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Abstract

We explore scattering effects as the physical origin of cross-polarization and higher-order modes in
silicon photonic 2D grating couplers (GCs). A simplified analytical model is used to illustrate that
in-plane scattering always takes place, independent of grating geometry and design coupling angle.
Experimental investigations show furthermore that grating design parameters are especially related
to the modal composition of both the target- and the cross-polarization. Scattering effects and the
associated cross-polarization and higher-order modes are indicated as the main reason for the
higher 2D GC insertion loss compared to standard 1D GCs. In addition, they can be responsible
for a variable 2D GC spectrum shape, bandwidth and polarization dependent loss.

1. Introduction

Silicon-based optical transmitters and receivers have been a subject of a significant research interest for many
years. The main pursued objectives were cost-effectiveness and scalability, which were to be achieved by the
integration of optical components on mature electronic (Bi)CMOS platforms [1, 2]. Being a popular
research field over decades, silicon photonics was well-explored on component and system level with its
advantages and limitations. Along with demonstrations of single devices such as coupling structures [3, 4],
modulators [5, 6], multimode-interference couplers [7], 90°-hybrids [8] and photodetectors [9, 10], fully
integrated transmitters [11-13] and receivers [14—18] for both direct and coherent detection have been
reported. A comprehensive overview on silicon photonics for optical coherent systems going beyond
communication system aspects is presented in [19].

In integrated silicon photonic devices, one of the most critical components remains the in-/out-coupling
interface. In spite of the higher insertion loss, grating couplers (GCs) for nearly vertical coupling are still a
popular tool, because of their simpler fabrication and coupling tolerance. However, the natural upgrade from
polarization-dependent 1D GCs to polarization diversity 2D GCs is still lacking success, one of the reasons
being the fact that 2D GCs are still not well-understood on a physical level. On standard 220 nm
silicon-on-insulator (SOI) platforms 2D GCs show typically at least 1 dB lower coupling efficiency than
standard 1D GCs (maximally —4 dB/40% vs. —3 dB/50%, see e.g. [1, 16]). Up to now, 2D GCs with around
—3 dB coupling efficiency without backside mirrors could be shown on large scale only by Luxtera/STM
[14], who adjusted their platform to the 2D GC requirements. Another issue is the strong polarization
dependent loss (PDL), which could be solved so far without loss of efficiency only by customized scatterers’
shape with a non-trivial fabrication [20, 21]. The third problem of 2D GCs occurs when they need to act as a
polarization splitter and is expressed in a limited polarization split ratio between their two arms.

We devoted a previous work to the topic of the polarization split ratio limits, putting the 2D GC in the
context of a receiver interface for a dual-polarization coherent transmission [22]. We showed that a 2D GC

© 2021 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Schematic representation of a 2D GC with an excitation from top (Gaussian beam). The grating plane is defined in the
Cartesian (x, y, z) coordinates, the Gaussian beam is tilted under the angles (o =45°,9) and aligned with the p-axis, where

|p| = cos45°x + sin45°y. The arrows indicate the polarization of the excitation source (yellow), which is chosen such that all the
power should be completely coupled into the waveguide on the left hand-side WG1 (target-pol.). The power coupled in the other
waveguide WG2 is attributed to the cross-pol. (marked in blue).

converts a part of the power of the one basic polarization into the other orthogonal polarization. Here, we
refer the properly coupled polarization as target-polarization and its converted part as cross-polarization
(short: target-pol. and cross-pol.). The concept of the target- and the cross-polarizations is explained
schematically in figure 1, where the field source polarization is such that all the power should be coupled in
WG (target-pol.). The power coupled in WG2 represents the cross-pol. In [22] we showed that the
cross-pol. scales with the grating perturbation strength and numerical results indicated that the cross-pol.
limits not only the 2D GC splitting performance, but also its coupling efficiency.

In this letter, we investigate the in-plane scattering in 2D GCs as the physical origin of cross-polarization.
As a secondary effect from scattering—higher-order mode excitation in both target- and cross-pol. results.
The scattering at the grating holes is an independent process and does not have a relation to the 2D GC
diffraction condition. We consider the standard case of ‘conventional’ circular holes and show experimentally
that independent of grating design or coupling angle, the cross-pol. and the higher-order modes always
result, even in the case of a perfectly vertical coupling. In fact, grating parameters are rather responsible for a
different modal composition of the target- and cross-polarizations.

The 2D GCs considered here are designed for standard 220 nm SOI nanowire waveguides with 2 ym
buried oxide thickness. For their fabrication, a standard photonic BICMOS process is used [23, 24], which is
considered for the initial 2D GC design. In spite of these specifics, our analysis on the cross-pol. and the
modal composition of each polarization does not loose generality.

The paper is organized as follows. In section 2 we use a simplified analytical method to investigate
mathematically the cross-pol. origins, resulting from field scattering by a dielectric cylinder, resp. by a
cylinder array. In section 3 we give an overview over the experimental approach and summarize the
measurement results on the presence of cross-pol. and on the excitation of higher-order modes for both
target- and cross-pol. Next, we evaluate their contribution to the 2D GC insertion loss, spectrum shape,
bandwidth and PDL. In the final section 4 we summarize the results and discuss possibilities to diminish or
make use of the described effects.

2. Analytical methods and results

In this section, we use a simple analytical method to describe scattering by an array of dielectric cylinders and
outline the limits of this approach.

GCs are typically considered as diffractive structures, for which only the diffraction condition is of
interest. In 1D GCs, the grating perturbing element is defined completely along the waveguide cross-section
and is continuous with respect to the wave front. Due to the weak fields at the waveguide boundaries
(waveguide width typically 10 m), diffraction is the dominant process in 1D GCs. However, in 2D GCs, the
perturbing elements are discrete and have a finite dimension with respect to the waveguide and the incident
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wave front. For that reason, an incident wave will not only be diffracted according to the grating diffraction
condition, but also scattered in the grating plane. The scattering being initially a random process [25] can
receive a more systematic nature, when the scattering elements are periodic along the propagation direction
of the incident wave. This is exactly the case in 2D GCs, therefore, scattering needs to receive as much
attention as diffraction. Here, we show that scattering is the effect, hiding behind cross-polarization and
higher-order modes excitation, which are both not predicted by the 2D GC diffraction condition. The latter
states that the polarization of a wave will be preserved and only the propagation direction will be changed
according to the chosen grating period (no cross-polarization). The diffraction condition can be applied to
higher-order modes, however, their refractive index is smaller and requires for the same coupling angle a
significantly larger period than the 2D GCs designed for the fundamental TEg, have. For that reason,
higher-order modes appearing in 2D GC interfaced structures cannot result from diffraction.

Scattering of a plane wave by a dielectric or conductive cylinder has been a well-known electromagnetic
problem for many years. Currently, various solutions of special cases are present in the literature. Good
summaries of classical solutions were available already in the 70s [26, 27]. Simplified analyses consider the
cylinder infinite in its length. In addition, the material properties include perfect metals or lossless dielectrics.
In more advanced calculations, finite conductivity, dielectric losses (see e.g. [28] and the cited literature
therein), anisotropy [29] or finite length [30] are taken into account. For a certain group of problems, e.g. in
the optical domain, the plane wave as an incident wave is substituted by a Gaussian beam [31]. Another
interesting aspect is the scattering not only by a single cylinder, but also by a periodic array [28, 31].

The grating area of a silicon photonic 2D GC combines many special conditions in its scattering nature.
It consists of a dielectric cylinder array, which is periodic in two directions. The cylinders have a finite length
comparable to the wavelength. The material is dielectric with a wavelength dependent refractive index.
Moreover, in our case the cylinders are radially stratified, due to the BiICMOS backend of line (BEOL) filling
layers. Obviously, the scattering taking place in 2D GCs is far more complex to describe than is the
diffraction. A simple analytical formulation, which clearly states how the scattered field is distributed, what
its propagation direction is, what polarization state(s) it has and which polarization predominates, is not
available.

Here, we do not aim to derive an absolutely exact analytical description of scattering in 2D GCs, but to
confirm mathematically, in a more simple configuration, that scattering is the reason for the polarization
conversion in 2D GCs. We use previous analysis of the scattering properties of 2D photonic crystals [32] as a
basis to illustrate that scattering always takes place in parallel to diffraction in 2D GCs. Scattering can explain
the effect of what we call cross-polarization, i.e.—the partial conversion of an incident wave with a given
polarization to its orthogonally polarized counterpart. The understanding of this fact is almost intuitive,
since a plane wave scattered by a circular cylinder always results in a cylindrical wave. Although the
cross-polarization strength depends on the scatterers’ size and shape as well as on their periodicity, the
occurrence of cross-polarization itself is inevitable.

For our analysis, we consider a strongly simplified case. We examine an incident plane wave instead of a
Gaussian beam and let the cylinders be infinitely long. This assumption would be eligible, if a 2D GC is fully
etched, the waveguide mode is very well-confined and the grating area is smaller than the waveguide width.
In the following, we summarize the most important relations from [32], which are adapted to our particular
problem. They represent the scattered field by a single cylinder and by a cylinder array. Since the derivations
are well-explained in [32], we will omit the full details on the relations’ derivation, but will outline the
significant steps in the appendix.

For an incident transverse-electric (TE) wave, the magnetic field is considered parallel to the cylinder axis
(H= H,¢,) and is used for the determination of the scattered field. In general, a non-zero angle of incidence
; can be assumed (figure 2). The total field in the exterior is the sum of the incident and the scattered wave.
Once the superposition is calculated for H,, the electric field components result from the well-known
Maxwell’s equation. In figure 2 the considered cases are illustrated—figure 2(a) shows the simple case of a
single cylinder, while in figure 2(b) we have the extended case of a cylinder array. In this example, the
propagation direction is €, and the incident wave is y-polarized. We consider the refractive indices n;, in the
regions (1) and (2) and a wavelength \. Following scattered fields result for each of the two cases:

Wave number and impedance:

2T Ko 2m Mo
kh==—m Zi=,— k="—n 2=, %
1 /\ 1 1 Son% 2 )\ 2 2 Eon%
H,=Hy¥ TE-wave
U =0+ i_incident, * — scattered

V' =0fpy, with @ ={[u(kip)e’?], po=[(—j)"e/™], m=0,£1,£2,..
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Figure 2. Schematic representation of two scattering problems: (a) scattering by a dielectric cylinder, (b) scattering by a dielectric
cylinder array.
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For any of the cases, the incident wave remains the same and is only expanded in cylindrical waves, i.e. in
Bessel-functions J,, (k; p) with the coefficients py (their sum is expressed in a vector multiplication form).
The difference occurs in the scattered part: for a single cylinder, the scattered field is expressed in the sum of
Hankel functions H, (k1 p) with unknown scattering coefficients a. They can be obtained from the incident
wave coefficients py by using the T-matrix T [33], which results from the boundary conditions at the cylinder
interface. In the periodic case, we use the Floquet-principle and superpose the contribution of each cylinder,
which is the same, but spatially shifted. For the determination of the scattering coefficients, we use the
aggregate T-matrix T.

Independent of the specific case, the resulting H, field is a cylindrical wave with both x- and
y-dependence. Building the rotation of this field, we will obtain not only the initial polarization E,, but also
an E,-polarized part, which shows clearly the origin of cross-polarization in the 2D GCs. Figure 3 shows the
magnitude of the calculated E, and E, field components for a case, which considers the 2D GC material and
geometric properties. The matrix operations are carried out in Matlab with Bessel/Hankel functions order
m=0,%£1, ..., £19. The incident plane wave has a wave front of about 5 yzm, the wavelength is 1550 nm. The
discrete spatial locations have a resolution of 15 points per wavelength. The cylinders’ material is SiO,, while
the exterior’s material is Si. The field distribution does not change significantly with the angle of incidence ¢;
or with the period k. Thus, any kind of 2D GC design with cylindrical holes receives a cross-polarized field
part. In this example, we choose ¢; = 2°, h = 620 nm with eight periods. The cylinder radius is 220 nm. The
geometric parameters are typical for previously designed 2D GCs for the C-band.

The plotted fields are scaled equally, so we can clearly see that the initial E,-polarization predominates.
The scattering at the cylinder array appears to spoil its modal purity, even if the effect is small for this short
1D array. E, looks rather stochastically distributed without a clear propagation direction. This can be
explained by the small number of scattering elements and by the missing second periodicity in propagation
direction, which can enhance the E, strength and directivity. The latter effect was observed in our previous
numerical simulations reported in [22] and could not be explained by the 2D GC diffraction condition.

Discussing the limitations of the analytical model, we have to point out that the impact of the etch depth
and therefore of the grating perturbation strength cannot be investigated, since we need a model considering
the finite cylinder length. Due to the large index contrast in SOI, typical etch depth values for 2D GCs (e.g.
120 nm) are related to a strong perturbation strength. For that reason, the analytical solution for a
completely etched array would not differ significantly from the solution for a deeply etched array. Another
important point is the growing complexity, when we want to extend the model to a 2D array. In this case, the
initially calculated scattered fields should be used as a new incident field on the next array. The initially weak
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Figure 3. Analytically calculated electric field distribution: scattering by an array of 8 cylinders, placed along the y-axis between
y=—2 pmand y =2 pm. The incident wave is a y-polarized plane wave.

cross-polarized field part will be superposed constructively with the next cross-polarized field part, due to
the chosen grating period. In the end, the resulting cross-pol. can become much stronger compared to a
cylinder row along the y-axis (see our numerical results in [22]). The third aspect for increasing the solution
accuracy is the substitution of the plane wave by a Gaussian beam. In this case, the Gaussian beam must be
expanded in plane waves and the scattering problem must be solved for each partial plane wave. Obviously,
the complexity of the analytical model becomes easily comparable with the one of a numerical model and
looses the manageability typical for analytical representations. Nevertheless, the simplified analytical
formulation is valuable as a qualitative mathematical proof of the origin of cross-polarized fields in 2D GCs.
Due to the limitations of the analytical model, we are not able to use it for the modal analysis of the
target- and cross-pol. A numerical approach would require a 2D GC excitation from top, which results in a
very large model. Aside from computational time and memory requirements, we are also limited in the
number of wavelength points, which can be stored during the calculation. In addition, all results depend on
the position of the excitation source, which requires multiple sweeps. For these reasons, we have chosen an
experimental approach for the higher-order modes investigation, which will be explained in the next section.

3. Experimental methods and results

In our experiment, we investigate the excitation of the TEqy and the higher TE,y mode in three different 2D
GC designs, considering both the target- and the cross-pol.

The first aspect of our analysis is the coupling position dependence of the extinction ratio (ER) between
the target-pol. TE(y and the remaining polarizations/modes. The reason for this analysis is the fact that in
integrated devices the exact fiber alignment at the symmetry plane of a 2D GC is difficult and thus the
coupling to the two GC arms may look differently. In particular, higher-order TE;y mode coupling may be a
problem, since in single-mode waveguides the TE;, mode will simply result in excess loss. We consider
target- and cross-pol. TE;o as well as cross-pol. TEq as a consequence of scattering. The target-pol. TEqy,
results from diffraction. If the central wavelength of TEy is in the vicinity of the target TE, central
wavelength and we have an imbalance of TE;¢ in the 2D GC arms, we will observe PDL. If TEy is centered at
a shifted wavelength, the signals’ spectral shape and bandwidth will be influenced. So, signals in the two 2D
GC arms may have different 1 or 3 dB bandwidths. At last, the coupling position dependence of the
cross-pol. TEg can give us insight in the split ratio (i.e. the ratio between the fundamental target- and
cross-pols) variation, which is relevant for 2D GCs used in coherent transceivers.

The second aspect is the impact of wafer variations on the TEy and TE;y modes of the target- and
cross-pol, which is relevant for the repeatability of the device behavior. For our statistics, we consider nine
arbitrarily chosen chips on the wafer and compare the three considered 2D GC designs.

3.1. Experimental approach and setup

3.1.1. Test structures

All test structures are fabricated in a photonic BICMOS [23, 24] short flow, in which the BEOL was not
completely processed. This is eligible for the current investigation, since the BEOL has no impact on the
mode excitation by the 2D GCs and its omission reduces significantly the fabrication time. The minimum

5



I0OP Publishing

J. Phys. Photonics 3 (2021) 035002 G Georgieva et al

__________
—— ~.
Pl

Output 1 (01)
TE,, 1D GC
TEo = TEy, Output 2 (02):
converter TEy 1D GC

Taper+ Output 3 (03):
Waveguide |1  TE, 1D GC

Figure 4. (a) A camera picture of an exemplary device used for the experiment. (b) A detailed picture of a 2D GC under test, the
input 2D GC varies according to the three considered designs. (c) Schematic of the structures following the upper and the lower
arms of a 2D GC. For the experiments, only the upper part is relevant, which contains a TE;o — TEgo mode converter and 1D
GCs for out-coupling. Output 1 delivers the portion of power of the fundamental TEqy. Output 2 delivers the portion of power of
the TE;p mode. (d) A detailed picture of the output sections. (e) Example of two possible single-mode fiber (SMF) beam center
positions, compared in the experiment: Pos1—perfect alignment between the two 2D GC arms, Pos2—a misalignment favoring
the lower arm. The positions are not necessarily the same as in the measurements.

Table 1. 2D GC designs used for the investigation of the target- and cross-pol. modal composition.

Grating period Holes diameter
Abbr. Coupling angle Shear angle (nm) (nm) Etch depth (nm)
M1 0° 0° 585 360 120
M3 8° 2°, Type 622 440 120
M4 8° 2°, Type II 622 440 120

feature size is defined by the 248 nm deep UV lithography we used. Figure 4(a) shows an exemplary device
picture taken with a microscope camera, the relevant device parts are indicated by the dashed ellipse in
yellow. Figure 4(b) shows a more detailed picture of a 2D GC under test. Figure 4(c) illustrates schematically
the structures in the upper and the lower arms of the 2D GC. Only the upper arm is relevant for the
experiments. There, we apply after down-tapering a TE,y — TEgy mode converter, which can extract a TE;
mode propagating in the waveguide towards Output 1 (O1) and convert it to the fundamental TEq
propagating into the waveguide towards Output 2 (O2). Therefore, for the polarization in question, O1 gives
us information about the power coupled into the fundamental mode TE , while O2 shows the share of
TE1o. At each output, identical focusing 1D GCs are used (period 610 nm, duty cycle 0.52, etch depth 70 nm,
design coupling angle 8°). Figure 4(d) shows a detailed camera picture of the output sections.

Three different 2D GC designs are compared during the measurements. The first one is intended for a
zero angle of incidence ¥ (see figure 1) and has no waveguide-to-grating shear angle. The other two are
designed for a 8° coupling angle ¢ and differ by the realization of their waveguide-to-grating shear angle. A
sheared 2D GC of Type I has orthogonal waveguides and rhombus-shaped grating area. A sheared 2D GC of
Type II has angled waveguides and square shaped grating area. The geometrical details are summarized in
table 1 listed with their abbreviations that will be used to refer to the structures.

The TE;y — TE(y mode converter consists of multiple adiabatic taper sections, which are designed as in
Ref [34]. The conversion efficiency of TE;, to TEq (O2) is better than 98.6% (—0.06 dB) for the whole
C-band. The portion of TE;( power further propagating towards O1 is less than 1%o0 (—30 dB). The
fundamental TEg arrives at O1 with an efficiency better than 99.6% (—0.02 dB) and less than
4.5%o (—23.5 dB) can couple down and propagate towards O2.

3.1.2. Experimental setup and approach

We perform manual wafer measurements. Our setup consists of a tunable laser source Agilent 819404,
followed by a manual polarization controller. Standard single-mode fibers (SMFs) are used for the in- and
out-coupling. The measured signal is detected by a power meter Agilent 81634B.
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We observed a strong dependence of the mode power magnitude, depending on the coupling position.
This is well explainable, since it is difficult to place the SMF exactly at the 2D GC symmetry plane between its
two arms. For that reason, we show here measurements comparing two different coupling positions. The first
one (Posl) is for optimal coupling in the O1 arm, which gives us an idea of the maximal possible
higher-order mode coupling. Another position (Pos2), which is less optimal for the O1 arm shows possible
deviations caused by the coupling misalignment. The vertical distance is in both cases the same. Figure 4(e)
shows an example of two possible positions of the SMF fiber beam center: Pos1 (exactly between the two 2D
GC arms) and Pos2 (favoring the lower arm). The positions drawn are only an example and are not
necessarily the same as in the measurement. For the optimal position, the measurement steps are as follows:

e Position and polarization at the 2D GC adjusted for a maximal out-coupling at O1:
— measure the signal at O1, corresponding to TEg for the target-polarization,
— measure the signal at O2, corresponding to TE; for the target-polarization.
e Position kept constant and polarization at the 2D GC adjusted for a minimal out-coupling at O1:
— measure the signal at O1, corresponding to TE for the cross-polarization,
— measure the signal at O2, corresponding to TE for the cross-polarization.

For the measurement at a non-optimal position, the alignment at the 2D GC plane is such that the
out-coupling efficiency at Ol is reduced between 2 and 3 dB. With this position, the steps given above are
repeated. For each structure, we compare the ER between the target-pol. TE(y and the remaining
polarizations/modes at the two positions and look whether it remains constant. For the ER estimation, we
consider two wavelengths—the maximum transmission wavelength of the target-pol. TEqy or the maximum
transmission wavelength of the other polarization/mode.

In a second measurement, we adjust the position for a maximal out-coupling at O1 and perform
statistical measurements on nine chips on the wafer, by only changing the polarization, according to the steps
given above (maximal or minimal transmission at O1). The mean ER of the target-pol. TEy vs. the
remaining polarizations/modes at the mean central wavelength of the target-pol. TE, gives us insight in the
insertion loss variations due to higher-order modes and cross-pol. The mean ER calculated at the central
wavelengths of the other polarizations/modes shows the 2D GC spectrum shape and bandwidth variation
due to fabrication deviations. This information is used to compare M1, M3 and M4. For the statistical
measurements, we intentionally choose a larger coupling distance, in order to exclude the distance variation
as a factor and to move easily from one chip to another on the wafer. The insertion loss (in- and
out-coupling) is between 4 and 5 dB higher than for the case of an optimal coupling height.

3.2. Experimental results and discussion

First experimental results indicated a refractive index deviation from the design value. For that reason, the
1D GCs, as well as the 2D GCs M3 and M4 showed a coupling angle of 10° (instead of 8°). The coupling
angle of M1 was 0°.

3.2.1. Investigation of the coupling position

Figures 5(a)—(f) shows the coupling spectra of the TEy, and TE;, modes for the target- and the cross-pol.,
compared at the two positions Pos1 and Pos2. The positions Pos1 and Pos2 for the three different structures
M1, M3, M4 are not comparable with each other. The figures on the left column refer to the target-pol.,
while the cross-pol. is displayed on the right column. From top to bottom, the structures’ sequence is M1,
M3 and M4. The insertion loss is determined by subtracting the input power of around 6 dBm as well as the
insertion loss of the 1D GC. The 1D GC coupling spectrum is shown in figure 6.

In all subfigures in figure 5 it is evident that cross-pol. with its shares of TEqy and TE,, as well as
target-pol. TE, are present in every considered structure, reaching levels of more than —20 dB. While the
target-pol. TE;o has a wavier and rather flat spectrum , the cross-pol. mode components have mostly a well
pronounced maximum. Looking at the first structure M1 with a vertical coupling, we see that the cross-pol.
TEyy and TE,, are centered at nearly the same wavelength. All polarizations and modes improve their
coupling efficiency with the optimal position Pos1, meaning that it is rather difficult to find a position, where
the target-pol. TEq is well coupled and the other polarizations/modes not. Looking at the structures M3 and
M4, we see that the coupling efficiency scaling with the position optimization is still present, except for the
case cross-pol. TEy. The latter shows strongly varying minimums and maximums, but for the optimal case,
the minimum is well below the maximum of the target-pol. TEqy. The coupling maximums of the cross-pol.
TEqo and TE,q are this time about 20—30 nm wavelength shifted from each other.

Tables 2, 3 and 4 show the ER of the target-pol. TEq vs. target-pol. TE,o, cross-pol. TEq and cross-pol.
TE, for M1, M3 and M4 respectively. Comparing results at different positions, we see that at a fixed
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Figure 5. Coupling spectra of the TEqy and TE;o modes for the target- and the cross-pol., compared at two coupling positions
Pos1 and Pos2. The considered structures are M1: 2D GC with a vertical coupling and without a shear angle; M3: 2D GC with a
10° coupling angle and a 2° shear angle (type (I); M4: 2D GC with a 10° coupling angle and a 2° shear angle (type II).
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Figure 6. Coupling spectrum of the output focusing 1D GC, measured at 10°.

wavelength, the target-pol. TE;y changes by no more than 2 dB for M1 and by no more than 1 dB for M3 and
M4. On the other hand, the cross-pol. TEy varies stronger with the position. An optimized position reduces
the cross-pol. TEq at the maximum of the target-pol. TEq. In the same time, the cross-pol. TEq strength
increases at its maximum transmission wavelength. In structures M3 and M4, the cross-pol. TEy shows the
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Table 2. Extinction ratios between the target-pol. TEqy and the other considered polarizations/modes for the structure M1. The first
evaluation wavelength in the rows 1-3 is the maximum transmission wavelength of the target TEqo. The next wavelengths are the
corresponding maximum transmission wavelengths of target-pol. TE o, cross-pol. TEqy and cross-pol. TE,.

ER (dB) Target-pol. TEy vs. Pos2 Pos1 1. Wavelength (pum)
Target-pol. TEo 12.6 10.6 1.5558
Cross-pol. TEq 23.2 27.3 1.5558
Cross-pol. TEjg 13.4 15 1.5558

2. Wavelength (pm)

Target-pol. TEo 11 10.2 1.5700
Cross-pol. TEq 15 9 1.6026
Cross-pol. TEjo 6.7 6 1.5785

Table 3. Extinction ratios between the target-pol. TEqy and the other considered polarizations/modes for the structure M3. The first
evaluation wavelength in the rows 1-3 is the maximum transmission wavelength of the target TEq. The next wavelengths are the
corresponding maximum transmission wavelengths of target-pol. TE o, cross-pol. TEqy and cross-pol. TEo.

ER (dB) Target-pol. TEqp vs. Pos2 Posl 1. Wavelength (pm)
Target-pol. TEo 7.2 6.1 1.5670
Cross-pol. TEq 16.5 19.4 1.5670
Cross-pol. TEjo 17.6 11.8 1.5670

2. Wavelength (pum)

Target-pol. TEo 6.5 5.2 1.5710
Cross-pol. TEq 13.9 9.5 1.5910
Cross-pol. TE o 16 9 1.5856

Table 4. Extinction ratios between the target-pol. TEy and the other considered polarizations/modes for the structure M4. The first
evaluation wavelength in the rows 1-3 is the maximum transmission wavelength of the target TEq. The next wavelengths are the
corresponding maximum transmission wavelengths of target-pol. TE,g, cross-pol. TEy and cross-pol. TE,.

ER (dB) target-pol. TEg vs. Pos2 Pos1 1. Wavelength (um)
Target-pol. TE;o 9.8 9.2 1.5564
Cross-pol. TEq 19.1 247 1.5564
Cross-pol. TEjo 21.2 15.8 1.5564

2. Wavelength (pm)

Target-pol. TE o 6.8 6 1.5713
Cross-pol. TEq 12.2 7.5 1.5942
Cross-pol. TE ;o 15.5 12.4 1.5757

opposite behavior at the considered wavelengths. For M1, the cross-pol. TE;o position dependence is small.
The optimal position for a non-zero angle coupling is required for a good split ratio at the target-pol. central
wavelength (cross-pol. TEqy low), but the loss contribution of the target- and cross-pol. TE,, increases in the
same time. The good split ratio is achievable at the cost of more loss, caused by higher-order modes.

The cross-pol. TEj has a shifted central wavelength and its coupling strength variation with the position
can cause a variable bandwidth of the signals in the 2D GC arms. On the other hand, the target-pol. TE;,
reaches a high coupling efficiency near the maximum transmission wavelength of the target-pol. TEp. Its
imbalanced position will cause PDL, because the coupled power of TEg in the two 2D GC arms will be
different. In the case of a low misalignment, the target-pol. TE;, will simply contribute to the insertion loss
in both 2D GC waveguides.

3.2.2. Investigation of wafer variations

The wafer-level behavior of the structures M1, M3 and M4 are summarized in tables 5, 6 and 7. Similarly, we
calculated the mean ER of the target-pol. TEqy against target-pol. TE;g, cross-pol. TEqy and cross-pol. TEy,.
The evaluation wavelengths are the mean maximum transmission wavelength of target-pol. TEqq (the first
three rows), followed by the mean maximum transmission wavelength of target-pol. TE; , cross-pol. TEy
and cross-pol. TEyq. The given ERs are averaged over nine chips and the standard deviation o is given as well.
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Table 5. Mean extinction ratios =0 between the target-pol. TEq and the other considered polarizations/modes for the structure M1,
averaged over nine chips. The first evaluation wavelength in the rows 1-3 is the mean maximum transmission wavelength of the target
TEqo. The next wavelengths are the corresponding mean maximum transmission wavelengths of target-pol. TE1, cross-pol. TEg and

cross-pol. TEjo.

Target-pol. TEgo vs.

Mean ER +o (dB)

1. Wavelength (um)

Target-pol. TEo 10.5+1.9 1.5519
Cross-pol. TEq 29.6 £2.0 1.5519
Cross-pol. TE o 17.3+0.9 1.5519

2. Wavelength (pm)
Target-pol. TEo 10.6 £1.9 1.5525
Cross-pol. TEq 13.3£2.3 1.5755
Cross-pol. TEjo 53+1.3 1.5785

Table 6. Mean extinction ratios -0 between the target-pol. TEq and the other considered polarizations/modes for the structure M3,
averaged over nine chips. The first evaluation wavelength in the rows 1-3 is the mean maximum transmission wavelength of the target
TEqo. The next wavelengths are the corresponding mean maximum transmissions wavelength of target-pol. TE1, cross-pol. TEq and

cross-pol. TEg.

Target-pol. TEgo vs.

Mean ER +o (dB)

1. Wavelength (pum)

Target-pol. TE o 12.7 £2.6 1.5586
Cross-pol. TEq 249 +3.7 1.5586
Cross-pol. TE ;o 17 £3.1 1.5586

2. Wavelength (pm)
Target-pol. TEo 12.7 £2.6 1.5583
Cross-pol. TEq 4.6 +1.7 1.5919
Cross-pol. TEjg 12 +0.6 1.5767

Table 7. Mean extinction ratios -0 between the target-pol. TEq and the other considered polarizations/modes for the structure M4,
averaged over nine chips. The first evaluation wavelength in the rows 1-3 is the mean maximum transmission wavelength of the target
TEgo. The next wavelengths are the corresponding mean maximum transmission wavelengths of target-pol. TE,, cross-pol. TEyy and
cross-pol. TEg.

Target-pol. TEg vs. Mean ER +o (dB) 1. Wavelength (pm)

Target-pol. TEg 11.6+£2.2 1.5587
Cross-pol. TEq 27.5+75 1.5587
Cross-pol. TEjo 17.3+1.5 1.5587

2. Wavelength (pm)

Target-pol. TEio 11.5+2.4 1.5594
Cross-pol. TEq 4.74+1.2 1.5915
Cross-pol. TEjo 11.9+1.1 1.5763

The target-pol. TE is for both considered wavelengths of similar level for all structures with a maximal
ER difference of 2 dB between M1 and M3. The target-pol. modal composition has therefore smaller
dependence on the 2D GC design parameters. The cross-pol. TEq and TE,, at the central wavelength of the
target-pol. TEq are also of similar order. However, when we look at their maximum transmission
wavelengths, we see that in M1, the cross-pol. TE; predominates and the mean ER is around 7 dB smaller
than those of M3 and M4. On contrary, for M3 and M4 the cross-pol. TE¢ predominates with about 8 dB
smaller ER than for M1. This observation shows that the 2D GC design parameters are responsible for the
cross-pol. modal composition.

Finally, we can estimate the mean loss contribution of the higher-order TE,( of the target- and cross-pol.,
evaluated from the ERs at the central wavelength of the target-pol. TEq. For that purpose, we calculate the
higher-order modes overall percentage of the normalized in-coupled power. For M1, we obtain about 10%,
for M3 7% and for M4 8%. Since this power percentage will be lost due to the single-mode waveguides, it can
explain to some extend the overall lower coupling efficiency of the 2D GCs on standard SOI compared to
their 1D counterparts. Their difference is roughly in the range 40% vs. 50%.

10



10P Publishing

J. Phys. Photonics 3 (2021) 035002 G Georgieva et al

4. Summary and conclusions

In this work, we performed analysis on fundamental physical effects in 2D GCs on two levels. First, we used
an analytical method to show that in any kind of 2D GC, scattering at the cylindrical grating holes takes place
in parallel with diffraction. Scattering is a natural explanation for the polarization conversion of a given
target polarization and the occurrence of cross-polarization. In addition, scattering can be responsible for a
modal impurity of both polarizations. Since the analytical method is very limited, we continued in the next
step with experimental investigations on the modal composition of the target- and cross-polarization. The
higher-order mode TE;, was considered as a source of additional loss, due to the single-mode waveguides
used.

In a first measurement we could confirm that along with the target-polarized TEg, a higher-order
target-polarized TE;( as well as cross-polarized TE(y and TE;o modes are excited by the three considered 2D
GC designs. Next, we evaluated different coupling positions to find out, whether the ratio between the
target-polarized TEqy and the target-polarized TEj, cross-polarized TEqy and cross-polarized TE;( remains
constant. The different positions account for the case of imbalance between the 2D GC arms, when the
coupling position is not perfectly aligned at the 2D GC symmetry plane. We found out, that the
target-polarized TE;y occurs near the central wavelength of the target-polarized TE. For that reason, its
coupling position dependence can lead to an increased PDL between two imbalanced signals in the 2D GC
arms. The cross-polarized TE is shifted to larger wavelengths and its position dependence can lead to
different bandwidths of two imbalanced 2D GC signals. The cross-polarized TEqy maximum is shifted to
larger wavelengths as well, making the 2D GC polarization crosstalk less vulnerable against position
variations.

Next, we compared statistically the three 2D GC designs, by performing wafer-scale measurements.
While the target-polarized TE,( has for all structures a similar level and variation range, the cross-polarized
modal compositions have a stronger design dependence. A zero in-coupling angle leads to a stronger
cross-polarization TE;( coupling, while structures with a non-zero in-coupling angle show more
fundamental cross-polarization TE(y. The 2D GC design is responsible for the modal composition of the
cross-polarization. At last, we estimated the mean loss contribution of the higher-order modes of both
polarizations at the central transmission wavelength of the target TE. We found between 7% and 10%
additional loss for the three designs, which can explain the overall higher insertion loss of 2D GCs compared
to 1D GCs.

Most effects described above are highly undesirable. For certain applications like inter-modal four-wave
mixing the polarization and mode diversity may be of interest. However, in telecommunications, the 2D GCs
can find realization only if they become more competitive. Recognizing their fundamental limitations is the
first optimization step. Obviously, scattering in 2D GCs is a crucial problem. Scattering needs to be kept as
low as possible. However, this is not a trivial task. The special scatterers’ shape proposed by Luxtera is not a
solution for every lithographic technique. A possibility for reducing the scattering could be to go for
apodized gratings. In this case, each hole has a different size and the spacing between the holes varies in order
to keep the effective refractive index constant. This could reduce the constructive superposition of the
scattered fields by each single hole. Future work will focus on the investigation of this possible solution and
will investigate whether this can be repeatably realized on larger-scale.
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Appendix A.

For our calculations, we start with a single cylinder (figure 2(a)), which will be later extended to a cylinder
array (figure 2(b)). In the first half-space, the incident wave and later the scattered wave have a wave number
k, and the wave impedance Z,, depending on the material refractive index #;. In our case, #; is the Si
waveguide effective refractive index. In the cylinder with a radius a, we have the refractive index n,, for which
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we assume SiO,, with the corresponding wave number k, and wave impedance Z;:

2m Ho 27 Ho
=0 zi= | - =
D gon? A gon3

with A the free space wavelength.

The incident plane wave is considered to be TE, with the only magnetic field component H, parallel to
the cylinder axis, which is used for all following calculations. In general, the wave has a nonzero angle of
incidence ¢;, which can be related to a waveguide-grating shear angle. The first step is to expand the incident
plane wave in a sum of cylindrical waves (Jacobi—Anger identity), which can be written in matrix form. Here,
[.] represents a column vector with m-elements.

H,= Hoe*jkl(coswiersinw) — Hoe*jklﬁcos(@*@i) — Ho‘IJi(P,w)’
\Ili(pv 50) = (I)]Tpo with (I)] = [ m(klp)eﬁmﬂ]’ bPo= [(_j)meiji]v m=0,£1,%2,..,

The scattered field can be expressed as a sum of Hankel functions of first kind, weighted by unknown
scattering coefficients ay:

U =dl.a; with ®y=[HD (kip)e].

The scattering coefficients are related to the incident wave coefficients by the T-Matrix T [33], which results
from the continuity condition at the cylinder surface. For a TE-wave the T-Matrix is given as:

Zy)m(kia)], (kaa) — Z1Jm(kaa)],, (k1a)

T= [demn], with Tm — — (1) (1) ’
Zz]/ (k 61) (klﬂ) *lem(k2a)Hm (kla)

= Tva

with d,,, the Kronecker’s delta. Now, we extend the solution for a single cylinder to a h-periodic cylinder
array along the y-axis (figure 2(b)), using the Floquet principle. The scattered field is now modified as:

oo

U (x,y) = Z ejklc"w"lh@g’laf) with
I=—00
— g jmepy _ 2 EETAY . o }’;lh
Oy = [Hy, (kip)e™?],  pr= /x4 (y—1h)?, sing = P

The T-Matrix T will be substituted by the aggregate T-matrix T with the following steps:

LZ[ mna mn ZH(I) k lh |:€ ]klcosgo,lh_k(_l)nfmejk] cosap,‘lh:|

T—(I—TL)"'T
: :TPO

The final field outside the cylinder is a superposition of the incident and scattered waves. The corresponding
electric field can be obtained by the well-known Maxwell’s equation:

Uiey)=@fpo+ Y el

I=—00
H=HyU(x,y)e.
- 1
E=-——rot H.
](JJ&'()T’II
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