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We report an integrated compact technique that can “spin” 

and “twist” light on a silicon photonics platform, with the 

generated light beams possessing both spin angular 

momentum (SAM) and orbital angular momentum (OAM). It 

demonstrates the potential of SAM/OAM optics for on-chip 10 

integration. 

Light beams can convey angular momentum (AM) through two 

different components: the intrinsic component–the spin angular 

momentum (SAM) associated with the handedness of circular or 

elliptical polarization, and the quasi-intrinsic component–the 15 

orbital angular momentum (OAM) associated with a spiral phase 

front.1-2 Light beams possessing SAM or OAM have been 

extensively investigated recently for numerous applications, 

ranging from free-space optical communication,3 imaging4 to 

biological detection,5 including quantum-information processing 20 

as an important example.6 In particular, light beams carrying AM 

have unique applications in micro particles manipulation,7 owing 

to the fact that AM can be transferred on the absorbing particle 

when light beams impinge on it.8  

 Various methods have been established to produce beams 25 

carrying SAM/OAM. Traditionally, the SAM beams are created 

by using quarter-wave plates.9 The OAM beams are usually 

generated by shaping of the phase front of a laser as it passes 

through different optical devices, such as spiral phase plates,10 

cylindrical lens mode converter11 and spatial light modulators.12 30 

A common disadvantage to all of those bulk optical devices is 

mechanical complexity since moving components, such as lenses, 

mirrors and phase plates, are required. In addition, their sizes are 

relatively large, ranging from tens of micron to several 

millimeters. As a result, those optical devices are not convenient 35 

for future complex research activities. In many applications, 

people would want to use compact, functional components in the 

form of photonic integrated circuits (PICs) fabricated on optical 

waveguides,13-14 and may want to achieve complex functions 

using controllable AM with broadband operation. Innovations, 40 

however, to integrate SAM/OAM optics have been so far limited. 

One previous example is Chirally Coupled Core Fiber (CCCF) 

with a “side core” chirally winding around the center core 

following a helical path.15 The structure is able to generate light 

beams carrying both of SAM and OAM. However, the CCCF is 45 

quite complex in structure and very large since its length is in 

millimetre scale, which is not suitable for the realization of PICs 

chip. Another interesting scheme is known as ultral-thin 

metasurfaces with space-variant array of plasmonic gold nano-

antennas.16-17 These devices are capable of spin-to-orbit coupling, 50 

which means, they can generate light carrying OAM from light 

initially carrying only SAM. The OAM beams generated in such 

devices work well in free space, but not in optical waveguides. 

The third innovative scheme to generate OAM beams is known as 

microring OAM emitter with angular grating.18 Such structure is 55 

based on microring resonator with only a few microns in size. 

However, the microring resonator has frequency selectivity, 

which means only resonant frequencies are supported, resulting 

in a discrete frequencies operation. Another challenge of the 

design is that the OAM beams are emitted out into free space 60 

rather than propagate inside optical waveguides, thus it is not 

very practical for some applications, i.e. encoding quantum 

information on-chip. 

 In this work, we address these challenges by proposing, for the 

first time to our knowledge, a scheme that can generate light 65 

beams with selective AM over a broad wavelength range by using 

hybrid plasmonic waveguide,19 as seen in Fig. 1. The generated 

AM beams can either propagate in optical waveguides or emit 

into free space. Furthermore, this approach is of favourable 

fabrication feasibility since it is based on silicon-on-insulator 70 

(SOI) platform using standard complementary metal oxide 
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Fig. 1  The abridged general view of the generation process of AM light 

beam, with the dominant transverse electric field component ET carrying 

SAM and the longitudinal component EZ carrying OAM. 
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semiconductor (CMOS) technology.20 Fig. 2(a) shows the 

schematic of the suggested method. The key part of the suggested 

method is an optical waveguide, consisting of three sections: the 

first and third sections are pure dielectric waveguides with a 

square silicon (Si) core surrounded by silica (SiO2) cladding, and 5 

the middle section is a hybrid plasmonic waveguide. The 

generation of SAM and OAM happens in the hybrid section, 

where the copper (Cu) layer is located upper of the silicon 

nanowire with 60 nm silica spacer (S) between them, the 

geometry of which is shown in Fig. 2(b). A precision tunable 10 

laser is involved in the proposed scheme and its power is coupled 

into the first waveguide section by using a tapered fibre lens tip. 

When coupled into the first waveguide section through a tapered 

fibre lens tip, the light beam needs to propagate a certain distance 

to form a stable mode distribution. Thus, a 0.5 µm long first 15 

dielectric waveguide section is required. Similar situation 

happens when light travels from the second waveguide section to 

the third section, and thus a 0.5 µm long third dielectric 

waveguide section is also needed. A conventional or integrated 

polarization controller (PC)21 is used to control the initial linearly 20 

polarization state of the light beam coupled into the optical 

waveguide, with the polarization direction angle written as α, as 

seen in Fig. 2(c). 

 A possible fabrication scheme for practical implementation is 

proposed as follows: (1) the Si waveguide is etched into a 25 

standard Si-on-insulator (SOI) wafer; (2) The process of thermal 

oxidation is followed, to form a SiO2 thin film with a thickness of 

130 nm at the top and sidewalls of Si core; (3) A photoresist film 

is deposited and patterned to create a narrow slot window at the 

top of the second waveguide section; (4) A focused ion beam 30 

(FIB) technique with nanoscale resolution is applied to etch 

unwanted SiO2, in order to form a suitable groove prepared for 

copper deposition and to make sure a 60 nm SiO2 spacer at the 

top of Si core; (5) After the deposition of Cu, a lift off is 

performed, resulting in a copper layer at the top of Si core. 35 

 Hybrid plasmonic waveguides can exhibit large 

birefringence.22 Here we use this characteristic to make light 

beams “spin” and “twist”. Providing that the initial linearly 

polarization direction is neither parallel to x-axis nor y-axis, the 

α-angle polarized mode supported by the first pure dielectric 40 

waveguide section can be decomposed into two orthogonal 

components: a quasi-transverse magnetic (TM) mode with the 

dominant transverse electric field component (ET) parallel to the 

y-axis (EY) and a quasi-transverse electric (TE) mode with ET 

parallel to the x-axis (EX),23 as seen in Fig. 3(a). For a quasi-TM 45 

mode, it can mainly be decomposed into a dominant transverse 

component ET and a longitudinal component EZ, and so does a 

quasi-TE mode (Fig. 3(a)). Hence, the initial polarization 

direction angle α can be defined by: tan(α) = (|ET-TM1| / |ET-TE1|), 

where |ET-TM1| and |ET-TE1| are the ET amplitudes of the quasi-TM 50 

and -TE modes in the first waveguide section. 

 The low 0th-order modes, the quasi-TE and -TM modes, will 

only be discussed, because higher order modes of interest are 

restrained in the proposed waveguide at the wavelength of 1.55 

µm. Mode profile distributions can be investigated by using the 55 

eigenmode expansion method. In the first pure dielectric 

waveguide section, the effective index is 2.314 for the quasi-TE 

mode, and 2.321 for the quasi-TM mode. In this case, the 

effective index difference (∆n) between these two modes is so 

small (0.007) that it can almost be negligible. However, this 60 

difference will be remarkably enlarged when light beams travel in 

the hybrid plasmonic waveguide section. In the hybrid plasmonic 

Fig. 2 (a) 3D schematics (not to scale) of the proposed scheme, and the 

coordinate system used. (b) Cross sectional view of the geometry of the 

hybrid plasmonic section. (c) The definition of the initial polarization 

direction angle α. 

Fig. 3 (a) Amplitude distributions of a 45° polarized beam, and its 

decomposed components: a quasi-TE mode and a quasi-TM mode, in the 

first waveguide section. ET and EZ are the corresponding transversal and 

longitudinal components. The opposite directions of arrows, in |EZ| 

distributions, represent two different values, either positive or negative. 

The boundaries are shown by dashed lines. (b)  Amplitude distributions 

of the quasi-TE (Ⅱ) mode and the hybrid mode in the hybrid plasmonic 

section. (c) The wavelength dependence of relative phase δ for LM = 1, 2, 

3 μm. (d) The ET polarization state of the output beam, charactered with 

the amplitude ratio (tan(Φ)) and the relative phase (δ) between EY and 

EX. 
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waveguide section, the quasi-TE mode is coupled into another 

asymmetric quasi-TE mode (quasi-TE(Ⅱ)) while the quasi-TM 

mode is converted into a hybrid plasmonic mode (Fig. 3(b)), and 

their effective indices are 2.256 + 0.0025i and 2.440 + 0.0029i, 

respectively. In this case, only the real parts are of interest since 5 

they can affect the phase shift, and their difference is 0.184, 

which is about two orders of magnitude bigger than the previous 

one. Therefore, after passing through the hybrid section, light will 

be coupled into the quasi-TE and -TM modes again but with a 

relative phase (δ) between them. The relative phase δ is preserved 10 

by the birefringence of hybrid plasmonic waveguide as well as 

other factors such as the modes coupling processes among 

different waveguide sections. The existence of relative phase δ 

between the two orthogonal components suggests that light 

beams do “spin” in the third waveguide section, which means the 15 

SAM is generated. This relative phase δ between these two 

components will not only result in “spinning” but also “twisting” 

of light beams, which we will prove it later. The relative phase δ 

can be written as: 

0 Mk nLδ δ= ∆ + ∆                       (1) 20 

where k0 is free space wave number, ∆n the effective index 

difference in hybrid plasmonic section, LM the length of metal 

(Cu), and ∆δ the phase difference caused by other factors. The 

requirement of the phase delay of π/2 results in LM ≈ 2.11µm, 

assuming that ∆n = 0.184, λ= 1.55 µm, and ∆δ = 0. 25 

 A three dimensional finite difference time domain (3D-FDTD) 

method is used to confirm our previous analysis. Initially, we set 

the initial linearly polarization direction angle to be α = 45°. An 

increase in the length of Cu (from 1µm to 2µm, 3µm) leads to an 

increase in the relative phase δ over a broad wavelength range, 30 

the result of which is shown in Fig. 3(c). Moreover, the relative 

phase δ shows a linear dependence on the wavelength (λ): the 

longer the wavelength is, the larger the relative phase will be. 

Hence, one can set arbitrary value of relative phase δ by tuning of 

the metal length LM. The simulated relative phase δ is around π/2 35 

at λ = 1.55 µm when the metal length is set as LM = 2 µm, which 

is in agreement with the calculted result of LM from Eq. (1). 

 The polarization state of the polarized light is charactered with 

the amplitude ratio (tan(Φ)) and the relative phase (δ) between EY 

and EX (the ET components of the quasi-TM and -TE modes), as 40 

seen in Fig. 3(d). The parameter tan(Φ) is defined by: tan(Φ) = 

(|ET-TM3| / |ET-TE3|), where |ET-TM3| and |ET-TE3| are the ET 

amplitudes of the quasi-TM and -TE modes in the third 

waveguide section. The relationship between tan(Φ) and the 

initial polarization direction angle α can be expressed as: 45 

3 11 1

3 2 1 2

tan tan
T TM T TM

T TE T TE

E Ek k

E k E k
α

− −

− −

Φ = = =        (2) 

where 0 < k1, k2 < 1 are two constants related to the losses of the 

quasi-TM and -TE modes as light beams travel from the first 

waveguide section to the third waveguide section. Hence, one can 

set arbitrary value of tan(Φ) by tuning of the initial polarization 50 

direction angle α. For example, when changing α from 30° to 45° 

and 60°, the corresponding values of tan(Φ) are about 0.68, 1.04 

and 1.58, respectively. It is worth noting that the ± signs of the 

initial polarization direction angle α determine the elliptical 

polarization state of the dominant transverse field component ET 55 

(in the xy-plane) in the third waveguide section. For α > 0, with 

the polarization direction going through the first and the third 

quadrant of the xy-plane (Fig. 1(c)), there will be a left-handed 

(anticlockwise, defined from the point of view of the receiver) 

elliptical polarization state. For α < 0, with the polarization 60 

direction going through the second and the fourth quadrant of the 

xy-plane, there will be a right-handed elliptical polarization state. 

For a single photon, the SAM can have two discrete values of 

±h , with −h  for right-handed and h  for left-handed circular 

polarizations.24 65 

 However, the output light beams in the third waveguide 

section are not so called conventional elliptical polarization light, 

because the longitudinal electric field component (EZ) is not 

identically zero. As we will prove it later, the EZ component is 

carrying OAM with a spiral phase wavefront. 70 

 Despite the fact that the polarization of an electromagnetic 

plane wave is purely transversal, a longitudinal electric field 

component EZ can be found in a field with finite beam width.25 

Originally, the longitudinal electric field component EZ is 

generated by the spatial derivative of the transverse components 75 

(EX, EY),26 thereby a large EZ component can be generated by 

means of strong optical confinement.23 In the homogeneous 

media such as the Si waveguide, the relationship between the 

complex amplitudes of transverse electric field ET and EZ is given 

by:23 80 

1
Z T T

E E
iβ

= ∇ ⋅                                     (3) 

where β is the propagation constant and T∇  is the transverse 

gradient. For quasi-TE and -TM modes， /E E xT T X∇ ⋅ ≈∂ ∂  and 

Fig. 4 (a) The superposition of the z-components of the quasi-TE and -TM 

modes in the first waveguide section. The abridged general view of the 

generation of OAM in the third waveguide section (the two z-

components with a relative phase δ), and their corresponding field and 

phase distributions. (b) Simulated field and phase distributions of EZ in 

the third waveguide section for α = 45° and α = -45°. The operating 

wavelength λ = 1.55 μm and the metal length LM = 2 μm. The boundaries 

are shown by dashed lines. 
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/E E yT T Y∇ ⋅ ≈∂ ∂ , respectively. By proper choosing the geometric 

parameters of Si waveguide, the amplitude of EZ component can 

be as high as 97% of that of the dominant transverse electric field 

component ET.23 In our scheme, the amplitude of EZ are around 

78% of those of ET for both the quasi-TE and -TM modes in the 5 

first and third waveguide sections, seen in Fig. 3(a). 

 As mentioned above, there is a relative phase δ between ET 

components of the quasi-TE and -TM modes, mainly due to the 

birefringence of the hybrid plasmonic waveguide section. 

Examination of Eq. (3) reveals that the complex amplitude of EZ 10 

is purely imaginary (by convention the transverse field is purely 

real), which means there is a fixed phase difference (π/2) between 

the ET component and the EZ component. As a result, the same 

relative phase δ does exist in EZ components of the quasi-TE and 

-TM modes. Fig. 4(a) shows that the behavior of the EZ 15 

components differ from each other in the first and third 

waveguide sections. In the first waveguide section, the quasi-TE 

mode is in phase with the quasi-TM mode, consequently, the 

superposition of their EZ components results in an antisymmetric 

electric field distribution, with a discrete π phase shift distribution. 20 

In the third waveguide section, there is a relative phase δ between 

the quasi-TE and -TM modes, the consequence of the 

birefringence of the middle hybrid section. In this case, on the 

other hand, the superposition of EZ components of the quasi-TM 

mode and the quasi-TE mode (with a relative phase δ that can be 25 

expressed as eiδ) results in an optical vortex possessing OAM, 

with a spiral phase distribution. Fig. 4(b) shows the field and the 

phase distributions of EZ for α = 45° and α = -45°, with the 

operating wavelength λ = 1.55 µm and the metal length LM = 2 

µm. The z component of the electric field in the third waveguide 30 

section can be written as: 

( , ) ( )Z
imE r A r e θθ =                  (4) 

where A(r) is the amplitude of the complex electric field, r and θ 

are the polar coordinates in the xy-plane, and m is an integer 

known as the topological charge of optical field. In this case, m = 35 

1 for α = 45° and m = -1 for α = -45°, with the ± signs of m 

depending on the handedness of the twist. Therefore, the ± signs 

of the initial polarization direction angle α determine not only the 

handedness of elliptical polarization state of the dominant 

transverse field component ET but also the handedness of the 40 

optical vortex of the longitudinal component EZ.  

 The light beam generated in our proposed scheme is tightly 

confined in the optical waveguide. There is no doubt that this 

“spin” and “twist” mode can travel inside the optical waveguide, 

steadily. However, when it emits out in free space, this tightly 45 

confined light beam diverges strongly. Fig. 5(a) shows that in free 

space, the longitudinal OAM component EZ maintains its 

doughnut-like profile after 2λ (3.1µm) propagation distance away 

from the output port. Additionally, its phase distribution further 

confirms that the central null field (zero intensity) results from 50 

the phase singularity. To show the far field behavior of the 

generated beam in the proposed scheme, we plot the respective 

electric field and phase profiles of EZ on the surface of a 

hemisphere that one meter away from the output port, as seen in 

Fig. 5(b). From this figure, one can clearly see that the 55 

longitudinal OAM component EZ does not vanish after a long 

range propagation, with a dark hole (zero intensity) in the center. 

Its phase distribution, a spiral phase profile, further reveals that 

light is partially twisted like a corkscrew around its axis upon 

propagation. In the optical waveguide, the overall amplitude ratio 60 

between the longitudinal OAM component EZ and the transverse 

SAM component ET of the generated light beam is around 78%. 

In free space, on the other hand, the FDTD simulation results 

show that in the receive planes or surfaces, the ratio remains a 

constant for whatever propagation distance, such as λ/10, λ, 2λ 65 

and 1m. 

 Since the generated angular momentum is very much relied on 

the birefringence of the hybrid section, the geometric parameters 

in this section are expected to affect the angular momentum of 

the output beam. One important parameter is the thickness of the 70 

SiO2 spacer (S) between the Si core and Cu layer (Fig. 2(b)). To 

illustrate this, we have considered the scenario when S changes 

from 30 nm to 90 nm, with (LM, λ, α) = (2 µm, 1.55 µm, 45°). As 

shown in Fig. 6, the ET polarized state of the output beam, 

Fig. 5 The optical performance of the generated beam when it travels in 

free space. (a) The near field behavior: the electric field and phase 

distributions of EZ in the plane (parallel to xy-plane) 2λ (3.1μm) away 

from the output port. (b) The far field behavior: the electric field and 

phase distributions of EZ on the surface of a hemisphere that one meter 

away from the output port. The operating wavelength λ = 1.55 μm and

the metal length LM = 2 μm. 

Fig. 6 Plots showing tan(Φ) and δ for the output beam as functions of the 

spacer thickness S, and drawings showing the elliptical polarization states 

of ET and field distributions of the corresponding OAM component EZ, for 

different values of S, with (LM, λ, α) = (2 μm, 1.55 μm, 45°). 
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charactered with the amplitude ratio (tan(Φ)) and the relative 

phase (δ) between EY and EX, is a function of S. In the proposed 

structure, the SAM and the OAM of output beam are inevitably 

related, which means, the polarization state of ET will affect the 

field distribution of the OAM component EZ. This characteristic 5 

is of great interest in optical manipulation, since different field 

distributions of EZ might lead to different behaviors of nanoscale 

particles when this kind of light beam impinges on them. One 

might want a uniform and symmetrical field distribution of EZ 

and a circular ET. In this case, tan(Φ) should be set as 1 ± 5% and 10 

δ as π/2 ± π/8, and thus the fabrication tolerance of the spacer 

thickness is about 30 nm, as seen in Fig. 6. Another important 

parameter is the metal length of the section hybrid section (Fig. 

2(a)). The influence of the metal length on the output beam 

performance could be examined by Eq. (1). Giving the 15 

requirement of δ = π/2 ± π/8, the fabrication tolerance of LM is 

calculated to be about 1µm near the point of LM = 2 µm, with (S, 

λ, α) = (60 nm, 1.55 µm, 45°). 

 The generated light beam, with ET carrying SAM and EZ 

possessing OAM, is somehow similar to the tightly focused 20 

circularly polarized vortex beams in free space, which is 

generated by passing a circularly polarized light through a high 

numerical aperture (NA) lens, since the spin-to-orbital angular 

momentum transfer can occur in a strongly focused system.27 In 

this case, however, complex bulk optical devices such as lenses 25 

and quarter-wave (λ/4) plates are required. In our study, such 

bulk optical devices are replaced with a compact hybrid 

plasmonic waveguide, the overall length of which is only 3 µm. 

Furthermore, the SAM and OAM carry quantum bit of 

information, and one can change the quantum states of SAM and 30 

OAM by simply changing the initial polarization direction angle, 

which suggests that our proposed scheme may be used in on-chip 

quantum information processing. 

Conclusions 

We have presented and numerically demonstrated a scheme that 35 

can generate light beams with selective SAM and OAM over a 

broad wavelength range. This is achieved by mainly introducing 

the strong optical mode confinement of a Si waveguide and the 

large birefringence of a hybrid plasmonic waveguide. The 

proposed scheme may form the basis for novel integrated 40 

SAM/OAM devices, and can be used to encode multiple bits of 

information onto a single photon through the effective usage of 

both SAM and OAM. Our work have demonstrated the potential 

of SAM/OAM optics for integration with the standard CMOS 

technology, and it will extend the applications of hybrid 45 

plasmonic waveguides and therefore unlock the full potentials of 

many interesting applications, ranging from increasing the 

channel capacity to providing secure communication in both 

classical and quantum regimes. 
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