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ABSTRACT

Plasmonic nanostructures can enable compact multiplexing of the orbital angular
momentum (OAM) of light, however, strong dissipation of the highly localized OAM-
distinct plasmonic fields in the near-field region hinders on-chip OAM transmission and
processing. Superior transmission efficiency is offered by semiconductor nanowires
sustaining highly confined optical modes, but only the polarization degree of freedom
has been utilized for their selective excitation. Here we demonstrate that incident OAM
beams can selectively excite single-crystalline cadmium sulfide (CdS) nanowires,
through coupling OAM-distinct plasmonic fields into nanowire waveguides for long-
distance transportation. This allows us to build an OAM-controlled hybrid nanowire
circuit for optical logic operations including AND and OR gates. In addition, this circuit
enables on-chip photoluminescence readout of OAM-encrypted information. Our
results open exciting new avenues not only for nanowire photonics to develop OAM-
controlled optical switches, logic gates, and modulators, but also for OAM photonics

to build ultracompact photonic circuits for information processing.
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INTRODUCTION

Light may carry angular momentum induced by its polarization and spatial wavefront.
The intrinsic orbital angular momentum (OAM) possessed by a helical wavefront has
a theoretically unbounded set of orthogonal modes that could carry independent
information channels. In addition to its fundamental role in light-matter interactions*,
OAM offers a promising approach to largely improving the capacity of optical devices
and systems’ . OAM multiplexing has thus been exploited to increase the
telecommunication bandwidth for both free-space® and fiber-optic® networks, enhance
security of quantum entanglement’, and improve the capacity of holograms'?'4-17_ To
realize OAM multiplexing, three schemes were developed to sort and detect OAM
modes, including mode interference in real space'®, spatial filtering in momentum
space’, and log-polar'®?® or Laguerre-Gaussian?' mode transformation. However,
these far-field approaches require a large propagation distance to produce OAM-
distinct diffraction patterns, restricting the OAM detection to diffraction-limited optical

systems that hinder OAM applications for integrated photonics.

Plasmonics breaks the diffraction limit by allowing subwavelength localization of light,
bridging the size mismatch between high-capacity photonics and nanoscale
electronics??-24. Nanoplasmonic detection?>-3° and demultiplexing’'-'3 of OAM modes
have recently been achieved through plasmonic structures designed to couple incident
OAM beams into distinctive plasmonic fields. However, these OAM-distinct plasmonic
fields are highly localized with strong dissipation due to metal losses1327-29,
preventing them from on-chip signal transmission and processing. More critically,
spatially resolving these plasmonic fields with subwavelength separation distances

usually demands either a cumbersome near-field scanning optical microscope?®3' or



a far-field high numerical aperture (NA) microscope to collect light scattering from

plasmonic structures®11.13.25.26.28

On the other hand, chemical synthesized free-standing nanowires, with synthesis-
controlled optoelectronic properties and great flexibility for target positioning, allow
highly efficient transmission of subwavelength-confined optical modes in nanowire
waveguides®?-34. As such, low-loss semiconductor nanowires, including IV (Si)3®, 1I-VI
(CdS, Zn0)%*37 11V (InP, GaAs)®®39, and newly emerged perovskite*®4! nanowires
etc., have been developed for on-chip light sources®4?, modulators*?, and
photodetectors*4, making them superior building blocks for photonic logic gates*345-47,
integrated photonic circuits*®, and nano-processors*®®°. To date, however, only the
polarization degree of freedom of external light sources at the same frequency has
been exploited to achieve selective excitation of nanowires®*#7, inevitably limiting the

scope of nanowire photonics for high-capacity optical processing.
RESULTS AND DISCUSSION

Here, we demonstrate the design and construction of a new OAM-controlled hybrid
nanowire circuit (OHNC) for two different photonic applications: optical logic
operations and on-chip photoluminescence (PL) readout of OAM-encrypted
information (Fig. 1). The OHNC device, consisted of a semi-circle-shaped plasmonic
nanogroove grating and chemical synthesized CdS nanowires (Fig. 1A), allows
selective excitation of nanowire waveguides through incident OAM beams with
opposite topological charges (/). The plasmonic nanogroove grating plays two
important roles: offering the mismatched linear momentum to launch surface plasmon
polaritons at the metal-air interface at normal light incidence; and coupling different

incident OAM beams into spatially separate and highly localized plasmonic fields.



Through precisely positioning one of end facets of nanowires to these OAM-distinct
plasmonic fields, the plasmon energy of these plasmonic fields is selectively
transferred to the low-loss nanowire waveguides for long-distance transportation. This
strong OAM selectivity response allows us to use the OHNC device to realize AND
and OR gates for optical logic operations (Fig. 1B), wherein the On and Off states of
input OAM beams determine the PL output of logic gates. Furthermore, we
demonstrate that the OHNC device can be used for demultiplexing OAM-encrypted
images, paving the way for on-chip OAM information transmission and processing (Fig.

10).

To achieve OAM-selective excitation of nanowire waveguides, plasmonic
nanogrooves were designed to couple and sort two incident OAM beams with opposite
topological charges. Without loss of generality, three types of conic sections, including
the semi-circle, semi-ellipse, and semi-parabola curves, were used to formulate the
design of the plasmonic nanogrooves (Fig. 2A). Mathematically, these curves are
defined as: y? = 2px + (e? — 1)x?, where x and y are the spatial coordinates, p and
eccentricity e determine the size and shape of the curves, with e=0 for a circle, e<1
for an ellipse (e=0.8 in our studied case), and e=1 for a parabola, respectively. We
numerically simulated the excitation of plasmonic fields from the three different-shaped
nanogrooves engraved in a gold thin film (Fig. 2B), in which the incident light has a
linear polarization along the y axis. Our results show that the semicircle-shaped
nanogroove has advantages over the semi-ellipse- and semi-parabola-shaped ones
by exhibiting stronger enhancement and tighter focusing of the OAM-distinct
plasmonic fields. We selected two OAM modes of /=-4 and +4 in our simulation, since
their produced plasmonic fields are separated by a relatively large distance (540 nm

in the x axis), but our design can be adapted to other OAM modes through using other



mode-sorting plasmonic structures''351.52 Previously, similar semi-circle-shaped
nanogroove were successfully used to couple optical beams with different incident

angles into high-loss ion-beam-milled metallic waveguides®®.

Therefore, the semi-circle-shaped nanogrooves in a grating structure were selected to
investigate the coupling from OAM-distinct plasmonic fields to CdS nanowire
waveguides (Figs. 2C-2D, Fig. S1). For this purpose, we used two identical CdS
nanowires and positioned one of their end facets near the OAM-distinct plasmonic
fields. Through adjusting the splitting angle (©) between the nanowires, we obtained
an ©-dependent waveguide coupling efficiency in the simulation (Fig. S2). As an
example, we present simulation results of the nanowires with a splitting angle of ©=30°,
under the excitation from OAM beams of I=-4 (Fig. 2C) and +4 (Fig. 2D), respectively.
Strikingly, their excited plasmonic fields are selectively coupled into the nanowire
waveguides for low-loss transportation. Notably, the E.-component of the plasmonic
fields which corresponds to the transverse electric (TE) waveguide mode of the
nanowires features stronger coupling strength (Figs. 2E and 2F). On the other hand,
the Ex-component of plasmonic fields, dominant for the excitation of the transverse
magnetic (TM) waveguide mode for nanowires with a small splitting angle (15° with
respect to the y axis), shows weak coupling strength due to the y-linear polarized
incident light. It should be mentioned that a similar idea of coupling of OAM-distinct
surface waves into waveguide channels was recently proposed in a simulation-only

paper®.

To experimentally confirm the OAM-selective excitation of nanowires, we used the
focused ion beam technique to engrave the designed semi-circle-shaped nanogroove
grating in a gold thin film (see the Methods and Materials section). A gold film with a
thickness of 300 nm was evaporated on an ultraflat quartz substrate using an electron-
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beam evaporation process (see the Methods and Materials section). To avoid direct
optical transmission and efficient conversion of the light into SPPs, the nanogrooves
were optimized to have a pitch of 360 nm and a depth of 250 nm (Figs. S3 and S4,
Methods). In addition, two more lines with a shallow depth of around 40 nm were
further patterned to mark the nanowire positions, providing a clear guidance for our
nanowire positioning in the next step (Fig. 3A). However, it should be mentioned that
these engraved shallow lines might induce some plasmonic scattering loss and PL
quenching in nanowires. Experimentally, CdS nanowires were synthesized by a
chemical vapour deposition process (see the Methods and Materials section).
Thereafter, we transferred the CdS nanowires onto the gold film and used a tapered
optical fiber (Fig. 3B) to precisely position two nanowires into the marked positions. As
such, we constructed an array of the designed OHNC devices, the scanning electron

microscope (SEM) image of an exemplary OHNC device is given in Fig. 3C.

To experimentally characterize the OHNC devices, an optical transmission setup (Fig.
S5) was built, in which a high numerical aperture (NA) lens (NA=0.8) was used to
locate target devices and provide the OAM incidence. The focus of the high-NA lens
was further adjusted to match the beam size with the semi-circle-shaped nanogroove
grating of an OHNC device. Moreover, we placed an opaque metal plate in the back
focal plane of the high-NA lens to block the direct illumination on CdS nanowires. In
the transmission path, a low-NA lens (NA=0.3) was used to collect PL signals from the
OHNC devices. A spatial light modulator (SLM, PLUTO-2.1, Holoeye) was used to
implement compute-generated spiral phase holograms for creating different OAM
modes. During the measurement, we firstly characterized the OAM-dependent spatial
shifts of plasmonic fields based on nanogroove-only devices, under the illumination of

different incident OAM modes ranging from -6 to +6 (Fig. S6). Not surprisingly, the



OAM-dependent plasmonic fields exhibited very small separation distances (tens of
nanometers between adjacent OAM modes excitation) that are difficult to be resolved
by our home-built microscope with a large magnification of 200. We then focused on
the characterization of OHNC devices containing CdS nanowires, wherein strong
OAM-selective excitation of nanowires was observed through the OAM-distinct PL
intensity patterns (Figs. 3D-3M). In particular, the OAM incident beams of /=-4 and +4
offer a strong selective response in the excitation of nanowires on the left and right
sides, respectively (Figs. 3CH-3l). Through normalizing the PL intensities for different
OAM modes (from -6 to +6) with respect to the maximal OAM mode /=-4 (Fig. 3H), we
found that the OAM modes /=-6, -2, -1, +1, +2, +6 create a negligible modal crosstalk
(<1%), and only the adjacent OAM modes /=-+3 and -+5 have a small crosstalk of 6%
and 11%, respectively. The crosstalk is defined as loawloam=4, Where the measured
PL intensities for different OAM modes (loaw) are normalized by the maximal OAM
mode /=-4 (loam=-4). This small OAM-multiplexing crosstalk was observed mainly
because the OAM-distinct plasmonic fields are tightly focused and well separated in

the near-field.

All-optical logic gates are core logic units to implement various all-optical systems for
optical signal processing. Unlike conventional polarization-based logic gates in
nanowire circuits®**#7, we demonstrate for the first time OAM-controlled logic gates (Fig.
4). To prove the principle, we used two OAM modes of /=-4 and +4 as the logic gate
input signals, albeit our concept can be readily extended to other OAM modes. Figure
4A presents the PL spectral and microscopy images obtained from an OHNC device,
under the four different combinations of OAM input signals: (1, 1), (1, 0), (0, 1), and (0,
0). Owing to the strong OAM selectivity, PL signals from the nanowires on the left and

right sides can be selectively excited by these OAM modes and the associated PL



intensity can be regarded as the terminal output of our logic gates. More specifically,
the PL intensity contributed from both nanowires was roughly twice as high as the
case of only one of them was excited, opening the possibility to use two different
intensity thresholds T1 and T2 (marked as dashed lines in Fig. 4A) to define AND or
OR logic gates, respectively (Fig. 4B). For example, for the PL threshold T+, the logic
output becomes 1 only when both nanowires are excited (1, 1), while all other three
input combinations result in an output of 0, demonstrating the behaviour of an AND
gate (Fig. 4C). On the other hand, for the lower PL threshold T2, the logic output is
always 1 if at least one nanowire is excited and switched to 0 when both nanowires
are dark, which behaves as an OR gate. As an example, for the intensity threshold of
T2, an OAM input (OAM+1 = 1, OAM2 = 1) results in the PL intensity output = 1, both
inputs (OAM+ = 1, OAM2 = 0) and (OAM; = 0, OAM: = 1) result in an output = 1,
demonstrating the behaviour of an OR gate. On the other hand, if the higher intensity
threshold T+ is defined, only an input (OAM+ = 1, OAM2 = 1) results in an output = 1,
and all the other three OAM inputs result in an output = 0, which functions as an AND
gate. Notably, owing to the large amount of orthogonal OAM modes, our concept holds
great promise to build more complex hybrid nanocircuit devices that feature multiple-
input or multiple-output logic operators. As an example, a four-input OAM circuit can
be designed based on the same semi-circle-shaped nanogroove plasmonic grating

(Fig. S7).

In addition, we demonstrate that the OHNC device can be employed for on-chip
readout of OAM-multiplexing-encrypted information (Fig. 5). For this purpose, we
present an example in which a secret image is randomly distributed into two different
shares that are encoded with distinctive OAM modes (e.g., I=-4 and +4), leading to

two OAM key images (Fig. 5A). The binary information of the OAM key images was



further transferred into temporal signals of incident OAM beams, which can be
experimentally implemented through a dynamic SLM with the use of a split-screen to
display two spiral phase holograms. In the decryption process, the dynamically
encoded OAM signal beams were superposed through a beamsplitter (Fig. S8) and
incident on the OHNC device, leading to the readout of the OAM key images 1 and 2
through the nanowires on the left and right sides, respectively (Fig. 5B). Consequently,
the OAM-multiplexing-encrypted secret image can be retrieved through superposing
the two decoded OAM key image shares. Our approach offers a simple, powerful, and
robust way for optical data protection, wherein a miniaturized OHNC device allows on-

chip PL readout of OAM-multiplexing-encrypted information.
CONCLUSION

In summary, we have demonstrated the design and implementation of an OAM-
controlled hybrid nanowire circuit (hamed here an OHNC device) through the selective
coupling of OAM-distinct plasmonic fields into low-loss nanowire waveguides. To
further extend the selective excitation of nanowires to other OAM modes, we envision
that the principle of near-field holography®>->°" could be implemented for the design of
plasmonic surface holograms, leading to a large spatial separation of OAM-distinct
plasmonic fields that can further minimize the OAM-multiplexing crosstalk in the
coupling to nanowires. Owing to the strong OAM-selective response, we have
achieved OAM-controlled optical logic operation, which can act as AND and OR logic
gates. Since the OAM degree of freedom of light has an unbounded set of orthogonal
helical modes, this concept can be further extended to develop more complex hybrid
nanocircuit devices harnessing multiple-input or multiple-output logic operators.
Hence, we envision that incorporating the unbounded OAM modes with nanowire
bandgap engineering will further expand the modulation capacity of integrated
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photonic devices. Moreover, we have applied the OHNC device for on-chip PL readout
of OAM-encrypted information, suggesting that the multiple use of OAM modes can
significantly enhance the security of optical information. Our demonstration of an
integrated OHNC device for OAM decryption could open new horizons for developing

hybrid nanowire circuits for all-optical OAM information processing on-a-chip.

Comparing our work with previous OAM-based plasmonic devices'"'3, we have
highlighted some key features in Table S1, including number of angular momentum
modes, plasmonic incoupling and outcoupling structures (related to their coupling
mechanisms), and power efficiency. Notably, previous plasmonic OAM-based devices
demand either a cumbersome near-field scanning optical microscope '3 or a far-field
high numerical aperture microscope ''-13 to distinguish highly localized OAM-coupled
plasmonic fields. However, none of them allows on-chip transmission of OAM-coupled
plasmonic fields, although it is crucial for integrated photonic circuits and on-chip
information processing. In this paper, our designed OAM-controlled hybrid nanowire
circuit allows the use of low-loss single-crystalline semiconductor nanowires to
selectively transmit OAM-distinct plasmonic fields, opening the possibility of using the
OAM degree of freedom for photonic logic operations and on-chip OAM information
transmission and processing. In addition, unlike previous OAM-based plasmonic
devices'" '3 that employed subwavelength apertures or particles for scattering OAM-
coupled plasmonic fields into the far-field with a low efficiency (e.g., ~0.01%""3), our

hybrid nanophotonic device could offer a much higher power efficiency (~10%).

METHODS AND MATERIALS

Materials and nano-fabrication methods. A thin gold film with a thickness of 300 nm

was evaporated using electron beam evaporation (Nanochrome Il, Intlvac) on an ultra-
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flat quartz cover slide (G380, ProSciTech) and used as our sample. The drilled semi-
circle-shaped nanogroove structure with a thickness of 250 nm were fabricated in the
gold film by using ion beam lithography (FEI Helios NanoLab DualBeam 650 system).
To check the fabrication quality, scanning electron microscopy (SEM) imaging on the
fabricated area was further carried out (FEI Helios NanoLab DualBeam 650). We
numerically optimized the dimensions of nanogroove gratings to maximize the energy
conversion from the incident light at normal incidence into surface plasmon polaritons
(SPPs). To characterize this SPPs launching efficiency, we built a 2D numerical model
in COMSOL to numerically calculate the plasmon resonance in reflection and
compared the reflectance spectra with and without the nanogroove grating. Based on
the refractive index data of a gold thin film%8, our numerical results suggest that the
maximum value of the differential reflectance signal, which corresponds to the
excitation of a plasmon resonance, can be as high as 66% at the incident wavelength
of 490 nm. This allows efficient conversion of the light into SPPs and subsequent
focusing into OAM-distinct plasmonic fields due to the use of semi-circle-shaped
nanogrooves to focus the SPPs. The efficiency of this process strongly depends on
the pitch and width of the nanogroove unit cell, with our numerically optimized values
of 360 nm and 150 nm, respectively (see the inset in Fig. S4A). Based on this
optimized grating structure, the SPPs field profile at the resonance frequency is
presented in Fig. S4B, in which a strong field enhancement and a standing wave profile

are observed.

Synthesis of CdS Nanowires. The CdS nanowires were synthesized through an Au-
catalyzed chemical vapor deposition (CVD) method. An alumina boat loaded with CdS
powders (Alfa Aesar, 99.999%) was put inside of centre area of a quartz tube. A 10

mm x 10 mm size silicon wafer coated with 10 nm thick Au film was mounted at the
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downstream of the quartz tube in the furnace (OTF-1200X). Before heating, the quartz
tube was pumped down and maintained the pressure at 300 Torr, and followed by a
50 sccm flow of high purity Ar (99.999%). Then the furnace was heated to the
temperature of 760 °C within 30 min and maintained at this temperature for 120 min.
After the growth, the tube was naturally cooled down to room temperature. Regarding
the working efficiency of CdS nanowire waveguides, the previous work®® reported that
the working efficiency of long CdS nanoribbons are mainly determined by self-
absorption loss, due to the band-tail mechanism and surface defects. For a CdS
nanowire with the length less than 50 ym, the waveguiding can be very efficient and
have been experimentally demonstrated with a transportation loss less than 0.02
dB/um*. Therefore, the CdS nanowires (~4 um) employed in this work should be
highly efficient to transport waveguide modes with very low absorption and

transmission losses.

Nanowire transfer and positioning. The optical fiber taper was drawn from a
standard single mode optical fiber (SMF 28). Through using a home-built micro-
operator system based on optical microscope, selected CdS nanowires with similar
size were precisely transferred to the targeted positions marked during the focused

ion beam milling of the OHNC devices.

ASSOCIATED CONTENT
Supporting Information
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includes additional details about device simulation (Figs. S1, S2, S4, S7), experimental
performance (Fig. S6 and Table S1), and schematics of the device (Fig. S3) and

optical setups (Figs. S5 and S8).
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Figure 1. Schematic illustration of an OAM-controlled hybrid nanowire circuit
(OHNC). (A) Schematic of an OHNC device, consisting of a semi-circle-shaped
plasmonic nanogroove grating and chemical synthesized CdS nanowires. The OHNC
selectively couples two OAM-superposed beams with opposite topological charges
into two different nanowire waveguides. (B and C) Photonic applications of the OHNC
for OAM-controlled optical logic operation (B) and on-chip demultiplexing OAM-
encrypted information (C). In (A), we marked the propagation directions of incident
OAM beams (kin), excited surface plasmon polaritons (kspp), and coupled waveguide

modes (kwg), respectively.
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Figure 2. Design principle of an OHNC device. (A) Geometric comparison of three
different types of conic sections, including the semi-circle, semi-ellipse, and semi-
parabola curves, which can be used to formulate the design of plasmonic nanogrooves.
(B) Numerical simulation of the excitation of plasmonic fields based on the above
different-shaped nanogrooves engraved in a gold thin film. (C and D) Theoretical
demonstration of OAM-selective excitation of CdS nanowires, under the illumination
of OAM modes of I=-4 (C) and I=+4 (D), respectively. (E and F) Numerical study of the
coupling of the Ex- and E;-components of plasmonic fields into the nanowire
waveguides, under the illumination of OAM modes of /=-4 (E) and I=+4 (F),

respectively.
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Figure 3. Experimental characterization of the OAM-selective excitation of

nanowires. (A) SEM image of a fabricated plasmonic structure before the nanowire
transfer. (B) Schematic illustration of spatial positioning of chemical synthesized
nanowires using a tapered optical fiber. (C) SEM image of the OHNC device, with
transferred nanowires. (D-M) Experimental characterization of the OHNC device
through collecting the PL microscope images from the nanowires, exhibiting strong

OAM-selective excitation of nanowires based on the OAM modes of /=-4 (H) and +4

(1).
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Figure 4. Demonstration of OAM-controlled logic gates. (A) PL spectral and
microscopy images obtained from an OHNC device, under four different combinations
of OAM input signals (I=-4 and +4): (1, 1), (1, 0), (0, 1), and (0, 0). T4 and T> are marked
PL intensity thresholds to define AND and OR logic gates, respectively. (B) Schematic
of AND and OR gates based on OAM inputs and PL intensity output. (C) Summary of
optical logic operations for AND and OR gates based on the PL intensity thresholds

T4 and T2, respectively.
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Figure 5. Experimental demonstration of using the OHNC device for on-chip
decryption of OAM-multiplexing-encrypted information. (A) Schematic illustration
of the process of OAM encryption, through randomly distributing a secret image into
two different shares that are encoded with distinctive OAM modes. Generation of the
two OAM key images were experimentally realized through a split-screen SLM with
two spiral phase holograms to produce the OAM modes of /=-4 and +4. (B)
Experimentally retrieved OAM key images 1 and 2 through the left- and right-side

nanowires in an OHNC device, respectively, superposed of which leads to the original

OAM-multiplexing-encrypted secret image.

25



TOC Graphic.

| E2
Orbital angular momentum (OAM) beams -
g ( ) OAM mode /=-4 2
e
Far-field fluorescence readout
#:
/ wire(left) W
o }}"L —
e U
CdS nanowires | |Ez|

OAM mode /=+4

N

Plasmonic nanogrooves et
On-chip logic operations

wire(left)| Nanowire(ri

26



