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On-chip Circular Polarization Splitter Using

Silicon Photonic Nanoantenna Array

Zhongjin Lin, Yuxuan Chen, Leslie Rusch, and Wei Shi*

Department of Electrical and Computer Engineering, Center of Optics, Photonics and Laser
(COPL), Université Laval, Québec, Québec, G1V 0A6, Canada

ABSTRACT: Control and sorting of quantum states of photons through the manipulation of
polarization and spatial modes of light in integrated photonic circuits contributes important
applications in optical communications and quantum-optical systems. We design and demonstrate
a novel structure for a silicon nanoantenna array that can split the circular polarization states, and
couple them to separate single-mode silicon waveguides. Implemented using a CMOS-compatible
photonic fabrication process, the array can be monolithically integrated with other photonic
components for chip-scale optical signal processing. We also show that the polarization sorting
property of the nanoantenna array can be flexibly controlled (by adjusting design parameters at

subwavelength scale) to split any two arbitrary orthogonal polarization states.

KEYWORDS: integrated photonic circuits, nano-optics, optical communication, chip-scale, spin-

orbit interactions

Polarization, corresponding to spin angular momentum, is one of the most important intrinsic
properties of light.12 Specifically, right-handed and left-handed circular polarizations represent
the two spin states of photons. Manipulating and measuring the spin of photons has application in
many fields, such as remote sensing,® optical communications,* and quantum computing systems®.
While polarizers and waveplates are traditionally used to produce and analyze polarized light,
recently, nano-optic structures, such as plasmonic structures and dielectric metasurfaces, have
been proposed to monitor and manipulate polarization states through spin-orbit interactions at sub-
wavelength scale. > 57 However, these devices usually stand alone without coupling into integrated

photonic circuits. During the last decade, silicon photonics has quickly emerged to enable large-
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scale photonic integration using CMOS-compatible semiconductor processes.® Linear
polarization diversity has been examined for optical interconnects.*®*2 It has also been shown that
circularly polarized light can be generated by combining a linear-polarization grating coupler and
an interferometer circuit.!®> However, there has been little investigation on direct detection of
circular polarizations in silicon photonics.

In this letter, we present an integrated circular-polarization splitter using a silicon nanoantenna
array on the standard 220 nm silicon-on-insulator (SOI) platform. A fishbone pattern is adopted in
our design. Metallic fishbone nanoantennas have been used for polarization-controlled directional
coupling**!8 and beam steering'®. Here, we demonstrate, for the first time, a 2D silicon fishbone
nanoantenna array (Si-FBNA) that not only resolves the circular polarization state, but also couples
those orthogonal polarization states directly into separate single-mode waveguides integrated on
the same chip. Integration into the silicon photonic integrated circuits (PICs) is a great advantage,
allowing the Si-FBNA to work together with many other silicon photonic components, such as
high-speed modulators,?® optical filters,?! interferometers,?23 etc., to produce more advanced
chip-scale information processing in the optical domain.

The schematic of the proposed 2D Si-FBNA system is shown in Fig. 1(a). Two single-mode
waveguides are located to either side of the Si-FBNA. The desired directional coupling is in the
longitudinal direction, defined as the x-axis; the lateral direction of the waveguides on the chip
plane is defined as the y-axis. As shown in Fig. 1(b), the Si-FBNA consists of a number of sub-
wavelength silicon scattering elements buried in SiO., each being 200 nm in width (w) and 450 nm
in length (L). Each column is arranged in a fishbone pattern with 408 nm spacing (S) between
adjacent elements orientated in orthogonal directions. The spacing is chosen so that 2S is equal to
320/(2nesr, y), Where Ao is the wavelength of incident light in the vacuum and nesr,y is the effective
index in the y-direction; this choice suppresses optical coupling in the undesired direction (y in this
case). The period of columns, A, is an optimization parameter for the control of the polarization
sorting property and will be discussed in detail later. Linear tapers are used to couple the light from
the nanoantenna array to the single-mode waveguides (220 nm in height and 500 nm in width)
with a gap (g) of 200 nm in-between.
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Figure 1. (a) Schematic of the proposed silicon fishbone nanoantenna array system with light

coupling vertically and sorted polarizations exiting to waveguides to west and east; (b) vertical

view of the array and the key physical parameters.

The principle of the proposed Si-FBNA is given as follows using a simple formalism based on

the Jones vector. Assuming polarized light with an electric field E is incident normal to the
surface of the chip, the components of the incident field projected on x’-axis and y’-axis having an

angle of 45° and 135° with respect to the x-axis, respectively (see the coordinate frames in

Fig. 1(b)), can be described as
E. coS«
=A : 1
[Ey.j (sina'e"sj @)

The amplitude of the incident E-field is given by a constant A. We can describe all the polarization
states via (1) in a polar coordinate system with o (0 < a < 2xn) and ¢ (0 < ¢ < =) as the angular and
radial coordinates, respectively; i.e., (a, d) corresponds to a specific polarization state. For example,
(n/4, w/2) represents left-handed circular polarization (LHCP), while (3n/4, n/2) indicates right-
handed circular polarization (RHCP). Two polarizations (a1, 01) and (a2, d2) are orthogonal if they
satisfy

*

.
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where T denotes transpose and an asterisk denotes complex conjugate. Orthogonality requireso; =
02 and a1 - a2 = (M+1/2) = where m is an integer.

The optical wave propagating to the west (Ew) waveguide and the east (Eg) waveguide in Fig. 1

iSp
Ey oo A Ql C,e -COSaH @)
E. Ce®” C, J\sina-e®

where C; and C; are the coupling coefficients of the nanoantenna array, g is the x-directional

can be obtained by

propagation constant within the nanoantenna array related to the x-directional effective index net, x
by,
27N o

= 4
P % (4)

where Ao is the wavelength of incident light in the vacuum. Although the nanoantenna array has

translational symmetry, it does not have mirror symmetry. Thus, C; is not necessarily equal to C;
(a detailed discussion is given in Support Information Il). Here, we set C = C1 = xC>, where the «
parameterizes the asymmetry of the directional coupling. Then the field intensities Ie and Iw can

be written as
I, < |A-C|2 [(cos2 a + x?°sin® a)+ K-Sin2ca-cos(5 + S -,8)] 5)
I, «|A-C[ |:(K2 cos® o +5in’° &) + k-5in 2a -COS(5 — S -,B)] (6)
From this, power difference between Iw and Ig is proportional to
(1, - |E)OC|A-C|2|:(1—K‘2)C0520{—2K~Sin 20t-sin 5 -sin (S ﬂ)] (7)

which can be rewritten as

(1y = Ig)oc|A-C[ -B-sin[2(a+9)] (8)

where,

B:\/(1—/c2)2+[2K~sin5~sin(8~ﬁ)]2 (9)
—2K-sing-sin(S - B)

(10)
\/(1—/c2)2 +[ 2x-sins-sin(S -ﬂ)]z

CoS2¢ =
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Notably, (lw - Ie) shows a sinusoidal variation, with period =, as a function of the angle a. Its
axis of symmetry is at a= nn/4 - ¢ (where n is an integer). Per Eq. (7), x and S are the keys to
determining the polarization sorting properties of the nanoantenna array.

Full-wave finite difference time domain (FDTD) simulations are performed to study the
influence of the fishbone column period, A, on the parameters « and . For these simulations, the
relative phase ¢ is 90°, center wavelength Ao is 1550 nm, and input power is 1 mW. The simulated
(Iw - Ig) at different A and a is shown in Fig. 2(a). For fixed o, as « is swept, the total polarization
changes. Above the graph in Fig. 2(a), we see a sketch of polarization states for a values at the
vertical dashed lines; double ended lines represent linear polarizations. The circles represent
circular polarization. The arrows indicate the direction of polarization. The color bar is used to
indicate whether the output power is directed entirely to the east output port (deep blue), or the
west output port (deep red), or some mix. We can observe that the polarization sorting properties
of the nanoantenna array vary with A. In all cases, (Iw - lIg) shows a sinusoidal variation as a
function of the angle o with a period of &, as predicted by Eq. (8). The conversion efficiency,
defined as the ratio of the total power coupled into the two waveguides to the input power, is about
1%; near 98% of the input optical power penetrates through the structure. Many applications
require a higher conversion efficiency that can be achieved by matching the antenna-array mode
profile with the input beam and by engineering the wafer (e.g., adding a backside metal mirror?4).
The array distribution and its footprint may also be optimized through an inverse design'? 2.

When o = 0 (linearly polarized in x’), x can be calculated by Eq. (5) and (6) as a function of A;
see Fig. 2(b). From that figure, we observe that for this simulation, x varies between 0.7 and 2.3
as A varies from 1 um to 2 um. Using x found in Fig. 2(b) and (lw - Ie) shown in Fig. 2(a), the
term sin(S:p) in Eq. (5) and (6) can be calculated by

K'( IW - IE )5:90°,a:45°

_2( I E )6:90°,a=0°

The curve in Fig. 2(c) describes the relationship between sin(S-£) and A.

sin(S- )= (11)

According to the values of x and sin(S-f), which are determined by the design parameters and
the operating wavelength, the polarization sorting properties of the nanoantenna array can be
grouped into three situations. The first one is x = 1, which occurs for A = 1.54 um. The second one
is k # 1 and sin(S-f) = 0, which occurs for A = 2 um. The last one is a more general situation when

x #1 and sin(S:f) # 0 and several values of A could hold. To observe nanoantenna behavior in
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these situations, we run a new series of simulations, allowing o and ¢ to vary, and examining three
values of A: 1.54 um, 2 um, and 1 um.

Consider LHCP with a = n/4, 6 = w/2. For the first case with x« = 1, in Fig. 3(a) this point is deep
blue, indicating all light is directed to the east output port. Similarly, RHCP light is deep red,
indicating all light is directed to the west output port. The Si-FBNA can identify whether the
incident light is left-handed (LH) or right-handed (RH).

(a)
2.0
[ ' ' ' ' [ ' 8
- [ ' ' ' ' [ ' I
[ ' ' ' ' ' '
1.8 - (] (] ' 0 ' (] (]
g : : : : : : :
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Figure 2. For relative phase 6 = 90° and input power 1 mW: (a) (lw - Ig) at swept periods A and
projection angles a; (b) x vs. A; and (c) sin(S-p) vs. A.
For the second situation with x # 1 and sin(S:5) = 0, (lw - Ig) is determined by (1 - ¥%)-cos2a and
is invariant in the relative phase J between Eyx and Ey. Therefore, this specific design can be used

to estimate the a parameter of the polarized light. The simulated results are shown in Fig. 3(b).
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When « falls in the range from n/4 + nz to 3n/4 + nzt (where n is an integer), (Iw - Ig) is positive.
For other angles, (lw - Ig) is negative.

For the last situation with x # 1 and sin(S:f) # 0, the period A =1 um is taken as an example. In
this case, x = 0.702 and sin(S-p) = 0.435. Figure 3(c) shows the simulated results. As shown in
Eq. (7), (Iw - lg) is determined by two terms: (1 - x)-cos2a, and 2x-sin2a-sind-singd. Compared to
the first case (x = 1), the axis of symmetry is rotated to near « = 70° instead of 45°. This means
that the choice of x and sin(S:f) allows us to target separation of any two orthogonal polarizations.

1 (b)

135

Figure 3. (lw - Ig) as a function of the polarization state (a, 6) for (a) A = 1.54 um, (b) A =2 um
and (c) A =1 um; and, for A =1 um, the field intensity distributions when inputting: (d) LHCP,
(e) linear vertical, (f) RHCP and (g) linear horizontal polarization; lower insets in (d)-(g) on the
far left and far right show transverse electric-field intensity distributions of the coupled optical
waves propagating in the west (far left) and east (far right) waveguides, and upper right insets

sketch the polarization state.

Continuing with the case of A =1 um, Fig. 3(d)-(g) give the electric field intensity distribution
over the plane of the nanoantenna for various incident polarizations. The west output port is found
to the far left, and the east output port to the far right; transverse intensities at these ports are shown

as lower insets. A sketch of the incident polarization is given in the upper inset of each subplot:
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LHCP, linear vertical, RHCP and linear horizontal polarization, for Fig. 3(d)-(g), respectively. We
can clearly observe that the optical waves propagating in the west and east waveguides are different
under the various incident polarizations. They show good agreement with the predictions of Eq. (7).
For example, for LHCP, shown in Fig. 3(d), the intensity of the optical field coupled into the west
waveguide is clearly much weaker than that coupled into the east waveguide, as seen in transverse
fields and in the planar display. LHCP is well coupled to the fundamental TE mode of the east
waveguide with little crosstalk in the other waveguide. This unidirectional coupling of circular
polarization establishes the capacity of the Si-FBNA to split the circularly polarized light.

The devices with A = 1.54 um and A =1 um were fabricated using electron-beam lithography.
As discussed above, the design A =1.54 um sorts right and left circular polarizations, while
A =1 um was chosen to demonstrate the Eq. (7). We employ fiber grating couplers?® to couple
light into and out of the silicon photonic chip. All the components, including the Si-FBNA,
waveguides and grating couplers, were made of a 220 nm-thick SOI wafer with a 2 um buried
oxide and a 2 um oxide cladding. Figure 4 shows the scanning electron microscope (SEM) image
of the fabricated Si-FBNA devices. Figure 4(a) shows the structure of the Si-FBNA device,
including the output waveguides. Figures 4(b) and (c) show the details of the Si-FBNAs, with
A =1pumand A =1.54 um, respectively. The devices were characterized using light from a laser
(4o = 1550 nm) irradiating the antenna array at normal incidence. The polarization of the light
incident to the antenna array was adjusted with a series of polarizers, quarter-wave plates and half-
wave plates (details are given in Supplementary 1V). The outputs from the waveguides were
coupled out of the chip using 1D grating couplers, which were then collected and detected using
an optical fiber array coupled to a photo-detector (EXFO Optical Test System 1Q 203). The
conversion efficiency depends on the input polarziation state and was measured to be 1.1% at its
maximum, showing a good agreement with the simulation. Details for the measurement of
conversion efficiency with the calibration of the output grating couplers and the input beam profile

are presented in section V of Supplementary.
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Figure 4. The SEM images: (a) silicon fishbone nanoantenna array with the output waveguides;

(b), (c) zoom-in for A =1 um and A = 1.54 um, respectively.

Figures 5(a) and (b) show the measured (lw - Ig) under linear polarization (6 = 0°) and elliptic
polarization inputs (6 = 90°), respectively. Their corresponding simulated results are also shown.
The results of (Iw - Ie) have been normalized to their respective maximum achieved at 6 = 90° (Eq.

12 shown in following) to best illustrate their different responses to various polarization states.

(ly = 1¢) ; [(l—KZ)COSZOt—ZK-Sin 2a-sind-sin(S ,B)] |
max (1, ~1¢) \/(1—K2)2+[2K~Sin(3'ﬂ):|2

As expected, (lw - Ig) always undergoes a sinusoidal variation with the projection angle « for the

(12)

same relative phase 6. We can observe that the measured results agree well with simulations. In
the case of A =1 pum (blue solid line shown in Fig. 5), the main difference in (lw - Ig) between the
0 =0°and ¢ =90° is the initial phase of the sinusoidal function. In the case of A =1.54 um and
0 =90° (red solid line shown in Fig. 5(b)), the maximum and minimum (lw - lg) are at the RHCP
and LHCP, respectively. This confirms its capacity to split the circular polarization states. Note
that since the conversion efficiency is in general polarization dependent, unlike the direct
differential output, (Iw - Ie)/(Iw + 1) does not always show a sinusoidal behavior (as shown in Fig.

S7 of Supplementary).
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Figure 5. Measured and simulated results of normalized (Iw - Ig) as a function of the projection
angle a for A =1 umand A = 1.54 um when (a) 6 = 0° and (b) 6 = 90°. (Blue solid line and orange
dashed line are the experiment and simulation results, respectively for the structure of A =1 um;
red solid line and green dashed line are the experiment and simulation results, respectively for the
structure of A = 1.54 um.) The pink sketches above the graphs represent the polarization state for

the o for the vertical lines.

In summary, a novel structure of nanoantenna array, namely a Si-FBNA, has been proposed
and experimentally demonstrated on a standard silicon photonics platform. We have shown that
this structure can split the circular polarization states and couple them directly to separate single-
mode silicon waveguides. The polarization sorting property of such a nanoantenna array can be
designed to split any arbitrary pair of orthogonal polarization states. The integration of the
proposed device in silicon PICs is a great advantage over previously proposed devices, as it can
be combined with other photonic components on the same platform for chip-scale optical signal
processing. This makes it attractive for a number of applications requiring manipulation of
polarization states of photons, such as quantum key distribution?’, in-line polarimeter?, and
polarization shift keying for high-capacity optical communications?. In particular, the capacity to
split circular polarizations can be used for on-chip detection or (de-)multiplexing of orbital angular
momentum modes carried by circularly polarized light in optical fibers.*
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