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On chip chirality-distinguishing beamsplitter
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Abstract: The chirality of photons plays a fundamental role in light-matter interactions.
However, a limiting factor in photonic integrated circuits is the lack of a miniaturized
component, which can distinguish the chirality in a low cost and integrated manner. Herein we
numerically demonstrate a chirality-distinguishing beamsplitter that can address this challenge.
It consists of an integrated polarization rotator and a linear polarization beamsplitter, which
together can fulfill the task of distinguishing and splitting left- and right-handed
quasi-circularly polarized modes on a chip with an ultra-broadband operation range from 1.45
um to 1.65 pm. Owning to the reciprocity, the device can emit photons with selectable spin
angular momentum depending on the chosen feeding waveguide. The device is compatible
with complementary metal-oxide semiconductor technology and it may open up new avenues
in the fields of on-chip nano-photonics, bio-photonics and quantum information science.
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OCIS codes: (130.3120) Integrated optics devices; (230.1360) Beam splitters; (230.7370) Waveguides; (350.5030)
Phase; (260.1440) Birefringence; (260.5430) Polarization.
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1. Introduction

It was demonstrated more than 80 years ago that the circularly polarized light (CPL) is
associated with spin angular momentum (SAM), with each photon carrying + h, depending on
the chirality of circular polarization [1]. Recently, the spin of photons has been gathering
widely interest in the field of chiral nanophotonics, where the handedness of photons has
significant influences on the outcomes, for example, photonic spin Hall effect (PSHE) [2—4],
spin optical communication [5], spin orbital interactions [6], chiral imaging [7], all-optical
magnetic recording [8], optical storage [9], and dynamic valley polarization controlling [10] to
name just a few. Although to distinguish the chirality of photons holds the key to the
applications and effects mentioned above, it is particularly challenging due to the low circular
birefringence for naturally available materials [11]. Meanwhile, with the trend towards
designing compact footprint photonic integrated circuits (PICs), the CPL mode with an
ultra-high resolution have great potentials in some realistic applications [12], so the need to
distinguish and separate left- or right-handed circularly polarized (LCP or RCP) light on a chip
becomes increasingly desired in both science and engineering.

In recent years, several methods and platforms were used for distinguishing the chirality of
photons, such as metamaterials [11, 13], metasurfaces [7, 14—18], photonic spin Hall effect
[2—4], chiral photon detector [19,20], circular dichroism (CD) spectrum [21-23], and photonic
integrated circuits (PICs) based on nanophotonic waveguide structures [24-28]. However, all
demonstrations above have been restricted to light in free space, which is a major limitation for
many potential applications in integrated optics. To date, despite investigations of various
extraordinary SAM in the evanescent field of nanophotonic waveguide structures [24, 29], little
attention has been paid to separate photons of different chirality in a nanophotonic waveguide
system. Thus, it remains an ongoing challenge.

Hybrid plasmonic waveguides [30] are fundamentally important building blocks for PICs
due to their extraordinary characteristics, such as considerable birefringence effect,
subwavelength confinement with low loss transmission and polarization control, which have
been validly investigated in many integrated optical systems [30—34]. Thus, by steering
birefringence effect and polarization rotation effect of hybrid plasmonic waveguides it provides
a great potential for on chip PICs to distinguish photons with opposite SAM.

In this work, we present an integrated chirality-distinguishing beamsplitter (CDBS) that can
address the challenge of distinguishing RCP and LCP photons. The underlying physical
mechanism is based on the combination of polarization rotation and polarization splitting. In
contrast with the sophisticated 3D chiral metamaterial, our proposed device only consists of a
hybrid plasmonic polarization rotator (HP-PR) and a linear polarization beamsplitter (PBS).
This integrateable CDBS, to our knowledge, is the first time to be reported. The device, if
further integrated with two waveguide detectors at the output ports, will be able to make a
fully-integrated chiral photon detector and may open up new avenues for optical manipulation,
sensing and quantum information computing on a chip. The rest of this paper are organized as
follows. In section 2, the overall concept for designing the device is presented. In sections 3 and
4, the HP-PR and linear PBS structures are detailedly demonstrated respectively. Then, the
performances of the CDBS are illustrated in section 5. Finally, the conclusions are given in
section 6.

2. The overall concept and the simulation settings

For a circularly polarized light with an arbitrary handedness, a left-handed polarized beam or a
right-handed polarized one, it is very difficult to distinguish its handedness via a simple linear
waveguide because the electric vector of the beam is always spinning continuously. However,
the circularly polarized light can be treated as a combination of two orthogonal linear polarized
components (parallel and perpendicular to the fast axis) with the same amplitude and a + w/2
phase difference depending on the handedness. When a CPL beam travels through a
quarter-wave plate (QWP), there will be another ©/2 phase difference accumulation. Thus,
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when the two opposite handedness quasi-CPL beams travel through the QWP structure
successively, at the output port of the QWP, the phase difference between the two orthogonal
linear components will become to be respectively m and 0 depending on its handedness, which
leads to the two synthesized beams at the output port are linearly polarized and mutually
orthogonal. Then, via a linear polarization beamsplitter, the two orthogonal synthesized linear
beams can be split into different channels. That gives a chance to distinguish the handedness of

CPL.

/f ™\
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Fig. 1. 3D schematics (not to scale) of the proposed CDBS and the coordinate system used. A
quasi-RCP mode (the electric vector spinning clockwise from the point view of the source)
launched at the input port-A is transformed into a horizontal mode (quasi-TE) and output from
the left output port-B. Correspondingly, a quasi-LCP mode launched at port-A is converted into
a vertical mode (quasi-TM) and output from the other output port-C. The inserted figure
describes the top view, cross-sectional view and the parameter details, and the black circles
denote the centers of these corresponding structures. The proposed device is surrounded by
silica (Si0,), which is not shown for simplicity.

Based on the above consideration, we proposed a new integrated CDBS device of which
basic structure and schematic diagram are shown in Fig. 1. The device is composed of two
sections, a HP-PR (actually a QWP) and a linear PBS. The whole structures are surrounded by
silica (Si02), which is not shown for simplicity.

In addition, we utilized the finite-different time-domain method (FDTD solutions, a
commercial software from lumerical Inc) to validate and optimize these ideas. The simulation
domain was divided into congruent cubes one another in all directions, and the mesh spacing in
the transverse (x and y directions) and longitudinal (z direction) are all 0.0/ um. In addition, the
effective mode indices of different structure sections are calculated using mode solver
simulations (FDTD Solutions mode source). Also, the mesh spacing employed for transverse is
0.01 um. The boundary conditions in all the simulations process are chosen to be perfectly
matching layer (PML). The working wavelength is set to be A = 1.55 pm, and the refractive
indices of silver (4g), silicon (57), and silica employed in this work are [n 4, 7 g, 1 si02] =
[0.5397 + 10.8229i, 3.4764 + 0i, 1.4440 + 0i].

3. The integrated polarization rotator

In this section, we choose a hybrid plasmonic structure as a polarization rotator to realize the
polarization rotation function. Comparing with the all-dielectric structure, the hybrid plasmonic
one can effectively downsize the footprint of device due to its high birefringence [34]. For the
HP-PR, it contains a nanophotonic core with the same width (w,) and height (%) for transmitting
the quasi-CPL modes, and on the right top of it, there is an L-shaped Ag structure with length
(L;) and thickness (#). As an important parameter of the hybrid plasmonic waveguide, a SiO;
spacer [thickness (s)] is needed between Si core and L-shaped Ag structure (Fig. 1).
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Fig. 2. (a) The schematic of the modes conversion: from port D to E, quasi-CPL modes are
converted into quasi linearly polarized light (quasi-LPL) modes correspondingly (a 6r mode to a
quasi-TE mode and a 6. mode to a quasi-TM mode). On the contrary, from E to D, quasi linearly
polarized light (quasi-LPL) modes are converted into quasi-CPL modes due to the reciprocity.
The insert picture shows the eigenmodes of the hybrid structure. These white arrow lines
represent the polarization states of beams. (b) and (¢) The theoretical and FDTD simulated
results (power and relative phase) of the 6r or 6. mode transmitting in the hybrid plasmonic
HP-PR (QWP) structure, respectively.

In a nanophotonic system, a quasi-CPL mode can be excited by coupling a circularly
polarized light into a square cross-sectional nanophotonic waveguide. Similar to the CPL in
free space, a quasi-CPL mode can be decomposed into two equal-amplitude orthogonally
polarized components (quasi-TE and -TM modes) with a relative phase of Agy =+ "/2 between
them depending on the handedness. In our case, the quasi-TE and -TM modes are defined as
Eqp = exp(-iwt + inkyx)erg and Eqy = exp(-icwt + inkgx + A@y)eqy respectively (erg/my are the
unit vectors of the quasi-TE and -TM modes). We use the descriptions of 6, = 1ag¢,,7/2> for a

quasi-LCP mode and 6 = Iag¢,,-7 /2> for a quasi-RCP one. The word “quasi-” means that in

this non-paraxial case, the fundamental 0t/ order eigenmodes (quasi-TE and -TM modes) in the
nanophotonic waveguides are not purely transverse and inevitably have some longitudinal
electric field component (E,) [35].
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In fact, due to the symmetry of the hybrid QWP structure, the eigenmodes in HP-PR are
shown in the middle of Fig. 2(a), their polarization angles are ¢ = + "/4, where ¢ is the angle
down from the positive x-axis. For A = 1.55um, the effective indices of corresponding
eigenmodes can be solved respectively as ny, = 2.4375 + 0.002265i and n_4 = 2.3075 +
0.001497i, by utilizing the eigenmode solver in FDTD solutions.

When the quasi-CPL modes propagate in the hybrid plasmonic QWP, the 6y and 6 modes
undergo different polarization conversion processes. The or mode will be converted into a
quasi-TE mode while the 6, mode will be transformed into a quasi-TM one. These results are
illustrated in Fig. 2(a).

By solving the coupled mode equations [36, 37], the power evolution of quasi-TE/-TM
modes in the hybrid plasmonic HP-PR, Pz and Pz, can be described as

2

A
Py = -isin(l(z+ 2¢°) ® exp(—27k,z)
! , ()
P = Ag, _
Y = |COS Kz+7 o exp(—2nk,z)

where k = "/(2L,) is the propagation constant, L. the coupling length, a¢, the initial relative
phase between quasi-TM mode and quasi-TE mode as mentioned before [in our case, for a 6,
mode input, ag, ="/2; for a og one, ag, = "/2], The term exp(7k,z) denotes the propagation
loss, n = [Im(nyy,) + Im(n.,)]/72, ky = 2"/ the wave number in free space. The -i item
indicates that there is an intrinsic '7/2 phase lag between the two orthogonal modes (quasi-TE
and quasi-TM modes).

To illustrate the polarization rotation effect clearly, we need to calculate the coupling length
(L.), which is a crucial physical parameter described by

T
L = ,
[Re(n, ) -Re(n_,  )]K,

2

Re(n,,,) and Re(n_,,,) are the real part of the effective refractive index of the corresponding

eigenmodes. From Eq. (2), one can get the coupling length of L, = 5.96 wm, which is the length
of a half-wave plate [38]. In our case, the HP-PR actually is a QWP structure, so the length of
hybrid waveguides should be precisely L, = L./2 = 2.98 um, which is a good agreement with the
FDTD simulation result of 2.90 pm. The dependence of energy (power) of quasi-TE and -TM
modes on the length of the HP-PR structure for g and 6. modes are shown, respectively in
Figs. 2(b) and 2(c). When the length of HP-PR is set to be 2.90 um, at the output port-E, the ox
mode is converted into a quasi-TE mode completely [Fig. 2(b)] and the 61 mode is transformed
into a quasi-TM mode entirely [Fig. 2(c)]. These results give us a chance to split the two
orthogonal modes using a linear beamsplitter, which will be discussed in the following section.

For the phase evolution process, we describe the relative phase of quasi-TM and -TE
components of the incident 61 and oz modes, respectively, in Figs. 2(b) and 2(c). The relative
phase between two orthogonal linearly polarized modes is defined as

A¢(Z):¢TM (Z)_¢TE(Z)’ 3)

where @r)(z) and @rr (z) denote the phases of quasi-TM mode and quasi-TE mode, respectively.

In particular, there is an abrupt @ phase jump as the energy of one mode is fully coupled to
the other. This is because there are two times of /2 accumulations when the energy of any
dominant linear component is coupled totally from one mode to the other [35]. Meanwhile, one
should note that since the e-exponential function is a periodic function with a period of 2x, there
is essentially no difference between the relative phase jumps of m or -m in Figs. 2(b) and 2(c). At
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the points where a quasi-TE mode totally converts into a quasi-TM mode, or vice versa, the
n-phase shift occurs. Although there are a few differences of the relative phase between the
theoretical and the simulated values near the w phase shift points, the power of the quasi-TE (or
quasi-TM) mode is much stronger than the other (~0), so that the relative phase mismatch will
not significant impact on the results.

4. The linear polarization beamsplitter

The hybrid plasamonic waveguides usually exhibit significant birefringence effect [30], so that
one can use the structure to design a linearly PBS for splitting two orthogonal linear polarized
light (LPL) beams.

4 ™\
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Fig. 3. The dependence of effective index on the width of two waveguides of the PBS structure.
The height (%) of each waveguide is 0.34 um. nyp tv and nyp 1 denote the real parts of effective
indices for the quasi-TE and -TM mode of the hybrid plasmonic waveguide (HP-WG).
Similarly, ngi rv and ng; ¢ are the real parts of the effective indices of the silicon waveguide
(Si-WG) corresponding modes.

Figure 3 shows the dependence of effective indices on the width of the waveguides for
quasi-TE and -TM modes, assuming the heights of the two waveguides are equal, 2 = 0.34 um.
When the widths (w, and w;) of two waveguides are respectively set to be 0.34 um and 0.28 um,
the effective indices of quasi-TM mode of two waveguides are equal to be 2.33. However, the
effective indices of the quasi-TE modes of two waveguides are significantly different, being
2.33 for silicon waveguide (Si-WQG) and .94 for hybrid plasmonic waveguide (HP-WGQG),
respectively. Thus, the energy of the quasi-TM mode can be fully coupled between the two
WGs of the coupler with a 100% efficiency due to the resonant coupling. Nevertheless, the
large difference of effective refractive indices (An = 0.39) for two TE guided modes ensure the
quasi-TE mode transmitting mainly in the left Si waveguide, due to the non-resonant coupling.

For a two-waveguide coupler structure with large birefringence effect in both horizontal
and vertical directions. The coupling lengths of these modes are different. Utilizing supermode
theory, the coupling length of the quasi-TE or -TM mode can be written as

/4
L. oms = . @)
e [Re(”TE/TMJm )’ Re (”TE/TMJM )] k,
Figure 4(a) shows the theoretical prediction of the coupling lengths (L¢ tm and L 1g) and
coupling length ratio (Lc tw/Lc 18) of two orthogonal quasi-TE and -TM modes versus the
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different gaps of the coupler. When the gap between two coupled waveguides is set to be g; =
0.125 pm, using the mode solver of the FDTD solutions, the real part of the even and odd
modes’ effective indices of quasi-TM and quasi-TE modes can be obtained as [Re(nrm/te_even)s
Re(nrwte oda)] = [2.4366, 2.3673, 2.2331, 1.9614]. By solving Eq. (4), one can get the L¢ 7
(3.81 pwm) is precisely as twice as the L¢ 7z (1.91 um), so the value of coupling length ratio is 0.5
[Fig. 4(a)]. Correspondingly, Fig. 4(b) shows the structure configuration of the coupler and the
simulation results of the coupling process. From the field distributions of quasi-TE and -TM
modes, the coupling region length (L,) of quasi-TM mode is (4.27-0.50) um = 3.77 um,which is
in a good agreement of the theoretical value of 3.81um. Thus, when the length of the coupling
region is selected to be 3.77 um, the energy of quasi-TE mode can totally couples back to the
left Si-WG, while the energy of the quasi-TM mode is just fully coupled to the right HP-WG
due to the phase matching condition [39, 40]. At the end of the coupler, two S-band structures
(L3 = 6um, g, = g1 + lum = 1.125um) are used to separate the energies of two orthogonal
quasi-LPL modes into different channels (Fig. 1).
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Fig. 4. (a) The theoretical coupling lengths of the quaisi-TE and -TM modes and the coupling
length ratio between them. The coupling length ratio equals to 0.5 which means the coupling
length of quasi-TM mode is as twice as the one of quasi-TE mode (L. tv = 2L, ¢ = 3.8/um). (b)
The structure configuration of the coupler and the simulated field distributions (|E| and |E,|) of
quaisi-TM and -TE modes. The red dotted lines represent that the coupling length of quasi-TM
mode is two times as the one of quasi-TE mode (L. tm = 2L, 1& = 3.77um), which is in good
agreement with the theoretical value.

Because we utilize the S-band structure to decouple two linear orthogonal modes, the
structure will inevitably bring some unwanted coupling. Thus, we need to optimize the
coupling region length to achieve the best performance. The length of optimized coupling
region is represented by L, which is shown in Fig. 1. In order to evaluate the performance of
the CDBS, firstly, we need to define the Chirality Ratio (CR) of the CDBS by

CR:IOlg(TL_TE/TR_TM)’ ®)

where 71, g and Tx 1y are the transmittances of the left and right output ports, individually. It
should be noted that, if the value of CR is positive, the input light is a RCP mode. Conversely, if
the CR is a negative one, the input light is a LCP mode.
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Fig. 5. (a) The transmittances of or and 6, modes vary with the coupling region length (L,). L, =
2.3um is the optimum length of coupling region (Fig. 1). Ty 1z and Tx rv are the normalized
transmittance on the left or right branch of the CDBS. (b) The corresponding field distributions
[Re(Ey) and Re(E,)] for or and 6. modes input respectively. The o is converted into a quasi-TE
mode (E,) which propagates in the left Si-WG and outputs from port-B. In contrast, the o is
transformed into a quasi-TM mode (E,) which is coupled into the right HP-WG and outputs from
port-C.

Figure 5(a) shows our simulation results. When the coupling region length (L,) is chosen to
be 2.3 um, the optimum performance is available. From Eq. (5), one can get the CR for oy input
is 22.54 dB and the one for o input is -/7.84 dB. The corresponding real parts of electric field
distributions (Ex and E,) are shown in Fig. 5(b). For a o, mode input, the light beam is
converted into a quasi-TE (E,) mode and output from the port-B. In contrast, for a 6x mode
input, the light beam is transformed into a quasi-TM (E,) mode and coupled from the Si-WG
into the HP-WG and output from the output port-C. Thus, by comparing the energies of the left
and right branches of the CDBS, one can easily know the handedness of the incident quasi-CPL
mode. Moreover, the device can split the energies of two orthogonal quasi-CPL modes, which
may bring some useful potential for quantum information science and biosensing.

From the above design and discussion, the recommended dimensions of the HP-PR are as
follows: The width (w,) and height (/) of the silicon core are equal: w, = h = 0.34 um. The
length (L;) and the thickness (¢) of the L-shaped Ag structure on the right top of the Si core are
L; =29 um and t = 0.1 um, respectively. Meanwhile, the thickness of the SiO, spacer (s)
between Si core and L-shaped Ag structure is s = 0.06 um. For the hybrid plasmonic PBS (a
directional coupler), the width (w,) and height (%) of the left Si-WG are equal: w,=h = 0.34 um.
The right HP-WG has a large birefringence effect on the horizontal (x) and vertical (y)
directions, and the width (w;) and height (%) of the silicon core are 0.28 and 0.34 um,
respectively. Similarly, the parameters of L-shaped Ag strip on top of silicon core are the same
as the corresponding ones of HP-PR (¢ = 0.1 um, s = 0.06 um). The gap (g;) between two
coupled waveguides is g; = 0.125 um and the length of the coupling region is L, = 2.3 um. At
the end of the coupler, two S-band waveguides are used to decouple two orthogonal linear
modes (quasi-TE and -TM) into different channels, whose length and width (gap) are L; = 6 um
and g, = 1.125 um, respectively. The footprint of the device is less than /3 um «2.4 um and these
proposed structures are surrounded by SiO,, which is not shown for simplicity [Fig. 1].
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5. The performances of the CDBS

To test the operation bandwidth of the proposed device, which is one of the fundamental and
important properties in practical applications, we performed a wavelength scan from /.45 um to
1.65 um. The numerical results are shown in Fig. 6. These results suggest that the device has a
broadband characteristic which can distinguish the chirality of photons in the wavelength range
from 1.45 um to 1.65 um for |CR[>3 dB.

Owing to the reciprocity, within the same bandwidth, the CDBS can also be used for an
SAM-photon emitter, which has the ability to emit photons with selectable SAM. Specifically,
in Fig. 1, at port-A, the emitter can emit LCP photons (from the point view of the source) by
feeding the Si-WG port-B with a TE mode, and emit RCP photons by launching a TM mode on
the HP-WG port-C. One should be noted that this SAM-photon emitter is only an additional
functionality of the CDBS and these functionalities of the device may bring some potential for
optical communication and molecular detection where the spin-dependent is required.
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Fig. 6. The transmittance spectrums of 6 and o, input modes, which denotes that the proposed
CDBS has a broadband operation capability from 1.45um to 1.65um for [CR|>3dB.

6. Conclusion

In this work, we proposed and numerically demonstrated a novel simple and low-cost
nanophotonic device named chirality-distinguishing beamsplitter (CDBS), which has the
ability to distinguish and split photons with different chirality on a single photonic chip. Unlike
the previous concepts of distinction photons in free-space, our CDBS can distinguish and
separate photons with opposite SAM in an integrated chip. Moreover, with the reciprocity, the
device can emit opposite handedness of SAM photons, which provides some potential for some
applications in which spin-dependent light-matter interactions are involved. Besides, the
concept of this work may have influence on spin-optics and may open up a door for some
aspects of spin optical communication, chiral molecular detection, on-chip optical
interconnection and quantum information processing where photons with opposite SAM are
key components and have to be distinguish or generated on an integrated photonic chip.
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