Front. Optoelectron. 2016, 9(2): 194-205
DOI 10.1007/s12200-016-0623-2

REVIEW ARTICLE

Manipulating optical vortices using integrated photonics

Ning ZHANG', Kenan CICEK', Jiangbo ZHU', Shimao LI?, Huanlu LI, Marc SOREL?, Xinlun CAI (3)%,
Siyuan YU (5<)"?

1 Photonics Group, University of Bristol, Bristol BS8 1UB, UK
2 State Key Laboratory of Optoelectronic Materials and Technologies, Sun Yat-sen University, Guangzhou 510275, China
3 School of Engineering, University of Glasgow, Glasgow G12 8QQ, UK

© Higher Education Press and Springer-Verlag Berlin Heidelberg 2016

Abstract Optical vortices (OVs) refer to a class of
cylindrical optical modes with azimuthally varying phase
terms arising either from polarization rotation or from the
angular projection of the wave vector that at the quantum
level corresponds to photon spin or orbital angular
momenta. OVs have attracted the attention of researchers
in many areas of optics and photonics, as their potential
applications range from optical communications, optical
manipulation, imaging, sensing, to quantum information.
In recent years, integrated photonics has becomes an
effective method of manipulating OVs. In this paper, the
theoretical framework and experimental progress of
integrated photonics for the manipulation of OVs were
reviewed.

Keywords optical vortex, orbital angular momentum,
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1 Introduction

Optical vortices are a class of optical modes that have
rotating polarization or phase variations, or both, around a
central axis. Due to the rotating polarization or phase, the
optical field in optical vortices (OVs) has at least one
singularity, often at the center of rotation where the field
cannot be defined, hence will be zero. OVs are one
example of the so-called ‘structured light’ in which the
spatial variation of field parameters including polarization,
phase and wave vector results in fine structures in the
distribution of field intensity. Due to the rotation in
polarization and/or phase, photons in OVs carry spin and/
or orbital angular momenta (SAM and OAM) [1-3].

The propagation of OVs, while obeying the general
formulism of the Maxwell’s equations, demonstrates
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interesting behaviors due to the spatially varying field
distributions. The cylindrical symmetry often associated
with OVs means that they are often best described using
the cylindrical solutions of wave equation, i.e., the Bessel
and Hankel mode sets. A linearly polarized set of such
modes, the Lagurre-Gaussian (LG) modes, are well known
to researchers [3]. The orthogonality between these modes,
also often known as OAM beams (as being linearly
polarized the photons only carry OAM due to their spiral
phase fronts) have recently seen a high degree of interest in
communications [4,5] because they potentially provide
multiple independent communications channels in the
same spatial channel using so-called OAM multiplexing.
Very high amounts of data (up to 435 bit/s/Hz) have been
successfully carried on one optical carried wave which is
multiplexed into 52 numbers of such beams in a coaxial
space channel [6].

In free space, the general laws of diffraction that links
the near- and far-field distributions still apply, but the
propagation can be dramatically different from that of the
optical modes defined in a Cartesian coordinate. Interesting
examples including the sharp focusing of a radially
polarized vortex by a high numerical aperture (NA) lens
that can produce a strongly axially (or longitudinally)
polarized spot with a size smaller then allowed by the Abbe
limit [7]. Such properties have been explored for ultra-high
resolution imaging. The diffraction of the vortex beams
can be higher than Gaussian beams and concerns have
been raised of the consequences to some applications, in
particular communications, as a more diffractive beam
would require larger receiving apertures to effectively
collect the energy [8]. The singularity on the axis of the
beam is also not conducive to communications, as any
receiver located on the axis would receive little energy.

In cylindrical waveguide or optical fibers, the problem of
diffraction is overcome and here the prospects of long
distance propagation with low energy loss are realistic.
Recently optical fibers that support multiple optical vortex



Ning ZHANG et al.

modes have been reported [9,10]. The loss levels of some
OAM fibers are comparable to widely used single mode
fibers.

The fact that OVs carry angular momenta gives rise to
interesting phenomena as they interact with matter. Beams
carrying OAM have been shown to cause rotational
movements of macroscopic particles including spin and
orbital movements, and as such have been known as
‘optical spanners’ [11]. At microscopic levels, the interac-
tions of photonic SAM with nanophotonic structures and
with electronic states are hotly researched areas. Recently
such interaction has been explored for quantum informa-
tion storage [12], where high dimensional photonic
superposition OAM states has been successfully stored
and retrieved. There is also preliminary experiments
involving the OVs in relativistic nonlinear processes [13].

Much of the generation, detection and manipulation of
OVs has been implemented using bulk optical compo-
nents, for example, by passing free space light beams
through optical elements such as spiral phase plates (SPPs)
[14,15], spatial light modulators (SLMs) [16], inhomoge-
neous birefringent elements [17], sub-wavelength gratings
[18], nano-antennas [19], etc, which are either rigid (only
one OAM state is generated, without switching or
modulation capability) or very expensive. Electro-optically
driven dynamic manipulation of OVs by means of SLM is
a slow process. These components are cumbersome to use
and with no clear route to scaling. They are also fragile and
susceptible to disturbances, therefore lacking robustness,
in particular as OV optics are highly sensitive to
misalignment of the optical axis.

Compact, robust and efficient planar waveguide-based
photonic integration technology has unique advantages in
precision, reliability, miniaturization, and scalability com-
pared to bulk optics. They can form photonic integrated
circuits (PICs) that support the exploitation of OVs in
various applications in ways that are not possible by means
of bulk optics. A useful example is the transmitter and
receiver devices in optical communications systems using
OV mode multiplexing. While successful transmission
experiments have been carried out using bulk optics, PICs
will almost certainly be necessary for practical applications
in real systems.

In this paper, the principles and recent progress of such
integrated approaches to OV mode manipulation were
presented and reviewed.

2 Integrated photonics for optical vortex
generation and manipulation

2.1 OV modes
The cylindrical symmetry of OVs and the associated

integrated photonic structures makes the theoretical
treatment in polar or cylindrical coordinates a natural
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approach. This is defined so that the (p,p) coordinates form
the plane of a planar waveguide, and z is the central axis of
the OV modes, as illustrated in Fig. 1.

The z components of the electrical and magnetic fields
satisfy the wave equation in cylindrical coordinates [20]:

( & N 1 & & 2 2) H.(p,p.2)
op?
)]

S— +=— n

For o2 ) Epes)
where n is the refractive index of the planar waveguide
layer. The z components of the field have the following
general form [21]:

H(ppz)
E.(p.p.2)

For photonic integrated devices, the axial dependencies
the planar waveguide mode distribution in the vertical
direction:
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where f is the axial wave vector. The azimuthal
dependence takes the form of

¥(p) = exp(—jlp) “

with the angular wave number, i.e., the topological charge /
= 27nR/ A, where R is the effective radius of the planar OV
mode, and A the wavelength. Due to the periodic boundary
condition in the azimuthal direction W(p)—W¥(p + 2m) =1
x 21t, [ is limited to be an integer and is associated with the
photonic OAM quantum number. The radial dependence
has a Bessel/Hankel function form:

R(p) = a1V (Bp) + b [P (Bp), 5)

where a and b are coefficients that can be determined by
applying continuity condition at the interfaces.

Once the z-components of the field are established, the
other in-plane field components can be obtained by well-
known relations in order to give the full vector mode.
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One particular example of the cylindrical vector modes
confined in the planar waveguide is the whispering gallery
mode (WGM) found propagating along the circumference
of circular structures such as micro-discs and micro-rings.
For WGMs, the azimuthal term in Eq. (4) indicates the
azimuthal mode order with / being the number of
wavelengths around the circle. It is also worth noted that
WGMs have rotating polarization forced by the circular
boundary condition.

The central problem with the manipulation of the OVs
using integrated photonics is how energy couples between
the confined optical modes in the planar waveguide and the
free space OVs. This relies on photonic structures that
embedded with cylindrically symmetric perturbations.

2.2 Cylindrical symmetric perturbations

The most well-known technique that can achieve in-plane
guided mode to out-of-plane mode coupling is to introduce
second-order Bragg grating along the propagation direc-
tion of the guided mode. To manipulate OVs, the Bragg
grating needs to have the same cylindrical symmetry. Since
the in-plane OV modes can propagate along the radial
direction (inward/outward) or azimuthal direction (clock-
wise (CW)/counter clockwise (CCW)), the second order
Bragg grating can be introduced to integrated photonic
structures through refractive index modulation in the radial
direction (i.e., in concentric circular patterns) or in the
azimuthal direction (i.e., periodic structure on a circular
waveguide to form angular gratings).

Concentric circular gratings have been used in some
surface emitting lasers to achieve higher efficiency and
larger lasing-area [22-25]. The first example of using
circular gratings in OV manipulation is an integrated
circuit fabricated on silicon [26]. In this circuit, a group of
configured waveguides converges radially toward the
center, where the second-order circular gratings couple
the light out of the plane into the vertical direction (or vice
versa for receiving). The relative phase between the
converging waveguides determines the topological charge
of the emitted beam and can be adjusted by on-chip phase
shifters that operate on the thermos-optic effect of silicon.
This integrated circuit can support the emission and
reception of OVs with multiple topological charges
through implementing an on-chip planar optical Fourier
transform circuit to convert between spatial phase domain
and real spatial domain.

In such radial excitation schemes, to achieve high-
quality OV beams with pure topological charge relies on
the accurate phase control between the excitation wave-
guides. To achieve high topological charge (/) values, a
large number (2/) of excitation waveguides are needed.

As the radially propagating in-plane mode has a Bessel
function distribution along the radial direction, the
optimised second-order circular gratings in general should
satisfy a distribution conformal to the phase alternation of

the Bessel/Hankel functions along the radial direction, in
particular for smaller devices [27,28]. Only at the large
radius limit the circular gratings can be equidistance or
periodic.

Angular gratings can provide good azimuthal phase
accuracy when coupling the in-plane modes into vertical
emitting modes. Prior to manipulating OVs, angular
gratings were used in cylindrically symmetric integrated
photonic structures, including micro disc and ring lasers, to
achieve single-mode lasing [29—-31]. Recently, angular
gratings were introduced to silicon ring resonator to
generate OVs carry photonic OAM [32]. In this scheme,
since the planar waveguide is curved as a ring, the
wavefront of the radiated beams is transformed into a helix,
1.e., the phase front of OV beams. The planar ring resonator
support azimuthally traveling WGMs and the second order
angular gratings patterned on the inner sidewall of the ring
resonator scatter the confined planar modes to the out-of-
plane OV beams. The topological charge of the emitted
OV beam, hence the quantum number of the photonics
OAM it carries, is determined by the topological charge of
the WGM and the number of the grating periods. As the
periodic boundary condition along azimuthal direction
automatically set the topological charge of the in-plane
WGM mode to be an integer, high OAM purity can be
obtained.

2.3 Theoretical analyzing methods

Different methods have been used to analyze photonic
structures embedded with circular or angular gratings,
including coupled-mode theory (CMT) [33-35] and finite-
differential time-domain (FDTD) numeric method [36].
The FDTD method is a straightforward tool but the
physical interaction of modes in the perturbed photonic
structures can be hard to discern from the simulation result.
A dipole model [37] that uses dipole oscillators to
represent the light scattered from grating elements has
been used to provide a good prediction of the emitted
beam, however it is incapable of describing the physical
interaction inside the structure as few structural parameter
can be included in the calculation process.

In the initial research [32], CMT was used to derive the
phase matching condition in the azimuthal direction.
Recently, CMT has been extended to provide anew
theoretical method for analyzing the interaction between
OV and cylindrical structures [38]. In this method, the
conventional coupled mode equations describing the 1D
gratings (such as those in distributed feedback (DFB)
lasers) [39—42]are redeveloped under the cylindrical
coordinates to analyze the interactions between cylindrical
modesinduced by circular and angular gratings.

Take the analyses of the mode coupling process in the
ring resonator with angular gratings on its sidewall as an
example. Fist the refractive index distribution within the
perturbed region (An) is expressed using spatial Fourier
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expansion:
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where n, and n, are the two different refractive indices
within the perturbation region, f the Fourier expansion
coefficient, » the grating duty ratio, R the mean radius of
the resonator, and A the period of the gratings. Then the
azimuthal propagating mode is expanded in partial waves
since the interaction between the mode and the angular
gratings decomposes the azimuthal dependence of the
mode. The topological charge of each partial wave is
expressed as

2nR
Ly =1+ N (7N
where m is the order of the partial wave. For second order
gratings, the grating period is set to the optical wavelength
of the guided mode in the waveguide, hence m = —2
enables the condition of

4nR B
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Under this condition, partial waves with the order of

-2<m<0, i.e.,, m = —1, radiate power away from the

perturbed structure, while the orders of m < —2 and m >0
are decaying within the planar region, and m = 0 and m =
—2 remain as the coherent guided waves propagating in
CW and CCW directions, respectively. In this way, the
mode coupling analyses in this angular-grating-perturbed
structure is transformed into the analyses about the
coupling process between different partial waves. Mean-
while, the calculation of the out-of-plane OV mode equals
to the calculation of the radiated partial wave (m = —1).
Generally, the coupling process between different partial
waves can be summarized as: the two in-plane CW and
CCW propagating waves are the main sources that excite
the other partial waves, which will in turn couple energy
back to the source waves. The coupled equations
developed to describe this process are as follows:

a’zg/’) +A(p)(—jo—j& —a) =j(k_, +&)B(p), (9)
al;g:") + B(p)(—jo—j&—a) =j(ry + &4)A(p). (10)

In the equations above, A(p) and B(p) are slowly-
varying complex functions representing the azimuthal
variations of the waves traveling CW and CCW,
respectively, 6 is the deviation of the topological charge
of the planar OV mode, « is the gain/loss experienced by
the waves, k>, , is the back-scattering coefficients, and
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factors & to &, are the Streifer terms [41,42]. & represents
the coupling from all the partial waves excited by the CW
propagating wave back to itself, and & represents the
coupling from all the partial waves excited by the CCW
propagating wave back to itself; & represents the coupling
from the partial waves excited by the CW propagating
wave to the CCW propagating wave, and &, represents the
coupling from the partial waves excited by the CCW wave
to the CW wave. With appropriate boundary conditions
applied at ¢ = 0 and ¢ = 27, A(p) and B(p) can thus be
solved, leading to the calculation of each partial wave.
Since the values of the Streifer terms are determined by the
Fourier expansion of the perturbed refractive index as
shown in Eq. (6) which is highly structure dependent, the
effects of the structural parameters on the coupling process
and emitted partial wave can also be analyzed.

This theoretical analysis is also applicable to circular
gratings. The main difference is about the spatial
decomposition of the perturbed refractive index distribu-
tion. As explained above, the radial dependence of the OV
mode has a Bessel/Hankel function form, hence the Bessel-
Fourier series should be used to decompose the circular
gratings. Correspondingly, since in structures with circular
gratings the planar OV mode travels along the radial
direction, the interaction between the mode and the circular
perturbations decomposes the radial dependence of the
mode rather than the azimuthal dependence. The inward
and outward traveling waves are the main sources that
excite other partial waves and under the same analyzing
process for the angular-grating-perturbed structure, similar
coupled equations can be obtained for the radial variations
of the inward and outward traveling waves. Large radius
approximation [43] can be used to solve the coupled
equations and partial waves analytically.

The potential of this CMT based method to analyze and
optimise integrated OV manipulation devices embedded
with cylindrically symmetric perturbations has been
successfully proved through device optimisation, as
described below.

2.4 Typical OVs manipulation devices

2.4.1 Compact OV beam emitter/receiver
The micro-ring resonator based OV beam emitter [32] is
shown in Fig. 2(a).

This device is fabricated on a silicon-on-insulator (SOI)
substrate. The second-order angular grating, patterned on
the inner sidewall of the ring resonator, couple the energy
from the planar WGMs to the vertically radiating OV
beam, with the topological charge of the radiated OV beam
satisfying:

laa = sign(l)(I-q), (I
where sign(/) = + or — represents the CW or CCW WGM
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Fig. 2 Integrated OV beam emitter [32]. (a) Structure of the OV emitter with input bus waveguide not shown for simplicity; (b) radiation

spectrum of the OV emitter

mode, and ¢ the number of grating periods. This relation-
ship has been derived in the supplementary material of Ref.
[32] and analytical proven using CMT in the theoretical
method [38] explained above. The intrinsic periodic
boundary condition along the azimuthal direction in the
ring resonator clearly defines the topological charge of the
emitted OV beam, resulting in a good OV mode purity.
The emission characteristics of this device (R="7.5 um, g =
72) with scanning input wavelength is shown in Fig. 2(b),
where each resonance corresponds to a distinctive /4. The
mode splitting in the spectrum results from the back-
scattering between the CW and CCW propagating waves,
as introduced in Egs. (9) and (10) above.

Variable /.4 is either achievable by tuning the injected
laser wavelength to excite various [/, or, as in a
reconfigurable device [44], by electrically driven thermo-
optical effect to switching between different /., when the
optical wavelength is fixed.

The emitted OV beam is a cylindrical OV beam as its
state of polarization (SOP) maintains the cylindrical
symmetry of both the angular gratings and the rotating
SOP of the in-plane WGMs. Generally speaking, the SOP
of the radiated OV beam is a combination of radial and
azimuthal polarizations but for the /.,y = 0 mode where
mode splitting is obvious, one of the split peak exhibits
pure radial polarization and the other with pure azimuthal
polarization [45]. On the other hand, the OV beam can be
described as the superposition of two orthogonal scalar
vortices [46]: one is right-hand circularly polarized
(RHCP) with topological charge of /.4 + 1, while the
other is left-hand circularly polarized (LHCP) with
topological charge of /,q—1. This fact is critical to
detecting the OAM order carried by the emitted OV
beam and also in determining the OAM order carried by an
input OV beam when the same device is used as a receiver.

By the principle of reciprocity, when the device is used
as an OV beam receiver, the second-order angular gratings
serve a similar but reversed role as in the emitting process,

i.e., to couple the energy of an incoming vertical
propagating OV beam to the in-plane propagating
WGMs. The layout of the receiving process is shown in
Fig. 3(a).

When the device is illuminated with an incident OV
beam, part of it is diffracted by the angular gratings and
become confined inside the resonator as a WGM. The
selection rule in receiving is

i(l—fI) = loam —Isam» (12)

where /loam 1s the quantum number of the photonic OAM
carried by the incident OV beam and Igay is the
polarization direction which equals to+ 1 for RHCP
beam and —1 for LHCP beam. The sign before (/—gq)
results from the fact that both CW and CCW traveling
planar OV mode can be excited by the same incident OV
beam. The excited CW traveling mode [+(/—¢q)] is
collected at the CW port and the excited CCW traveling
mode [—(/—¢q)] is collected at the CCW port, respectively.
According to this selection rule, when an LHCP (Igan =
—1) OV beam carrying OAM /oo = —4 incidents on this
ring resonator, CW propagating planar OV mode with
topological charge /= —4—(—1) + ¢ can be excited inside
the waveguide and collected at the CW port, while CCW
propagating planar OV mode with topological charge / =
—[—4—(—1)] + ¢ can be excited inside the waveguide and
collected at the CCW port. The experimental result of the
receiving function of this device is shown in Fig. 3(b),
where an LHCP OV beam incidents the receiver and the
received energy is collected at the CW port. Though high
side mode suppression ratio (SMSR) has not been achieved
yet, the receiving function and mechanism explained in Eq.
(12) has been successfully proved.

Though the resonant cavity of this compact OV beam
emitter/receiver enables advantage in achieving well-
defined and easily tuned topological charge, it also brings
a disadvantage which is the one-to-one correspondence
between the topological charge and the optical wavelength
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Fig. 3 Integrated OV beam receiver. (a) Layout of the receiving process; (b) experimental result of the OV beam receiver. An LHCP OV
beam incidents the receiver and the received energy is collected at the CW port

(or frequency), which makes the multiplexing and super
position of photonic OAM states difficult. Meanwhile,
optimisations for this corrugated ring resonator are needed.
For example, the radiation efficiency — energy of the
radiated OV beam over that of the input laser — needs to be
increased, and higher mode purity is also preferable.

2.4.2 Efficiency-optimized OV beam emitter

To increase the efficiency of the OV beam emitter
introduced above, one can reuse the energy emitted to
other directions rather than the preferred output direction,
or increase the in-plane to out-of-plane coupling efficiency.

As the second order grating has no preference over up-
or down-ward emission, approximately equal amount of
energy is coupled into each direction. To achieve higher
upward emission efficiency, reusing the down-ward energy
is an effective approach. In the device shown in Fig. 4(a), a
metal layer with high reflectivity is introduced under the

CIRITT

P S

power/dBm

metal layer ‘

=30
1520

(@

silicon ring resonator, fabricated using a wafer bonding
technique. The thickness of the buffer layer between the
silicon resonator and the metal layer is set as a multiple of
half the optical wavelength. According to the calibrated
radiation spectrum (Fig. 4(b)) measured from both the
original and the new device, the radiation efficiency has
been significantly increased for as much as 7 dB. As the
old device has an emission efficiency of about 10%, the
new device has an emission efficiency of > 50%.

To increase the in-plane to out-of-plane coupling
efficiency of the grating, the impact of grating structural
parameter on the coupling efficiency needs to be studied.
Using the CMT-based method of Section 2.3 to simulate
the device, a relationship between grating duty ratio (the
ratio of the grating tooth width over its period) and the
rectangular grating’s coupling coefficienties found to
achieve maximum near 50% duty ratio, as shown in
Fig. 5(a).

In the original device [32], the distribution of grating
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optimised device —
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1530 1570

Fig. 4 Efficiency-optimised OV beam emitter. (a) Structure of the optimised device; (b) radiation spectrum comparison



200

Front. Optoelectron. 2016, 9(2): 194-205

030

025

020

0.15F

0.10

radiation efficiency of grating element

radial protrusion: 100 nm
0.05 ring waveguide width: 500 nm
period length: 630 nm

0.22F

average grating duty ratio: 28.1%

01 02 03 04 05 06 07 08 09
grating duty ratio

(a)

0.20
0 20 40 60 80 100120 140 160 180200 220240 260 280 300
grating period number

1=-6 original device

(b) (©

optimised device

Fig. 5 Efficiency- and near-field-optimised OV beam emitter. (a) Relationship between grating duty ratio and its radiation efficiency; (b)
grating duty ratio in the optimised device; (c) near-field intensity distribution comparison

duty ratio is uniform (~10%). As energy is gradually
extracted from the ring waveguide, a non-uniform near-
field intensity distribution results from the decaying energy
in the waveguide. This phenomenon will be further
deteriorated if the grating’s coupling coefficient is
increased. A non-uniform near-field will deteriorate the
mode purity as the azimuthal amplitude variation creates
side modes.

To optimise the device for both increased emission and
more uniform near-field, the grating duty ratio (hence the
coupling coefficient)at each period is varied according to

Tit1

frg 7,1’ = 1,2,..., _l,
1+ rip 1

| (13)
where 7; is the grating duty ratio in the ith period.
According to this design principle, the distribution of
grating duty ratio in the optimized device gradually
increases exponentially from ~20% to ~40% following
Eq. (13), as shown in Fig. 5(b) (the red curve). In practice,
the grating is divided into small sections within each the
value of 7; is constant with the same duty ratio (the blue
curve). Fabricated device not only demonstrate increased
total emission efficiency(from ~10% to ~35%) as expected,
the near-field intensity distribution (Fig. 5(c)) is also
significantly more uniform, which may result in a better
OV mode purity [47].

2.4.3 OV beam emitter generating photonic OAM
superposition states

High dimensional superposition OAM states could be very
useful for quantum information systems. Based on the
above device principle, by superimposing angular gratings
with different periods, the device should emit OV beams
carrying photonic OAM superposition states.

The concept is illustrated in Fig. 6(a), where R is the
mean radius of the resonator and « is the amplitude of the
sinusoidal gratings. The profiles of two sets of angular

gratings with period A and A, are added, generating a beat
pattern that modulates the original gratings periodically.
The number of the period in the beat pattern is determined
by the difference in the number of elements in the two sets
of gratings, which is also the topological charge difference
of the superposition OAM states carried by the emitted OV
beam, as the relationship between the topological charge of
the in-plane OV mode and that of the out-of-plane OV
mode in Eq. (11) is maintained. The measured topological
charge spectra emitted from the ‘two-beat’ and ‘three-beat’
grating devices are shown in Fig. 6(b). The weights of the
two composition OAM states are nearly equal, as the
sinusoidal gratings have the same amplitude. Similar to
that in the single OV device, through tuning the
wavelength, the topological charges of the super-positional
OAM states can change synchronously, but maintains the
difference of 2 or 3. This novel device is a promising
source for quantum information and optical manipulation,
where super-positional OAM states would be needed.

2.4.4 Broadband OV beam emitter and OAM multiplexer

The one-to-one correspondence between the topological
charge of the emitted OV beam and the optical wavelength
in the resonant cavity-based OV beam emitter can be
broken when the ring resonator is not enclosed, which is
achievable through using an arc waveguide. This results in
a Q-shaped OV beam emitter as shown in Fig. 7(a). The
input waveguide connects to an arc waveguide with
second-order angular gratings. This arc waveguide has arc
radius R and arc angle 27— o, with an open notch angle
of a.

The relationship between the topological charge of the
out-of-plane and in-plane OV modes in this Q-shaped
emitter is the same as that in the resonant cavity-based
emitter. The difference is that in the Q-shaped emitter there
is no resonance. In this way, this Q-shaped emitter is a
broadband OV beam emitter as the emission efficiency
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Fig. 7 Q-shaped OV beam emitter. (a) Schematic figure of the Q-shaped emitter; (b) relationship between SMSR and notch angle;
(c) measured SMSR from a fabricated device; (d) schematic figure and micrograph of the Q-shaped OAM multiplexer
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hardly changes with wavelength. The lack of resonance,
however, also removes the round-trip phase constraint,
thus the topological charge of the OV mode could be non-
integer, giving rise to fractional photonic OAM. This is
shown in the OAM SMSR (power of the dominant OV
mode over the second highest mode) measured from a
fabricated device in Fig. 7(c). At wavelengths correspond-
ing to the would-be resonant modes if the ring were
enclosed, one dominant mode is emitted with good SMSR,
while between these wavelengths two equal modes would
be emitted when SMSR drops to 0 dB. A wavelength range
of >1 nm within which SMSR maintains a reasonable
value (1-2 dB down from maximum) can be achieved.

The notch angle of the arc waveguide (where emission is
missing hence imparts an amplitude modulation on the
near-field) could also deteriorate mode purity. Figure 7(b)
shows the SMSR as a function of the notch angle « at
wavelengths corresponding to different dominant topolo-
gical charge, which is calculated using the dipole model. It
can be seen that the SMSR deteriorates as the notch angle
increases. For the same notch angle, higher order OAM
suffers from lower SMSR. If the purity criteria of the
photonic OAM carried by the OV beam is set as
SMSR > 20 dB for /4 up to 4, the notch angle in the Q-
shaped OV emitter should be limited to within 10°.

The opening notch in the waveguide allows Q-shaped
emitters with different arc radii to be nested coaxially as in
Fig. 7(d), enabling an OAM multiplexer. By integrating
four Q3-shaped OV beam emitters coaxially, 8-channel
OAM multiplexing can be achieved as each device can be
excited in the CW or CCW direction.

2.4.5 Resonant OAM multiplexer

Exploiting the existence of higher transverse order WGMs,
an OAM multiplexer based on micro-ring resonator is
proposed. As shown in Fig. 8(a), this micro-ring cavity has
a multimode waveguide that support TEO and TE1 modes.

CH3, [=-2
I'd

CH4, /=-13

>
> &

CHI, =2

CH2, I=-13

(a)

emission intensity/dBm
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Each will form a set of resonances due to their different
propagation constants, with different free spectral range
(FSR). By way of Vernier effect, they will coincide at one
particular wavelength. The coupling from the WGM mode
to the vertical emitting OV mode happens by the same
selection rule explained in Eq. (11), therefore at that
wavelength, two OV modes with different topological
charges can be emitted.

To address these modes, two bus waveguides (I and II)
with different width are designed to selectively excite the
TEO and TE1 mode, respectively. As each bus waveguide
has propagation constant synchronised with one of the ring
waveguide modes, it will only excite one OV mode with
one topological charge. As each bus waveguide has two
input ports and both CW and CCW traveling modes can be
excited inside the microring, this scheme can allow
multiplexing of up to four different OAM states.

The radiation spectra for the TEO mode excited by bus
waveguide I and the TE1 mode excited by bus waveguide
Il are measured from a fabricated device as shown in
Fig. 8(b). The wavelength where both modes are excited is
where OAM multiplexing can be achieved. Based on this
scheme, more OAM multiplexing channels are possible
with a wider ring waveguide that support more transverse
modes.

2.4.6 Active OAM beam emitter

A totally different approach is afforded by vertical cavity
surface emitting lasers (VCSELs). VCSELs are highly
power efficient and capable of emitting high-quality
Gaussian-like beams with well-controlled linear polariza-
tion. Recently a novel approach to generate specific OAM
carrying OV beams by integrating micro-sized SPPs in the
aperture of commercially available VCSELs has been
reported [49].

The structure of a VCSEL (8.5 um diameter) integrated
with SPP is illustrated in Fig. 9. Without the SPP, the

— CH2, TEO1
— CHI1, TE0O

[=+13

e

_42 1
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Fig. 8 OAM multiplexer. (a) Structure of the multiplexer; (b) radiation spectra of the fundamental and second-order modes from input

port CHI and CH2, respectively
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Fig. 9 Structure of a VCSEL OV emitter integrated with SPP [49]

VCSEL emits linearly polarized Gaussian beam at a
wavelength of 860 nm. The SPP on the aperture imparts
the helical phase term exp(jlp), converting the Gaussian
beam into an OV beam. This SPP is patterned in a
deposited SiN, layer using a focused ion beam (FIB)
etching technique. Single as well as superposition OAM
states have been experimentally achieved — the latter by
fabricating multiple SPPs in the same device.

3 Conclusions

In recent years, methodologies and devices based on the
concept of photonic integration has been developed that
enable significant progress in innovative emitters and
receivers of optical vortex beams, realizing functions
ranging from high purity single mode emission and mode
selective receiving, super positional mode emission, and
multiplexing. Device performance has been significantly
improved to achieve high emission efficiency and high
mode purity.

The photonic integration based schemes offer several
very important advantages that allow the engineering and
dynamic control of the OV mode near- and far-field
including amplitude, phase and state-of-polarization dis-
tributions, which is difficult to achieve by free space bulk
optics. Such capabilities are potentially very useful in the
research of singular optics and structure light. The
photonic integrated devices are compact, precise, stable,
robust, reliable, and easily reconfigurable by on-chip
electrical control, and thus opens up opportunities in a
range of important applications in optical communications,
quantum technology, imaging and sensing, etc.
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