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Controlling the direction of light emission on the subwavelength scale

is a key capability for quantum information processing and optical
imaging in photonics and biology' . The spin-orbit interaction of light
iswidely adopted for dynamically tuning the direction of circularly
polarized photoluminescence (PL), but this is challenging to accomplish
for many luminescence materials, which typically generate unpolarized
luminescence. Here, we report optical control of unidirectional emission
of unpolarized luminescence in a spatially symmetric nanopillar lattice
assisted by photonic orbital angular momenta. The orientation of
anti-Stokes shift PL emissions can be controlled by the helicity of incident
vortex beams. The experimental directionality of unpolarized PL emission
inthe one-dimensional nanopillar lattice can reach 0.59, which is markedly
stronger than that possible by a spin mechanism. Our findings thus offer a

new promising approach for tuneable nanoscale optical control of emission.

Control over the directional propagation properties of nanoscale lumi-
nescence emitters is key to manipulating light and improving efficiency
in optical sensing and quantum information processing'*. Emission of
photoluminescence (PL), which is incoherent and unpolarized in free
space, typically involveslarge solid angles because their interaction with
excited lightis omnidirectional. Acombination of the quantum lumines-
cence emitters and nanophotonic cavities makes it possible totailor the
spatiotemporal properties of PL. Recently, it was reported that the direc-
tionand polarizationstates of emitted luminescence canbe controlled
by integration with suitable nanostructures such as optical antenna
arrays’, silicon nanowires*, metasurfaces’ and photonic crystals®. In
particular, the directional emission can be achieved through phas-
ing between different nanoscale elements such as Yagi-Uda antenna
arrays’ and phase-gradient metasurfaces’. Although the phase-gradient
metasurfaces have demonstrated some degree of control over spon-
taneous emission, the direction of luminescence emission is typically
non-adjustable for such spatially asymmetric nanostructures.

Photonic angular momenta may serve as an effective solution
for flexibly switching the directionality of PL emission. For example,
the spin-orbit interaction of light has been employed to tune the
directional propagation of surface-plasmon polaritons’ ', where
incident circularly polarized light provides spin angular momentum
(SAM). Such spin-directional propagation in spatially symmetric
nanostructures has stimulated the development of chiral quantum
optics™'?, More recently, the valley pseudospin of two-dimensional
transition metal dichalcogenide materials was reported to enable
the directional emission of luminescence'°, which possesses
valley-dependent circularly polarized states (Fig. 1a). However, such
directional emission controlled by spin-orbit coupling is challeng-
ing for most luminescence emitters because the excited PL typically
demonstrates unpolarized states from spontaneous emission”. As
shown in Fig. 1b, the unpolarized PL, where two spin components
have equal probability, results in symmetric emission in the spatially
symmetric nanostructures',
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Fig.1| Concept of directional emission of unpolarized luminescence by
vortex beams. a, lllustration of the directional emission of luminescence
by spin-orbit coupling in ananoscale waveguide. The circularly polarized
luminescence canbe generated by valley-dependent excitation on two-
dimensional transition metal dichalcogenide materials. b, The symmetric
emission of unpolarized luminescence excited by circularly polarized light.
The spininformation ofincident light is lost in the excited luminescence.

¢, Schematic of directional emission of unpolarized luminescence excited by vortex
beams. d, Simulation of unidirectional propagation of an electromagnetic wave
inthe one-dimensional nanopillar lattice excited by o, (left panel) and o_(right
panel) circular dipoles, respectively. e, Unidirectional propagation excited by

o, (left panel) and o_ (right panel) vortex sources with topological charge £ = +4.
Red arrows indicate the preferred propagation direction. Scale bars, 1 pm (d,e).

Unlike the SAM with only two states of +71 (where fiis the reduced
Planck’s constant), the intrinsic orbital angular momentum (OAM) has
unlimited orthogonal eigenstatesin principle and hasbeenrealized in
different wave fields such as electron'’, sound®® and even molecular
waves”. Vortex beams, carrying photonic OAM of ## with a phase
singularity in the optical field centre, have an azimuthal phase dis-
tribution of ~¢"*?, where integer £ is topological charge and ¢ is the
azimuthal angle*>**. The photonic OAM has been considered asaprom-
ising solution to boost the capacity of data transmission and storage
innext-generation optical communications and quantuminformation
processing® %, Recently, it was reported that OAM beams can selec-
tively excite PLin nanowires by sophisticated plasmonic nanogrooves®.
Analogousto the spin-orbitinteraction of light, the orbit-orbitinter-
action hasbeen exploited insome theoretical and experimental stud-
ies”**, but the orbit-directional PL emission remains elusive mainly
duetothelack of phase-locking luminescence. Here, we experimentally
demonstrate the unidirectional emission of unpolarized PL in spatially
symmetric nanostructures by photonic OAM at room temperature
(Fig. 1c). Distinguished from polarization-dependent directionality,
the unpolarized PL emissionis controlled by the OAM states of vortex
beams, which are linked to the helical phase information.

To confirm the predictions of directional propagation, we per-
formed the full-wave finite-difference time-domain simulations

excited by electric dipoles (Methods). The left-and right-handed circu-
larly polarized dipoles o, = (X + iy)/\/2excite opposite chiral electro-
magnetic fields, which can directionally couple into a one-dimensional
nanopillar lattice by spin-orbit coupling'® (Fig. 1d). The intensity
distributions in the nanopillar lattice are mirror-symmetric for o,
circular dipoles. Therefore, the unpolarized luminescence, which
has the same possibility for generating o, circular dipoles, results in
symmetric emission. When introducing a high-order topological
charge ¢ = +4, the chiral electromagnetic fields excited by o, vortex
sources break the spatially symmetric properties, as shownin Fig. 1e.
We can define the topological charge of the chiral H, fields excited by
the vortex source as:

.1
Jz= e ¢Cdrvr¢(r)

where Cis a closed loop around the phase singularity, ris the radial
distance and ¢ is the phase distribution. Owing to the conservation of
the angular momentum ofthe z-component, the total intrinsic angular
momentum of the excited chiral field is determined by, = £ + 0, where
o= +1per photon®>* (see Supplementary Note 1 for details). Distin-
guished fromthe only spin scenarios, the electromagnetic wave excited
by avortexsource with £ =+4 shows anidentical propagating direction

Nature Photonics


http://www.nature.com/naturephotonics

Article

https://doi.org/10.1038/s41566-023-01226-9

a b
<>
Vortex beam @
l
<> PLemission
ZTZ!
X Emitters
Substrate
3
s
=
£ 05
C
[
€
- O i L L L i t i L

X (pm)

Fig. 2| Experimental measurements of unidirectional propagationin

the nanopillar lattice. a, Schematic of the nanopillar system under focused
vortex beams showing the possible excitation of electric-dipole resonances.
Unpolarized PL emitters are generated in the central nanopillars by two-photon
absorption for orbit-directional coupling. b, Optical (top panel) and SEM
images (bottom panel) of the fabricated one-dimensional nanopillar lattice.
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The nanopillar lattice consists of 13 nanopillars with height 2 = 3.8 um, diameter
d =500 nm and period p =440 nm. ¢, Anti-Stokes shift PL spectrum of the
nanopillar system excited by a vortex beam at the fundamental wavelength of
800 nm. d-f, The luminescence image (top panel) and line cut of the intensity
profiles (bottom panel) along the nanopillar system excited by the vortex beam
with topological charge =0 (d), +4 (e) and -4 (f), respectively.
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Fig.3|Numerical simulations of unidirectional propagation by vortex
sources. a, Electric-field intensity distribution in the nanopillar system excited
by o. (top panel) and o_(middle panel) vortex sources with topological charge
¢=-4.The bottom panel shows the total intensity distribution, where two spin
components exist equally. b, Directionality D for the radiation of vortex source
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with topological charge £ = -4 as a function of its excited position. ¢, Normalized
coupling strength {of the vortex source into the nanopillar lattice. d, The
directional coupling efficiency, which indicates the directionality modulated by
coupling efficiency K(xy) = D(xy) X {(x), for the vortex source radiation. Dashed
linesindicate the position of the nanopillar system.

forboth o= t1after coupling into the nanopillar lattice. As aresult, for
the unpolarized luminescence with a total zero SAM (o = 0), we may
still realize the unidirectional emission by introducing a high-order
topological charge for anon-zeroj, state.

Our experimental configuration for the unidirectional lumines-
cence emission consisted of incident vortex beams with tunable topo-
logical charges and a one-dimensional nanopillar lattice, as shown in
Fig. 2a. The nanopillar lattice was fabricated by a direct-laser-writing

method in a polymer material, which contained luminescence mol-
ecules (Methods). Figure 2b shows the optical and scanning electron
microscope (SEM) images of the fabricated nanopillar lattice. Distin-
guished from the gradient phase from metasurfaces with spatially
asymmetric nanostructures®’, the helical phase information in our
experiments was achieved from the incident vortex beams (Supple-
mentary Note 2). We used ahome-built optical microscope system with
afemtosecond laser excitation at the central wavelength of 800 nm
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Fig.4 | OAM-dependent PL unidirectional emission. a, Simulated OAM density
ofthe vortex beam with topological charge £ = -4 on the transverse plane. The
red arrows indicate the in-plane momentum density. The one-dimensional
nanopillar lattice (not to scale) is excited by the vortex beam at different y
positions. b, Experimental (solid line) and theoretical (dashed line) directionality
of PL emission as a function of the nanopillar position excited by the vortex

OAM density
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beam with topological charge ¢ = —4. The grey line indicates the pump intensity
distribution of the incident vortex beam. ¢, Extreme directionality of PL emission
for vortex beams with varying topological charges. The green region indicates
the excitation by vortex beams with topological charge £ = +1. The error bars are
the standard deviation of five measurements. All excited positions are located in
they<Oregion.

(Supplementary Fig.10). When the femtosecond laser was focused into
the luminescence material, the focused region produced high-energy
photons by two-photon absorption, converting the near-infrared
radiation into visible luminescence (Supplementary Fig. 11). The PL
spectrumwas collected from the nanopillar lattice, excited by a vortex
beam at the laser power of 40 mW (Fig. 2c). The central wavelength of
anti-Stokes shift PL emission was at ~560 nm.

Inour experiments, the anti-Stokes shift PL can be excited only at
the focused area of a vortex beam, where enough photon density can
be provided for two-photon absorption. An optical short-pass filter
was used in our experiments to block the fundamental frequency light,
for collecting the PL emission images only. Raw data are presented in
Fig. 2d-ffor vortex beams with different topological charges of =0,
+4 and -4. The centre of the excited vortex beams is located at a fixed
displacement of y =1 pm away from the nanopillar lattices. For the
topological charge of £ = 0, PLintensity at the left-hand and right-hand
ends of the nanopillar systemare nearly equal, which implies symmetric
emission (Fig. 2d). The large central spot is caused by anti-Stokes shift
PLscatteringinthe focused area. PLintensity at both ends of the nano-
pillar systemis obviously lower due to the small transverse momentum
in excited luminescence. Excited by the vortex beam with £ =+4, we
observed a clear directional propagation to the right-hand end of the
nanopillar system (Fig. 2e). When the helicity of the vortex beam flips,
the propagating direction of the PL emission is changed to another
end, as shown in Fig. 2f. The focal sizes of the vortex beam are ~2 pm

fortopological charges ¢ = +4 (Supplementary Fig.12). The PL intensity
scattered at the left-hand and right-hand ends of the nanopillar system
can be used to quantify the unidirectional PL emission. We define the
experimental directionality of PLemissionas Dey, = (I — Ig)/(l, + Ip),
where/ istheluminescence intensity at the left-hand and right-hand
ends of the nanopillar system, respectively. The experimental measure-
ments display exactly the propagating trends observed inthe predicted
model of vortex excitation. A strong directionality of unpolarized
luminescence can be achieved in our experiments for the high-order
topological charges of £ = +4. To avoid any chiral information from light
polarization, we used linearly polarized vortex beams to excite the
nanopillar lattice. The experimental luminescence spectrum demon-
stratesaslightly large x-polarized component, which can be attributed
tothe strong transverse confinement in nanopillar array modes (Sup-
plementary Figs. 13-15). These results confirm that the polarization
information of the fundamental vortexbeamislostin the two-photon
absorption process.

To further describe the experimental results, we analysed the
orbit-orbit interaction in the nanopillar lattice. The directional PL
emission is caused by the coupling of the excited vortex source into
the one-dimensional nanopillar lattice. Distinguished from spin-orbit
coupling, the electromagnetic waves, excited by vortex sources with
topological charge ¢ = -4, demonstrate identical directionality for o,
states, as showninFig. 3a. For unpolarized PL with equal g, spin states,
the total intensity distribution excited by the vortex source can
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maintain directionality. To characterize the directionality, we simulated
the time-average power flows toward the left-hand (P,) and right-hand
end (Pg) of the nanopillar lattice (Supplementary Note 3). Figure 3b
shows the directionality D, defined as D,y = (PL — Pr)/(P_ + Pg), for
thevortexsource with £ = -4 located at different positions. The sign of
directionality Dis flipped symmetrically on either side of the nanopillar
lattice and shows a near-unity value close to the nanopillars. To char-
acterize the coupling efficiency of the vortex source into the nanopillar
lattice, we calculated the normalized position-dependent coupling
strength {(x ;) = (P. + Pr)/(P. + Pp)may @sshowninFig. 3c. A hierarchi-
cal pattern is exhibited along the nanopillar lattice, which can be
ascribed to the interference in periodic nanopillars. To describe the
experimental phenomenon properly, the directional coupling effi-
ciency, definedas (., = Dy X {(xyydemonstrates the unidirectional
coupling of the excited vortex source into the nanopillar lattice for
controlling the PL emission (Fig. 3d). Note that the calculated direc-
tional coupling efficiency is dependent on the excited positions of the
vortex source in our simulations.

For characterizing the incident vortex source, we calculated the
OAMdensity on the transverse plane, asshownin Fig. 4a. To experimen-
tally observe the position-dependent directionality, we changed the
excited positionby moving the vortex beam along the y axis. The experi-
mental directionality D,,, of PL emissionis demonstrated as afunction
of the excited positions, as shown in Fig. 4b. When the vortex beam is
illuminated on the central area of the nanopillar system (y = 0), the
D.,,is near zero. In our experiments, the directionality of PL emission
was opposite when exciting the vortex beam on either side of the cen-
tral axis (Supplementary Fig. 16). The unidirectional PL emission was
consistent with the simulation results using avortex electric multipole
model. The maximum D,,, achieved in our experiments was smaller
than the simulation results, which can be ascribed to the focal size of
the excited vortex beam and the broadband PL spectrum. Considering
the conservation law of the z-component of the total angular momen-
tumy,in the spatially symmetric nanostructures, we can theoretically
calculate the directionality of luminescence by the coupling of vortex
momentum density into the nanopillar lattice (see Supplementary
Note 4 for details). The little deviation from theoretical predications
is caused by the shape of the vortex source and the spatial symmetry
of nanostructures. To confirm the orbit-directional coupling, we fur-
ther studied the directional properties excited by vortex beams with
different topological charges. Intriguingly, the directionality of PL
emission canbe changed by tuning the incident vortex beams (Fig. 4c).
In particular, excited by the vortex beam with topological charge
£=+8, we achieved a large directionality of D,,, = 0.59, which is mark-
edly stronger than that by spin-orbit coupling (see Supplementary
Fig.17 and Supplementary Note 5 for details). The experimental data
agree well with our theoretical results. Asthe spininformationislostin
two-photon absorption processing, we cannot observe the spin-orbit
coupling by unpolarized luminescence. For an intuitive comparison,
we experimentally measured the directionality of D,,, = 0.20 excited
by the vortex beam with topological charge £ = +1, which has the same
total intrinsic angular momentumj, as the condition in spin-orbit
coupling.Inaddition, the directionality of unpolarized luminescence
could be further improved by using higher-order vortex sources for
generating larger j, states.

In summary, we have demonstrated that photonic OAM can
control the directional emission of unpolarized luminescence in
the one-dimensional nanopillar lattice at room temperature. The
orbit-directional PL emission establishes a directional propagation
in the nanopillar lattice, which may facilitate viable applications in
on-chip optical communications and quantum information process-
ing®¥. The directionality in the nanopillar lattice up to 0.59 has been
experimentally recorded for the topological charge £ = +8, which is
substantially larger than that of the spin-orbit coupling and could be
furtherincreased by employing higher-order topological charges. The

demonstrated directional propagation of the anti-Stokes shift PL with
photonic OAM states could also be readily extended to other non-linear
and luminescence processes’®. Compared with circular dipoles, the
vortex sources with higher-order intrinsic angular momenta can pro-
vide a platform for both fundamental studies and nanoscale optical
applications in chiral quantum optics and the spin-orbit interaction
of light*’. Furthermore, the unidirectional propagation, without spin
limitations, opens up unexplored and paradigm-shift opportunities for
improving the directionality manipulationin other wave fields such as
electron, sound and even molecular waves.
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Methods

Sample fabrication and characterization

The one-dimensional nanopillar lattice used in our experiments was
fabricated by direct laser writing in a commercially available zirco-
nium-silicon hybrid sol-gel material doped with 4,4’-bis(diethylami
no)-benzophenone photoinitiator (522080, IESL-FORTH). We added
rhodamine 6 G molecules (Sigma-Aldrich) with the concentration of
20 mg ml™ in the polymer material as a photosensitizer for generat-
ing anti-Stokes shift luminescence at the visible regime. Before laser
polymerization, the pre-baking process was set 30 min on a100 °C
thermal platform to evaporate the solvent of polymer material. After
engineering the nanopillar lattice, the photopolymerized material was
developedin1-propanol until all the unpolymerized part was washed
away. The SEM image was taken by a secondary electron SEM (ZEISS
EVO18) with an accelerating voltage of 10 keV after depositing ~10 nm
gold on the sample.

Experimental setup for PL measurements

A mode-locked Ti:sapphire ultrafast oscillator (Chameleon Vision-S,
CoherentlInc.) was used as the femtosecond laser source. The central
wavelength of the laser is 800 nm, with a pulse width of 75 fsand arep-
etition rate of 80 MHz. The phase-only reflective liquid-crystal spatial
light modulator (Pluto NIR-2, Holoeye Photonics AG) has 1,920 x 1,080
pixels, witha pixel pitch of 8 um, on which computer-generated holo-
grams with different topological charges can be displayed. A general
x100 dry objective lens (NA = 0.9, Olympus) was used to focus the
generated vortex beams in the nanopillar sample. The sample was
mounted on a 3D-piezo-nanostage (E545, Physik Instrumente) with
nanoscale resolution to precisely tune the locations of nanostructures
under optical microscopy. The PLintensity distribution was caught by
acharge-coupled device camera (MindVision HD-SUA133GM-T camera,
image area: 1,280 x 1,024 pixels) with the acquisition time of 30 ms.
The pump power of the incident vortex beams was tunable for achiev-
ing clarified PL opticalimages on the charge-coupled device camera.

Numerical simulation of excitation with circularly polarized
dipoles

Theelectromagnetic simulations were performed using acommercial
full-wave finite-difference time-domain software (Lumerical FDTD
Solutions, Inc.). One x-polarized electric dipole and one y-polarized
electric dipole, out-of-phase by 90°, were selected as a circular dipole.
To simulate the vortex sources, we used multiple circular dipoles with
phase gradient in a circular distribution. Twelve circularly polarized
dipoles accompanied by a gradient phase of 2t were selected as the
excited vortex source with topological charge £ = +4. The structural
parameters of the nanopillar lattice in our simulations are consist-
ent with the actual dimensions, which were extracted from the SEM
images. The centre of the vortex source was located at y =200 nm

withrespect to the nanopillar system. In the simulation, the refractive
index of the dielectric nanopillar was set to be 1.5 and the operating
wavelength was set at 560 nm. Perfectly matched layer boundaries
were employed for the xandy directions in the two-dimensional simu-
lations. The location of the vortex source was swept for simulating the
position-dependent directionality.

Data availability
The datathat support the findings of this study are available from the
corresponding authors upon reasonable request.

Acknowledgements

This work was supported by the National Natural Science Foundation
of China (Grant Nos. 61927814, 52122511, 52075516, 61805230,
62105319 and U20A20290; W.D., J.L., S.J. and Y.H.), the USTC
Research Funds of the Double First-Class Initiative (Grant No.
YD2090002005; W.D.), the National Key R&D Program of China
(Grant No. 2021YFFO502700; W.D.) and the Foundation of Equipment
Development Department (Grant No. 6140922010901; W.D.). J.N.
acknowledges support from the start-up funding of the University

of Science and Technology of China and the CAS Talents Program.
We thank the USTC Center for Micro and Nanoscale Research and
Fabrication. CW.Q. is supported by the National Research Foundation,
Prime Minister’s Office, Singapore under Competitive Research
Program Award NRF-CRP22-2019-0006.

Author contributions

J.N. and CW.Q. conceived the idea and developed the theory. S.J., S.L.
and Z.W. performed the experiments. J.N. performed the simulations.
JN., Y.C, X.L.and S.J. analysed the data. J.N., CW.Q. and DW. wrote
the manuscript. CW.Q. and D.W. supervised the project. All authors
discussed the results and commented on the manuscript.

Competinginterests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41566-023-01226-9.

Correspondence and requests for materials should be addressed to
Dong Wu or Cheng-Wei Qiu.

Peer review information Nature Photonics thanks the anonymous
reviewers for their contribution to the peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Photonics


http://www.nature.com/naturephotonics
https://doi.org/10.1038/s41566-023-01226-9
http://www.nature.com/reprints

	Unidirectional unpolarized luminescence emission via vortex excitation

	Online content

	Fig. 1 Concept of directional emission of unpolarized luminescence by vortex beams.
	Fig. 2 Experimental measurements of unidirectional propagation in the nanopillar lattice.
	Fig. 3 Numerical simulations of unidirectional propagation by vortex sources.
	Fig. 4 OAM-dependent PL unidirectional emission.




