institute of Physics, The Hebrew
University of Jerusalem, Jerusalem 9190401, Israel;
orcid.org/0009-0007-5344-6507

https://doi.org/10.1021/acsphotonics.4c01516
ACS Photonics 2024, 11, 4453—-4460


https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.4c01516/suppl_file/ph4c01516_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.4c01516?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.4c01516/suppl_file/ph4c01516_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuval+Bloom"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6675-329X
https://orcid.org/0000-0001-6675-329X
mailto:yuval.bloom@mail.huji.ac.il
mailto:yuval.bloom@mail.huji.ac.il
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ronen+Rapaport"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7435-7924
https://orcid.org/0000-0001-7435-7924
mailto:ronenr@phys.huji.ac.il
mailto:ronenr@phys.huji.ac.il
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Nazarov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0007-5344-6507
https://orcid.org/0009-0007-5344-6507
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Boaz+Lubotzky"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.4c01516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

Boaz Lubotzky — Racah Institute of Physics, The Hebrew

University of Jerusalem, Jerusalem 9190401, Israel;
orcid.org/0000-0003-2045-3771

Hamza Abudayyeh — Department of Physics, University of

Texas at Austin, Austin, Texas 78712, United States;
orcid.org/0000-0003-2164-6700

Annika Mildner — Institute for Applied Physics and Center
LISA®, University of Tuebingen, Tuebingen 72076,
Germany; © orcid.org/0009-0007-1983-3757

Lorenzo Baldessarini — Department of Physics, Trento
University, Povo, TN 38123, Italy

Yuval Shemla — Racah Institute of Physics, The Hebrew
University of Jerusalem, Jerusalem 9190401, Israel;
Department of Physics, Columbia University, New York, New
York 10027, United States

Eric G. Bowes — Materials Physics & Applications Division:
Center for Integrated Nanotechnologies, Los Alamos National
Laboratory, Los Alamos, New Mexico 87545, United States

Monika Fleischer — Institute for Applied Physics and Center
LISA®, University of Tuebingen, Tuebingen 72076, Germany

Jennifer A. Hollingsworth — Materials Physics &
Applications Division: Center for Integrated
Nanotechnologies, Los Alamos National Laboratory, Los
Alamos, New Mexico 87545, United States; © orcid.org/
0000-0003-3099-1215

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsphotonics.4c01516

Author Contributions
VAN. and Y.B. contributed equally to this work.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The gQD synthesis was performed at the Center for Integrated
Nanotechnologies (CINT), a Nanoscale Science Research
Center and User Facility operated for the U.S. Department of
Energy (DOE) Office of Science. The fabrication and
characterization of the nanoantenna devices were performed
at the Hebrew University Center for Nanoscience and
Nanotechnology. We thank Saptarshi Ghosh for the SEM
images and Swati Foujdar for the cover art design. RR,, Y.B,
AN, B.L., HA, and Y.S. acknowledge the financial support
from the Quantum Communication Consortium of the Israeli
Innovation Authority and the Magnet Program. J.LAH. was
supported by the LANL Laboratory Directed Research &
Development program (20230363ER) and the U.S. Depart-
ment of Energy, Office of Science Office of Advanced Scientific
Computing Research, through the Quantum Internet to
Accelerate Scientific Discovery Program.

B REFERENCES

(1) Oron, R; Blit, S.; Davidson, N.; Friesem, A. A,; Bomzon, Z.;
Hasman, E. The formation of laser beams with pure azimuthal or
radial polarization. Appl. Phys. Lett. 2000, 77, 3322—3324.

(2) Rosales-Guzman, C.; Ndagano, B.; Forbes, A. A review of
complex vector light fields and their applications. J. Opt. 2018, 20,
123001.

(3) Kozawa, Y,; Matsunaga, D.; Sato, S. Superresolution imaging via
superoscillation focusing of a radially polarized beam. Optica 2018, S,
86—92.

(4) Rutkauskas, M.; Farrell, C.; Dorrer, C.; Marshall, K; Lundquist,
T. R; Vedagarbha, P,; Reid, D. T. High-resolution subsurface

4459

microscopy of CMOS integrated circuits using radially polarized light.
Opt. Lett. 2015, 40, 5502—5505.

(5) Tang, F.; Wang, Y.; Qiu, L.; Zhao, W.; Sun, Y. Super-resolution
radially polarized-light pupil-filtering confocal sensing technology.
Appl. Opt. 2014, $3, 7407—7414.

(6) Miao, P.; Zhang, Z.; Sun, J.; Walasik, W.; Longhi, S.; Litchinitser,
N. M,; Feng, L. Orbital angular momentum microlaser. Science 2016,
353, 464—467.

(7) Dorn, R; Quabis, S.; Leuchs, G. Sharper focus for a radially
polarized light beam. Phys. Rev. Lett. 2003, 91, 233901.

(8) Van Enk, S.; Kimble, H. Strongly focused light beams interacting
with single atoms in free space. Phys. Rev. A 2001, 63, 023809.

(9) Wang, X; Zhang, Y,; Dai, Y,; Min, C,; Yuan, X. Enhancing
plasmonic trapping with a perfect radially polarized beam. Photon. Res.
2018, 6, 847—852.

(10) Zhou, Z.; Zhang, Y.; Zhu, L. Theoretical and experimental
studies on optical trapping using radially polarized beams. Opt.
Quantum Electron. 2016, 48 (8), 404.

(11) Cozzolino, D.; Da Lio, B.; Bacco, D.; Oxenlowe, L. K. High-
Dimensional Quantum Communication: Benefits, Progress, and
Future Challenges. Adv. Quantum Technol. 2019, 2 (12), 1900038.

(12) Erhard, M; Krenn, M. Zeilinger, A. Advances in high-
dimensional quantum entanglement. Nat. Rev. Phys. 2020, 2, 365—
381.

(13) Li, P.; Wang, B.; Zhang, X. High-dimensional encoding based
on classical nonseparability. Opt. Express 2016, 24, 15143—15159.

(14) Nape, L; Otte, E.; Vallés, A.; Rosales-Guzmén, C.; Cardano, F.;
Denz, C.; Forbes, A. Self-healing high-dimensional quantum key
distribution using hybrid spin-orbit Bessel states. Opt. Express 2018,
26, 26946—26960.

(15) Poppe, A.; Fedrizzi, A.; Ursin, R;; BsShm, H. R; Loriinser, T.;
Maurhardt, O.; Peev, M.; Suda, M,; Kurtsiefer, C.; Weinfurter, H;
Jennewein, T.; Zeilinger, A. Practical quantum key distribution with
polarization entangled photons. Opt. Express 2004, 12, 3865—3871.

(16) Wang, F.-X.; Chen, W,; Yin, Z.-Q.; Wang, S.; Guo, G.-C.; Han,
Z.-F. Characterizing High-Quality High-Dimensional Quantum Key
Distribution by State Mapping Between Different Degrees of
Freedom. Phys. Rev. Appl. 2019, 11, 024070.

(17) Wang, Q.-K; Wang, F.-X; Liu, J; Chen, W,; Han, Z.-F,;
Forbes, A.; Wang, J. High-dimensional quantum cryptography with
hybrid orbital-angular-momentum states through 25 km of ring-core
fiber: A proof-of-concept demonstration. Phys. Rev. Appl. 2021, 15,
064034.

(18) Marrucci, L. The g-plate and its future. J. Nanophotonics 2013,
7, 078598.

(19) Kozawa, Y.; Sato, S. Generation of a radially polarized laser
beam by use of a conical Brewster prism. Opt. Lett. 2005, 30, 3063—
3068S.

(20) Bomzon, Z.; Biener, G.; Kleiner, V.; Hasman, E. Radially and
azimuthally polarized beams generated by space-variant dielectric
subwavelength gratings. Opt. Lett. 2002, 27, 285—287.

(21) Niziev, V. G; Chang, R. S.; Nesterov, A. V. Generation of
inhomogeneously polarized laser beams by use of a Sagnac
interferometer. Appl. Opt. 2006, 45, 8393—8399.

(22) Beversluis, M. R;; Novotny, L.; Stranick, S. J. Programmable
vector point-spread function engineering. Opt. Express 2006, 14,
2650—2656.

(23) Lerman, G. M,; Levy, U. Radial polarization interferometer.
Opt. Express 2009, 17, 23234—23246.

(24) Wang, X.-L,; Ding, J; Ni, W.-J; Guo, C.-S.; Wang, H.-T.
Generation of arbitrary vector beams with a spatial light modulator
and a common path interferometric arrangement. Opt. Lett. 2007, 32,
3549—-3551.

(25) Chen, W.; Han, W.; Abeysinghe, D. C.; Nelson, R. L.; Zhan, Q.
Generating cylindrical vector beams with subwavelength concentric
metallic gratings fabricated on optical fibers. J. Opt. 2011, 13, 015003.

(26) Kurti, R. S.; Halterman, K; Shori, R. K;; Wardlaw, M. J.
Discrete Cylindrical Vector Beam Generation from an Array of
Optical Fibers. Opt. Express 2009, 17, 13982—13988.

https://doi.org/10.1021/acsphotonics.4c01516
ACS Photonics 2024, 11, 4453—-4460


https://orcid.org/0000-0003-2045-3771
https://orcid.org/0000-0003-2045-3771
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hamza+Abudayyeh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2164-6700
https://orcid.org/0000-0003-2164-6700
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Annika+Mildner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0007-1983-3757
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lorenzo+Baldessarini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuval+Shemla"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eric+G.+Bowes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Monika+Fleischer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jennifer+A.+Hollingsworth"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3099-1215
https://orcid.org/0000-0003-3099-1215
https://pubs.acs.org/doi/10.1021/acsphotonics.4c01516?ref=pdf
https://doi.org/10.1063/1.1327271
https://doi.org/10.1063/1.1327271
https://doi.org/10.1088/2040-8986/aaeb7d
https://doi.org/10.1088/2040-8986/aaeb7d
https://doi.org/10.1364/OPTICA.5.000086
https://doi.org/10.1364/OPTICA.5.000086
https://doi.org/10.1364/OL.40.005502
https://doi.org/10.1364/OL.40.005502
https://doi.org/10.1364/AO.53.007407
https://doi.org/10.1364/AO.53.007407
https://doi.org/10.1126/science.aaf8533
https://doi.org/10.1103/PhysRevLett.91.233901
https://doi.org/10.1103/PhysRevLett.91.233901
https://doi.org/10.1103/PhysRevA.63.023809
https://doi.org/10.1103/PhysRevA.63.023809
https://doi.org/10.1364/PRJ.6.000847
https://doi.org/10.1364/PRJ.6.000847
https://doi.org/10.1007/s11082-016-0679-7
https://doi.org/10.1007/s11082-016-0679-7
https://doi.org/10.1002/qute.201900038
https://doi.org/10.1002/qute.201900038
https://doi.org/10.1002/qute.201900038
https://doi.org/10.1038/s42254-020-0193-5
https://doi.org/10.1038/s42254-020-0193-5
https://doi.org/10.1364/OE.24.015143
https://doi.org/10.1364/OE.24.015143
https://doi.org/10.1364/OE.26.026946
https://doi.org/10.1364/OE.26.026946
https://doi.org/10.1364/OPEX.12.003865
https://doi.org/10.1364/OPEX.12.003865
https://doi.org/10.1103/PhysRevApplied.11.024070
https://doi.org/10.1103/PhysRevApplied.11.024070
https://doi.org/10.1103/PhysRevApplied.11.024070
https://doi.org/10.1103/PhysRevApplied.15.064034
https://doi.org/10.1103/PhysRevApplied.15.064034
https://doi.org/10.1103/PhysRevApplied.15.064034
https://doi.org/10.1117/1.JNP.7.078598
https://doi.org/10.1364/OL.30.003063
https://doi.org/10.1364/OL.30.003063
https://doi.org/10.1364/OL.27.000285
https://doi.org/10.1364/OL.27.000285
https://doi.org/10.1364/OL.27.000285
https://doi.org/10.1364/AO.45.008393
https://doi.org/10.1364/AO.45.008393
https://doi.org/10.1364/AO.45.008393
https://doi.org/10.1364/OE.14.002650
https://doi.org/10.1364/OE.14.002650
https://doi.org/10.1364/OE.17.023234
https://doi.org/10.1364/OL.32.003549
https://doi.org/10.1364/OL.32.003549
https://doi.org/10.1088/2040-8978/13/1/015003
https://doi.org/10.1088/2040-8978/13/1/015003
https://doi.org/10.1364/OE.17.013982
https://doi.org/10.1364/OE.17.013982
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.4c01516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

(27) Zhan, Q. Cylindrical vector beams: from mathematical
concepts to applications. Adv. Opt. Photonics 2009, 1, 1-57.

(28) Machavariani, G.; Lumer, Y.; Moshe, L; Meir, A.; Jackel, S.
Spatially-variable retardation plate for efficient generation of radially-
and azimuthally-polarized beams. Opt. Commun. 2008, 281, 732—738.

(29) Lounis, B.; Orrit, M. Single-photon sources. Rep. Prog. Phys.
2005, 68, 1129.

(30) Eisaman, M. D.; Fan, J.; Migdall, A,; Polyakov, S. V. Invited
Review Article: Single-photon sources and detectors. Rev. Sci. Instrum.
2011, 82 (7), 071101.

(31) Ma, Z.; Chen, J.-Y,; Li, Z,; Tang, C,; Sua, Y. M,; Fan, H,;
Huang, Y.-P. Ultrabright Quantum Photon Sources on Chip. Phys.
Rev. Lett. 2020, 125, 263602.

(32) Uppuy, R; Pedersen, F. T.; Wang, Y.; Olesen, C. T.; Papon, C.;
Zhou, X,; Midolo, L,; Scholz, S.; Wieck, A. D.; Ludwig, A.; et al.
Scalable integrated single-photon source. Sci. Adv. 2020, 6 (50),
No. eabc8286.

(33) Wang, J.; Sciarrino, F.; Laing, A.; Thompson, M. G. Integrated
photonic quantum technologies. Nat. Photonics 2020, 14, 273—284.

(34) Lubotzky, B.; Nazarov, A; Abudayyeh, H.; Antoniuk, L.;
Lettner, N.; Agafonov, V.; Bennett, A. V.; Majumder, S;
Chandrasekaran, V.; Bowes, E. G.; Htoon, H.; Hollingsworth, J. A,;
Kubanek, A.; Rapaport, R. Room-Temperature Fiber-Coupled Single-
Photon Sources based on Colloidal Quantum Dots and SiV Centers
in Back-Excited Nanoantennas. Nano Lett. 2024, 24, 640—648.

(35) Wu, H.-J.; Zhao, B.; Rosales-Guzman, C.; Gao, W.; Shi, B.-S.;
Zhu, Z.-H. Spatial-Polarization-Independent Parametric Up-Con-
version of Vectorially Structured Light. Phys. Rev. Appl. 2020, 13,
064041.

(36) Sit, A.; Bouchard, F.; Fickler, R.; Gagnon-Bischoff, J.; Larocque,
H.; Heshami, K; Elser, D.; Peuntinger, C.; Giinthner, K;; Heim, B.
High-dimensional intracity quantum cryptography with structured
photons. Optica 2017, 4, 1006—1010.

(37) Komisar, D.; Kumar, S.; Kan, Y.; Wu, C.; Bozhevolnyi, S. L
Generation of Radially Polarized Single Photons with Plasmonic
Bullseye Antennas. ACS Photonics 2021, 8, 2190—2196.

(38) Abudayyeh, H.; Mildner, A.; Liran, D.; Lubotzky, B.; Liider, L.;
Fleischer, M.; Rapaport, R. Overcoming the Rate-Directionality
Trade-off: A Room-Temperature Ultrabright Quantum Light Source.
ACS Nano 2021, 15, 17384—17391.

(39) Abudayyeh, H. A; Rapaport, R. Quantum emitters coupled to
circular nanoantennas for high-brightness quantum light sources.
Quantum Sci. Technol. 2017, 2, 034004.

(40) Pietryga, J. M.; Park, Y.-S.; Lim, J.; Fidler, A. F.; Bae, W. K;;
Brovelli, S.; Klimov, V. L Spectroscopic and Device Aspects of
Nanocrystal Quantum Dots. Chem. Rev. 2016, 116, 10513—10622.

(41) Chen, Y; Vela, J.; Htoon, H.; Casson, J. L.; Werder, D. J.;
Bussian, D. A.; Klimov, V. L; Hollingsworth, J. A. Giant” multishell
CdSe nanocrystal quantum dots with suppressed blinking. J. Am.
Chem. Soc. 2008, 130, 5026—5027.

(42) Garcia-Santamaria, F.; Chen, Y.; Vela, J; Schaller, R. D.;
Hollingsworth, J. A.; Klimov, V. I. Suppressed auger recombination in
“giant” nanocrystals boosts optical gain performance. Nano Lett. 2009,
9, 3482—3488.

(43) Pal, B. N.; Ghosh, Y.; Brovelli, S.; Laocharoensuk, R.; Klimov,
V. L; Hollingsworth, J. A,; Htoon, H. ‘Giant’‘CdSe/CdS core/shell
nanocrystal quantum dots as efficient electroluminescent materials:
strong influence of shell thickness on light-emitting diode perform-
ance. Nano Lett. 2012, 12, 331—-336.

(44) Htoon, H.; Malko, A. V.; Bussian, D.; Vela, J; Chen, Y
Hollingsworth, J. A,; Klimov, V. L. Highly emissive multiexcitons in
steady-state photoluminescence of individual “giant” CdSe/CdS core/
shell nanocrystals. Nano Lett. 2010, 10, 2401—2407.

(45) Peniakov, G.; Buchinger, Q.; Helal, M.; Betzold, S.; Reum, Y.;
Rota, M. B.; Ronco, G.; Beccaceci, M.; Krieger, T. M.; Da Silva, S. F.
C.; et al. Polarized and Unpolarized Emission from a Single Emitter in
a Bullseye Resonator. Laser Photonics Rev. 2024, 18 (4), 2300835.

(46) Matsuzaki, K.; Vassant, S.; Liu, H.-W.; Dutschke, A.; Hoffmann,
B.,; Chen, X,; Christiansen, S.; Buck, M. R.; Hollingsworth, J. A;

4460

Gotzinger, S.; et al. Strong plasmonic enhancement of biexciton
emission: controlled coupling of a single quantum dot to a gold
nanocone antenna. Sci. Rep. 2017, 7 (1), 42307.

(47) Fulmes, J.; Jager, R.; Briuer, A.; Schifer, C.; Jager, S.; Gollmer,
D. A; Horrer, A,; Nadler, E.; Chassé, T.; Zhang, D.; Meixner, A. J.;
Kern, D. P.; Fleischer, M. Self-aligned placement and detection of
quantum dots on the tips of individual conical plasmonic
nanostructures. Nanoscale 2015, 7, 14691—14696.

(48) Meixner, A. J.; Jiger, R; Jager, S.; Briuer, A.; Scherzinger, K;
Fulmes, J.; Krockhaus, S.; Gollmer, D. A.; Kern, D. P.; Fleischer, M.
Coupling single quantum dots to plasmonic nanocones: optical
properties. Faraday Discuss. 2015, 184, 321—-337.

(49) Livneh, N.; Harats, M. G Istrati D.; Eisenberg, H. S;
Rapaport, R. Highly Directional Room-Temperature Single Photon
Device. Nano Lett. 2016, 16, 2527—2532.

(50) Abudayyeh, H.; Lubotzky, B.; Blake, A.; Wang, J.; Majumder,
S.;; Hu, Z,; Kim, Y.; Htoon, H.; Bose, R.; Malko, A. V,; et al. Single
photon sources with near unity collection efficiencies by deterministic
placement of quantum dots in nanoantennas. APL Photonics 2021, 6
(3), 036109

(51) Abudayyeh, H.; Lubotzky, B.; Majumder, S.; Hollingsworth, J.
A.; Rapaport, R. Purification of Single Photons by Temporal
Heralding of Quantum Dot Sources. ACS Photonics 2019, 6, 446—
452.

(52) Andersen, S. K. H.; Bogdanov, S.; Makarova, O.; Xuan, Y,;
Shalaginov, M. Y.; Boltasseva, A.; Bozhevolnyi, S. I; Shalaev, V. M.
Hybrid Plasmonic Bullseye Antennas for Efficient Photon Collection.
ACS Photonics 2018, S, 692—698.

(53) Sinatkas, G.; Christopoulos, T.; Tsilipakos, O.; Kriezis, E. E.
Electro-optic modulation in integrated photonics. J. Appl. Phys. 2021,
130 (1), 010901.

https://doi.org/10.1021/acsphotonics.4c01516
ACS Photonics 2024, 11, 4453—-4460


https://doi.org/10.1364/AOP.1.000001
https://doi.org/10.1364/AOP.1.000001
https://doi.org/10.1016/j.optcom.2007.10.088
https://doi.org/10.1016/j.optcom.2007.10.088
https://doi.org/10.1088/0034-4885/68/5/R04
https://doi.org/10.1063/1.3610677
https://doi.org/10.1063/1.3610677
https://doi.org/10.1103/PhysRevLett.125.263602
https://doi.org/10.1126/sciadv.abc8268
https://doi.org/10.1038/s41566-019-0532-1
https://doi.org/10.1038/s41566-019-0532-1
https://doi.org/10.1021/acs.nanolett.3c03672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.3c03672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.3c03672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevApplied.13.064041
https://doi.org/10.1103/PhysRevApplied.13.064041
https://doi.org/10.1364/OPTICA.4.001006
https://doi.org/10.1364/OPTICA.4.001006
https://doi.org/10.1021/acsphotonics.1c00459?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.1c00459?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c08591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c08591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/2058-9565/aa73e4
https://doi.org/10.1088/2058-9565/aa73e4
https://doi.org/10.1021/acs.chemrev.6b00169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja711379k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja711379k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl901681d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl901681d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl203620f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl203620f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl203620f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl203620f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl1004652?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl1004652?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl1004652?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/lpor.202300835
https://doi.org/10.1002/lpor.202300835
https://doi.org/10.1038/srep42307
https://doi.org/10.1038/srep42307
https://doi.org/10.1038/srep42307
https://doi.org/10.1039/C5NR03546E
https://doi.org/10.1039/C5NR03546E
https://doi.org/10.1039/C5NR03546E
https://doi.org/10.1039/C5FD00074B
https://doi.org/10.1039/C5FD00074B
https://doi.org/10.1021/acs.nanolett.6b00082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b00082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0034863
https://doi.org/10.1063/5.0034863
https://doi.org/10.1063/5.0034863
https://doi.org/10.1021/acsphotonics.8b01396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.8b01396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.7b01194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0048712
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.4c01516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

