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ABSTRACT

Silicon photonics has been the subject of intense research efforts. In order to implement complex integrated silicon
photonic devices and systems, a wide range of robust building blocks is needed. Waveguide couplers are fundamental
devices in integrated optics, enabling different functionalities such as power dividers, spot-size converters, coherent
hybrids and fiber-chip coupling interfaces, to name a few. In this work we propose a new type of nanophotonic coupler
based on sidewall grating (SIGRA) concept. SIGRAs have been used in the Bragg regime, for filtering applications, as
well as in the sub-wavelength regime in multimode interference (MMI) couplers. However, the use of SIGRAS in the
radiation regime has been very limited. Specifically, a coarse wavelength division multiplexer was proposed and
experimentally validated. In this work we study the use of SIGRAs in the diffractive regime as a mean to couple the light
between a silicon wire waveguide mode and a continuum of slab waveguide modes. We also propose an original
technique for designing SIGRA based couplers, enabling the synthesis of arbitrary radiation field profile by Floquet-
Bloch analysis of individual diffracting elements while substantially alleviating computational load. Results are further
validated by 3D FDTD simulations which confirm that the radiated field profile closely matches the target design field.

Keywords: sidewall grating, coupler, spot-size converter, sub-wavelength grating, Floquet-Bloch analysis, diffraction
grating, silicon photonics, distributed Bragg deflector.

1. INTRODUCTION

Silicon photonics has emerged as a powerful platform for integrating thousands of components due to its high index
contrast and compatibility with the CMOS process, which is well established in the microelectronics industry. As a
result, it permits low cost chips in mass production environments since facilities and procedures are already developed
and it also enables integration of electronics and photonics in the same platform?. Current electronic processors could
take advantage of on-chip optical links to speed up communications between cores as this is a bottleneck?.

One shortcoming of the CMOS process is that it allows a limited set of materials (mainly silicon and silicon dioxide)
with fixed refractive indexes. Metamaterials based in Sub-Wavelength Gratings (SWG) can partially circumvent this
drawback by offering a path to synthetize the effective refractive index of the artificial material by simple means.
SWGs are periodic structures with a period small compared to the wavelength, so that they behave as a homogeneous
and anisotropic material whose optical properties can be engineered by proper design of their geometry?,

Applications of periodic structures in photonics go way beyond metamaterial synthesis. Periodic structures with pitch big
enough compared to the wavelength called diffractive gratings are widely used to implement fiber-chip couplers*S,
Diffractive gratings are widely used for fiber-chip interface since they offer a simple and yet versatile access to the chip
allowing wafer scale testing. Other type of periodic structures, Bragg gratings, are widely used to implement
wavelength-selective devices® 8.
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Diffractive gratings usage in silicon photonics had been limited to fiber-chip couplers or vertical substrate to substrate
coupling®. Few works have explored the usage of gratings in the diffractive regime for shaping the light without
extracting it out of the chip plane. Firstly proposed by Stoll*°, distributed Bragg deflectors (DBD) consist of a channel
waveguide that is periodically perturbed to arise a controlled diffraction that is coupled into a one-dimensionally
confined slab waveguide. It would be desirable to transfer DBD to the silicon photonics platforms, however, some
adaptations must be done to the original idea. In this work we make use of a diffractive element similar to the one
originally proposed for a wavelength demultiplexer'*'2, Contrary to previous DBD designs, based in a shallow etch on
top of the waveguide as done in Stoll*° or the small index perturbation in index implemented in Davis®, this design
makes use of a strong blazing etch in the sidewall of a silicon wire waveguide to implement the grating. Besides, a SWG
synthesized metamaterial is used to separate the waveguide from the free propagation region (FPR).
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Figure 1. a) Simplified schematic of a SIGRA mode expander composed by succession of diffractive elements b), an
input taper and a free propagation region (FPR).

One immediate application for the DBD SIGRA is to build a beam expander as compact as state of the art devices.
Beam expanders, devices that change the mode spot size, are fundamental to connect the wide fiber-chip couplers
(~15 wm) to the narrow standard silicon wire waveguide (500 nm). The simplest and most straightforward way to
implement this expansion is using linear tapers. However, this approach obtains extremely long devices (~ 150um)
since a steep change in width would cause power transfer to undesired higher order modes. Extensive research has been
made to obtain compact and efficient spot-size converters®*. In this work we propose a new compact architecture for
beam expansion in the SOI platform based on apodised SIGRA DBD that is shown in Figure 1. This device works as
follows: light enters the device from a standard silicon wire guide (1), after that it encounters a taper that gradually
introduces the SWG pillars of the metamaterial region. The main aim for this taper is to increase power to the
fundamental SIGRA mode and decrease the power loss due to reflections and excitation of undesired higher order
modes. As the lights propagates in the SIGRA it gets diffracted progressively. Ideally, the diffracted field should
completely be captured into the Free Propagation Region (FPR). In order to enhance the power entering the FPR, a
metamaterial implemented by SWG pillars is used.

SIGRA based beam expander could also be advantageous if used as a feeding element for Optical Phased Arrays (OPA),
which are the natural extension to the optical domain of the arrays classically used in radiofrequency for addressing
beam steering applications. OPAs have been the subject of great interest in recent years'® since they allow generating
very narrow collimated optical beams and controlling its direction of emission. The applications of this type of
technology are potentially vast and cover possibilities that include, from the establishment of reconfigurable networks of
optical communications in free space, to applications of sensing and navigation based on Light Detection and Ranging
(LIDAR), a technology that has a great interest for the emerging industry of autonomous vehicles. Figure 2 depicts a
wide grating based antenna fed by a compact SIGRA coupler. As it will be seen in Section 3, the use of a SIGRA as the
feeding element of a radiating grating allows the beam to be steered in the chip plane with wavelength.



Figure 2. OPA formed by a SIGRA coupler that feeds a wide vertical coupler. Light entering from a standard si-wire
waveguide (1) is fed to a SIGRA coupler that diffracts it towards the FPR as a Gaussian beam, then the bean enters
the vertical grating that radiates it out of the chip (3).

What is more, a SIGRA coupler could be conveniently designed to generate a focusing Gaussian beam that is able to
propagate in any direction in a one-dimensionally confined slab region. Another similarly designed SIGRA could be
positioned in hundreds of microns apart to capture this beam and transform it again into a guided mode. In this way, the
on-chip 2D wireless system could be implemented as depicted in Figure 3. This would allow reconfigurable light paths
and low crosstalk crossings 6. This would be a pyramidal building block to enable on-chip wireless communications.

Silicon

Figure 3. On-chip 2D free-space link based on two SIGRA couplers.

The specific objective of this study is to establish the viability of using SIGRA based DBD in the SOI platform and
identify its advantages, opportunities and shortcomings. For that, a procedure for designing SIGRA devices based in
Floquet-Bloch mode analysis is also proposed and two applications of SIGRA based DBD will be explored: beam
expansion and OPA steering.

This document is structured as follows: in section 2 we discuss the details of SIGRA beam expander, in section 3 we
analyze the usage of the SIGRA beam expander inside an OPA system, and finally in section 4 we discuss some
conclusions and we suggest where future work should focus.

2. DESIGN OF A SIGRA BEAM EXPANDER

The design that follows was made for a Silicon-on-Insulator platform composed by a silicon layer of height of 220 nm
surrounded by silicon dioxide. At the central wavelength of operation A = 1550 nm the refractive indices of silicon and
silicon dioxide are ng; = 3.476 and ng;o, = 1.444 respectively. The input waveguide width was set to 500 nm to ensure
confinement and mono-mode operation.



2.1 SYSTEM LEVEL DESIGN

The system purpose of the SIGRA coupler is to generate a Gaussian beam propagating inside the FPR slab. However, it
is well known that an exactly periodic grating would produce an exponentially shaped profile which has a poor overlap
with a Gaussian (~ 80%). Greater overlap efficiencies can be obtained through apodization. Nevertheless, a full
apodization would require designing every diffractive element of the device resulting in a complex and slow process. In
this work, we will use just two different diffractive elements, thus achieving a good trade-off between overlap and design
complexity. Using two sections of two different diffractive elements results in a double exponential field profile given

by:
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where a, and ay, are the radiation strength of the first section and the second section respectively and L is the length of
the first section. Optimization of the overlap of f(z) with the targeted Gaussian profile with 40um mode-field radius
(MFR) shows that a,, @, and L must be set to 0.005 Np/um, 0.0275 Np/um and 31.2 um respectively to reach the
maximum overlap (92%).

2.2 DIFFRACTIVE ELEMENTS DESIGN

Thus, now the design resumes to find the geometry parameters for the SIGRA diffracting elements that synthesize those
radiation strengths. In general, proposed devices are optically long, thus design by brute force 3D analysis would be
computationally demanding and it would take tremendous computation time. Consequently, a more judicious approach
should be taken to efficiently design the full device. The approach, used in this work consists on individually
characterizing the diffractive elements by Bloch-Floquet mode analysis®’ to extract the electromagnetic parameters of
interest, i.e. radiation strength «, propagation angle in the FPR slab 8 and efficiency. From this analysis complete design
of the radiating structure can be performed. Once it is done, 3D FDTD analysis of the full device will be performed once,
just to test that the final design goals have been achieved. In a SIGRA, efficiency is measured as the fraction of the input
power that is coupled to the desired field profile inside the FPR region. Even using Bloch-Floguet mode analysis the
design universe is still huge. Because of that, in a first phase, we decided to apply the effective index method (EIM) to
transform the tridimensional structure into a 2D equivalent one. This will permit not only a faster simulation, but also an
easier interpretation of the results. The design obtained by 2D Bloch-Floquet mode will be verified using a 3D Bloch-
Floquet analysis and a refinement of the design using 3D Bloch-Floquet analysis will be done if required. So, now the
2D equivalent model is shown in Figure 4.
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Figure 4. Diffractive element model after applying the EIM.




Firstly, we designed the SWG region parameters DCgy,; and Wg,, ;. In the step, we set the waveguide parameters to a
typical value (W, = 600 nm and We,., = 300 nm). The subwavelength region duty cycle DCgy,; Was fixed to 0.5 to
maximize the minimum feature size. Whereas, its width Ws,,; was set to 2 um to ensure that power loss due to leakage
to zeroth diffraction order is below 10% of total diffracted power (see Figure 5) and yet keep the device compact.
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Figure 5. Radiated power distribution among different diffraction orders versus Wy, ¢.

Next, we designed W, and W, together as these two parameters are tightly coupled and cannot be designed
independently. In fact, for every W, we can find one and just one W, that maximizes the efficiency as it can be seen in
Figure 6. Thus, varying W, from 450 nm to 700 nm we can synthesize any radiation strength from 0.002 Np/um to
0.0275 Np/um with efficiencies ranging from 85% to 99%.
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Figure 6.a) Desired order efficiency as function of W, and W, and b) electromagnetic parameters along the fitted optimal
path Weeer, = 1.52 - W, — 600nm.

In our case, to implement the desired double exponential field the geometries required are shown in Table 1.

Table 1. Geometric and electromagnetic parameters of the designed diffractive elements using a 2D Bloch-Floquet mode

analysis.
Np .
Wo(um) We (nm) Weyc(um) A(mm)  Lwm)  DCows [a(o0) Efficiency
SECTION A 500 160 2 551.6 32 0.5 0.005 91%

SECTION B 700 464 2 555.7 128 0.5 0.0275 99.5%



2.3 INPUT TAPER DESIGN

The input adaptation taper must be sufficiently long to ensure that most of the entering power goes to the first Floquet-
Bloch mode and reflected power is kept low. For the purpose of designing this element the architecture shown in Figure
7 composed by a taper Ngy periods of the non-diffractive SWG guide that is formed when W, is fixed to 600nm and
W,:crn t0 0 nm. The transmission and reflection of this structure had been evaluated for various number of taper elements
and for different period of the SWG region. Considering different SWG periods enable us to detract the interferometric
effect related to the architecture. For 25 taper elements it is more than enough to achieve both negligible reflection (-30
dB) and high transmission (-0.05 dB).
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Figure 7. Architecture used to design the taper (a) and reflection (b) and transmission (c) of this architecture for various
number of taper elements. It has been marked un bold black the worst case in both cases.

2.4 FULL DEVICE VERIFICATION IN A 2D SIMULATOR

To verify the design a FDTD simulation of the full structure consisting of the input and output tapers and the SIGRA was
performed. The total efficiency obtained is 88.5%, meaning that 88.5% of the power entering the input si-wire is
transferred to a Gaussian of 40 ym MFR. Most of the power is lost due to field mismatch since the double gaussian
profile achieves 92% of overlap with the Gaussian. The rest of the lost power goes to undesired diffraction orders.
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Figure 8. a) Magnetic field when the fundamental mode is injected in the input si-wire waveguide resulted from 2D
simulation. b) Field profile magnitude along the cut indicated in pink line (blue) and comparison with the designed
profile (black) and the aimed Gaussian profile of MFR = 40 um.



2.5 VERIFICATION IN A 3D SIMULATOR

3D Floquet-Bloch mode analysis of the designed element shows that there is a huge loss due to radiation out of chip
unaccounted for in the 2D model. This can be seen in the field profile shown in Figure 9. What is more, the radiation
strengths a, and a,, are twice those predicted by the 2D model. This discrepancy translates in a reduction in the field
profile overlap with the objective Gaussian. Thereby, a refinement process of the individual elements made by 3D
Floquet-Bloch mode analysis carried on correcting the value of a, and «; and improving slightly the efficiency. After
the refinement we obtained a new design whose parameters are shown in Table 2.
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Figure 9.Various magnetic field cuts obtained by 3D Floquet-Bloch analysis showing the loss of power out of chip.

Table 2. Geometric and electromagnetic parameters of the designed diffractive elements using 3D Bloch-Floquet mode

analysis.
Np -
W,(m) W, (nm) Wsyg(um) A(nm) L(um)  DCsye a(u_m) Efficiency
SECTION A ‘ 500 110 3 551.4 32 0.5 0.005 51%

SECTION B ‘ 625 310 3 548.6 128 0.5 0.026 48%

Finally, operation of the complete structure in the bandwidth of interest (A = 1.5um ... 1.6pm) is simulated. For this
purpose, RSoft FULLWAVE FDTD 3D* simulator has been used to calculate the resulting field profile at the FPR.
Then, this field has been approximated as a Gaussian beam characterized by its modal radius (Figure 10.c), propagation
direction (Figure 10.b) and normalized power (power relative to the input power) (Figure 10.a). From these figures it is
evident that efficiency has drastically been reduced compared to the 2D case.
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Figure 10. Characteristic values of the equivalent gaussian generated in the FPR slab.



3. SIGRA COUPLER USAGE IN A WAVELENGTH-STEERABLE OPA

A wavelength steerable optical phased array was built by attaching the SIGRA beam expander designed in the previous
section to an uniform 160 umx160 um rating coupler based on SWG structures based on the design of Halir®. The
vertical grating was rotated slightly so that at central wavelength (4 = 1550 nm) the beam generated by the SIGRA
coupler incided normally. To analyze the functioning of this system we used the systemic parameters of the SIGRA
coupler computed in the previous section to define the input excitation of the vertical grating in a 3D-FDTD simulator.
The near field was extracted, and the far field was computed by computing bidimensional Fourier transform %¢ha4) The
radiated beam was found to have FWHM of 1°x0.5° and its direction varied simultaneously along the azimuth and
elevation as the wavelength changes (see Figure 11). Vertical grating fixes the elevation angle 8 whereas the azimuth is
fixed by the SIGRA coupler.
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Figure 11. Elevation (a) and azimuth (b) of the radiated field as the wavelength varies. Near field on top of the system,
geometry as well as far field for A = 1.5um (¢) , A = 1.55um (d) and A = 1.6um (d).

4. CONCLUSIONS

In this work we have explored the basic functioning and some possible applications of the SIGRA coupler. In doing so, a
new design technique, based on Bloch-Floquet mode analysis, has been proposed. A SIGRA coupler was designed using
this technique. Preliminary simulation work was carried out by means of 2D simulation tool based in EIM, which
allowed developing successful design strategies. Then rigorous 3D Floquet-Bloch mode simulation was used to
completely design the device, and final 3D FDTD simulation of the complete device was used to check the device
performance. Despite the high insertion losses of the device, due to out of plane radiation, the proposed strategy has
shown to be a successful approach for designing this type of device. Work is in progress to find alternative approaches
which will allow reducing the out of chip losses and thus will turn SIGRAs into a useful option for real applications.
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