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Abstract:  An integrated tunable 10 — um radius ring resonator assisted by silica holes
for orbital angular momentum (OAM) generation is designed exploiting an integrated heater
enabling the generation of different OAM states at the same wavelength.

OCIS codes: (130.0130) Integrated optics, (130.3120) Integrated optics devices.
1. Introduction

Helical phase fronts can support orbital angular momentum (OAM) equal to [ - & per photon, where [ is the topological
charge and 7 is the reduced Planck constant [1]. The mutual orthogonality, the reduced cross-talk [2] and the theoret-
ical infinite number of OAM states supported for the single light beam [3] can be exploited to increase the spectral
efficiency of optical communication systems, providing an additional dimension of data carriers in space division mul-
tiplexing and mode division multiplexing systems, which could benefit free space optical communications. For these
reasons, many efforts have been carried out recently to design and demonstrate low power consumption and high ef-
ficiency OAM emitter solutions. Silicon photonics in particular provides a path toward large-scale integration. In [4],
a passive ring resonator with internal sidewall gratings for azimuthally-polarized optical vortex emission was pro-
posed and demonstrated. A version with thermo-optic heaters was manufactured to switch between OAM modes [5].
Although the thermal efficiency is high, a thin silicon dioxide layer (300nm is needed [4]) introducing a fabrication
constraint. Here, based on [6], we propose, with the support of finite-difference time domain (FDTD) [7] and finite-
element method (FEM) [8] simulations, a small footprint thermally tunable ring resonator for a radially-polarized
OAM emitter. The study relaxes the fabrication constraints for silicon-on-insulator (SOI) platforms. Furthermore, the
losses for both propagating and emitted optical fields are reduced. '

2. Device design

The emitter comprises a single 10 — pm radius ring resonator with a single mode transverse-electric (TE) 500 — nm
wide, 220 — nm tall silicon waveguide, with g equidistant fully-etched holes along the central path with a diameter of
100nm. The holes are filled with silica. The bus waveguide is bent by an angle « to increase the coupling coefficient
in order to achieve the critical coupling condition. The integrated ring resonator is reported in Fig. 1(a). The effective
index of the fundamental mode is n,yr = 2.422150 and in Fig. 2 the distribution of the transverse (a) and azimuthal (b)
polarization components (in the presence of the silica-filled hole) of the electric field are reported, demonstrating that
the former is concentrated in the center of the waveguide. The silica holes allow for the scattering of the radial electrical
field polarization, enabling the coupling of the whispering gallery modes (WGM) to OAM modes. Furthermore, the
scattering of this component increases the ring loss with an increment of the bandwidth, while reaching high emission
efficiency, low back-reflection, and small device footprint.
The order [ of a radiated OAM mode is [4]:

l=p—g-q=p—q )]

where g is the integer diffraction order (g = 1 in this study) and p is the order of the WGM mode propagating in the
ring resonator, and is related to the resonant wavelength A,., and n, s through:
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Fig. 1. OAM emitter top-view (a) and integrated heater schematic (b).
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Fig. 2. Transverse (a) and azimuthal (b) polarization components of the propagating electric field in
the microring resonator.

Le-n Lo-n
p= gl eff o= gl eff —q (2)
res res

where L, is the geometrical resonating length, and therefore for a fixed Ay, the order / can be modulated by varying
the value of n.7¢. In this work, the integer ¢ = 98 has been set in order to achieve / = 0 near 1550 nm.

From the simulation results, the free-spectral range (FSR) is 9.55nm and the calculated group index (ng) is 3.9. By
applying equation (3), which relates the resonance wavelength shift and the temperature variation, a complete FSR
shift is obtained for a temperature variation equal to 127 K.

1 aneff 8ndad
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where the effective index variations have been calculated from the modal analysis, and the material temperature depen-
dence can be found in [9]. A study on an integrated heater aiming to maximize the tuning efficiency while reducing the
optical loss is proposed. The thermal analysis has been developed through multiphysics simulations. The schematic
of the heater is reported in Fig. 1(b). The conductive path that surrounds the emitter is composed of highly doped
phosphorous-implanted silicon (n++, electron carrier density of 1¢2°). The n++ silicon height (220nm) and the dis-
tance from heater to ring waveguide (1 m) allow for maximizing the tuning efficiency and minimizing the optical
loss. The width of the conductive path (9 um) corresponding to a resistance of approximately 1.445k€Q reduces the
electrical power consumption; the IV characteristic is reported in the top of Fig. 3(a). The bottom of the same figure
shows the dependence of temperature variation on dissipated power. A temperature variation of 127 K corresponds to
a total dissipated power of approximately 95mW. Also, the 1 — pum wide silica layer provides thermal isolation and
improves the thermal tuning efficiency.

In Fig. 3 (b) the response calculated at the through port is shown with the corresponding expected OAM patterns
in the insets. Due to space constraints, here only right-handed circularly polarized (RHCP) beams are reported with
[ + 1 spiral arms [6]. The same result is obtained in (c). While applying a temperature variation of AT = 127K (equal
to a shift of the wavelength response equal to a F'SR) and AT = 254K (equal to two FSR), in (d) and (e) respectively,
it is demonstrated that the device supports OAM states.
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Fig. 3. Current vs. tension and temperature variation vs. dissipated power characteristics (a), ring
resonator spectrum at the output of the bus and the related expected RHCP vortexes for different
topological charge (b), resonance shift and expected OAM RHCP mode at 1555nm for different
temperature variations: AT = 0K (a), AT = 127K equal to a FSR-shift (b) and AT = 254K equal to
two FSR-shift (c).

3. Conclusion

The design of an integrated tunable OAM emitter has been proposed allowing for switching between OAM mode
order. The performance evaluation shows a minimum dissipated power of 95mW for a complete FSR shift. The design
mitigates optical loss and fabrication constraints enabling the access to OAM mode multiplexing at the same resonating
wavelength.
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