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Abstract

A polarization beam splitter (PBS) based on the plasmonic subwavelength grating (PSWG) is proposed and investigated. The
PBS is composed by a directional coupler with a PSWG as the coupling region, which offers additional freedom for index
tailoring. The mode properties are strongly modified by the unique structure of the PSWG resulting in selective coupling with the
two polarization states in the neighbor waveguides. The calculations show that the insertion loss of PBS is less than 1 dB, and the
extinction ratios of transverse electric and transverse magnetic polarizations are as high as 27 dB and 30 dB respectively with
nearly 4-um coupling region length. In addition, the fabrication tolerance of the device is investigated in detail.
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Introduction

Polarization beam splitter (PBS), which separates two orthog-
onally polarized light beams, is an significant component for
photonic integrated circuits (PICs). PBS owning the properties
of compact size, high extinction ratio (ER), and low insertion
loss (IL) is suitable for developing a new generation PICs [1].
Waveguide-type PBSs are designed in various ways, such as
photonic crystal (PhC) [2], directional couplers (DCs) [3, 4],
multimode interference (MMI) [5], and grating [6—8]. Among
these structures, the DC takes the advantages of easy fabrica-
tion and flexible design.

With the rapid development of nanomanufacturing tech-
nology, subwavelength gratings (SWGs) have gathered signif-
icant attention as a promising replacement of traditional di-
electric waveguides. The wavelength of light propagating
through the SWG is typically much larger than its pitch [9].
Benefiting from its unique properties, e.g., effective diffrac-
tion suppression, index-engineering, and homogenous behav-
ior [10], SWGs have been successfully applied to many de-
vices such as high-speed modulator [11], power splitter [12],
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and fiber-to-chip grating couplers [13]. Moreover, SWGs can
also be a good choice for constructing PBS [14, 15]. However,
in SWG-based PBS, a tapered region is usually required to
ensure adiabatic transition between the SWG mode and the
conventional waveguide mode due to the longitudinal varia-
tion of its structure.

Surface plasmon polaritons (SPPs) propagate on the inter-
face between metal conductor and a dielectric in the form of
electromagnetic waves. Its characteristics are used to manip-
ulate and guide optical signals in PICs [16]. In recent years,
candidate methods based on SPP at the interface between
metals and dielectric materials have been considered to
achieve polarization beam splitting. For example, a simplified
ultrashort PBS using an asymmetrical coupler consisting of a
silicon nanowire and a hybrid plasmonic waveguide is pro-
posed [17], which provides an unconventional approach for
operating polarization sensitivity of light in integrated circuits.
Compared with pure silicon-based devices [18], the SPP-
based devices provide compact size [19]. This is due to the
high birefringence induced by the SPP mode, whose polariza-
tion state is usually perpendicular to the metal-dielectric inter-
face. Particularly, the use of hybrid long-range SPP (LRSPP)
waveguides results in lower propagation loss. In previous
work [20], triple waveguide structure with SWG is used for
separating the two modes; due to the divergence between
transverse electric (TE) and transverse magnetic (TM) modes,
7-um coupling length is required. In order to further reduce
the footprint of the device, the combination of SWG and
LRSPP can be a potential solution. This is because the
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Fig. 1 Schematic of the proposed
PBS. a The 3D view, and the
cross-sectional view of the b first
and ¢ second coupling regions

plasmonic mode can only exist in one polarization, which will
induce significant difference between the two orthogonal
modes and the coupling length is consequently shortened.

In this paper, a high-performance PBS assisted by
plasmonic SWG (PSWGQG) is designed. The PBS employs
a three-waveguide directional coupler (TWDC) structure
composed of one metal-embedded PSWG and two con-
ventional silicon waveguides. Due to the formation of
the LRSPP mode in the PSWG, the coupling of the
Bloch mode in the PSWG waveguide and TE mode in
silicon waveguide is enhanced, and the TM mode in the
PSWG is tailored be of large phase mismatch with the
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Fig. 2 Dispersion diagram of PSWG waveguide with longitudinal
propagation (along the X axis)
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ones besides, which lead to shorter device length and
effective separation of the two polarization states. Since
the PSWG is spatially separated from the output wave-
guide, the device does not require an additional tapered
region. Finally, we investigated the impacts of coupling
length, metal thickness, operation wavelength, and metal
position offset on the performance comprehensively. The
combination of PBS and PSWGS enriches the applica-
tion field of SPPS.

Design Principle

The proposed PBS is formed in 340-nm silicon-on-
insulator (SOI) wafer [21] using 2-pum finite box [22].
Figure 1 indicates the three-dimensional representation
of the proposed PBS, a top view of a PSWG waveguide,
and cross-sectional views of two coupling regions along
the direction of propagation. The whole device is covered
by silica, and the refractive indices of Si and SiO, are
ngi = 3476, ngio2 = 1444, and Nag = 0.1453 +11.3587i
[23] at 1550 nm, respectively. The dimensions of PBS
are optimized so that the TE mode couples to PSWG
and then to Cross port, while the injected TM mode di-
rectly outputs from Thru port. The Cross and Thru ports
are conventional silicon stripe waveguides. A PSWG,
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Fig. 3 Field profiles of TE and
TM mode in a, ¢ silicon
waveguide and b, d PSWG. The
real parts of the refractive indices
in silicon and PSWG (e), SWG,
and PSWG f depending on
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which is constructed by a thin Ag film embedded in a
traditional SWG, is placed in the middle of the two silicon
waveguides as the coupling region. The two conventional
silicon waveguides are of equal width (w; =w;) in order
to make the TE mode symmetrically coupled twice. The
thickness of Ag film and the total width of PSWG are
denoted by ¢ and w,, respectively. The pitch and duty
cycles of the PSWG are A and a/A (the medium with
higher refractive index per pitch has a length a),
respectively.

For SWG waveguides at 1550 nm, if VA > 2 ng (ng is the
effective refractive index of Bloch mode) are satisfied, accord-
ing to the effective medium theory, the PSWG can be approx-
imately considered as a longitudinal invariant waveguide [24].
In our design, A and a is set to be 300 and 210 nm,
respectively.

The Thru port has a 90° bend with a radius of R to decouple
the fields, and R is optimized to 3 um so as to reduce the
bending loss. Although smaller gap between two waveguides
can improve coupling efficiency and shorten device length,
too small gap could bring complex fabrication process. Here
the gap size d between the silicon waveguide and the PSWG is

()

fixed at 200 nm, which is based on 248 nm optical lithography
technology [25].

Figure 2 shows a schematic diagram of the dispersion
relationship of a PSWG waveguide. For both orthogonal
polarization modes, the frequency is monotonically in-
creasing with the propagation constant (k), which indi-
cates that the PSWG waveguide behaves the same as a
conventional waveguide.

The field distribution of the two modes in different
waveguides calculated by finite element method is illus-
trated in Fig. 3a—d. The field distribution of TE mode is
very similar in two different waveguides (Fig. 3a, b). For
PSWG with Si-Ag-Si structure, because the metal strip at
its center supports TE polarization surface wave, a strong
field enhancement effect was shown at the metal-
dielectric interface. For the TM polarization, the SPP
mode is not excited, and the existence of Ag thin film
significantly modified the field distribution, resulting in
a relatively low field distribution in the center of the
waveguide (Fig. 3c, d).

By tailoring the waveguide width, the phase matching de-
gree of the TE mode in the two waveguides is maximized, as
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Fig. 5 TE and TM modes of ER
(a) and IL (b) at different
wavelengths
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shown in Fig. 3e. It can be found that in both waveguides, the
effective index of the TE mode is closer comparing to the ones
of TM modes. With w; =250 nm and w, =355 nm, the real
effective indices of the TE modes in conventional waveguides
and PSWG are substantially equal to 1.809 and 1.806, respec-
tively, while for TM mode, the real effective refractive indices
are 2.113 and 1.5124 in these waveguides, indicating different
manipulations for two orthogonal polarization modes.
Particularly, even in the width range from 240 to 400 nm, no
phase matching geometry for TM mode can be obtained.

The mode properties of conventional SWGs without Ag
layer with the same pitch and duty cycle are shown in Fig.
3f. It is found that in PSWG, the n.g difference between TE
mode and TM mode is more pronounced than the one in
conventional SWG. Therefore, the interaction of TM modes
between silicon waveguide and PSWG will be much weaker
by employing PSWG as the coupling intermediary.

According to the supermode theory, the coupling length L,
between silicon waveguide and PSWG can be calculated as
[26],

Ao

Lo=——
2(nevenfnodd)

(1)

where A\ = 1.55 um and 7¢yen, and n,4q are the real parts of the
effective refractive indices of the two supermodes in the cou-
pling region respectively. With w, =355 nm and wy =250 nm,
the estimated L is ~3.2 um.
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Results and Discussion

The performances of the device are further verified by
three-dimensional finite-difference time-domain (FDTD)
method. In order to investigate the impacts of wave-
guide parameters on the performance, we firstly ex-
plored the influence of coupling length L. on ER and
IL of the proposed device. As shown in Fig. 4, it can
be found that TM mode is more sensitive to the effect
of L. on ER than TE mode while IL of these two
modes is nearly immune to L. variation. The optimum
coupling length is 2.1 wm, which is slightly different
from the result calculated by Eq. (1). This can be ex-
plained by the fact that mode coupling is still in prog-
ress in the bending region. The coupled TE mode power
may couple back to the Thru port and consequently
degrading the ER.

The wavelength dependence of the PBS performance
is demonstrated in Fig. 5. The ER and IL of TE (TM)
mode are 27.5 (30) dB and 0.75 (0.13) dB respectively
at a wavelength of 1550 nm. Remarkably, the ER of
TE mode keeps higher than 27 dB from 1500 to
1600 nm wavelength regime. For TM mode, an ER
higher than 21 dB can be obtained covering C-band.
Within the investigated wavelength range, the IL of
TM mode is lower comparing to TE mode. This is
attributed to the fact that TE mode experiences field
coupling two times.
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Fig. 7 Beam propagation profiles
of the TE (a) and TM (b) mode
inputs along the PBS with w, =
355nmand L.=2.1 um

Next, the fabrication tolerances of the proposed PBS
are investigated with the variations of the Ag widths (¢
in Fig. 1), Ag position offset, and the widths of the silicon
waveguide and PSWG, respectively. Figure 6a exhibits
the correlation between PBS performance and Ag width.
Although the ER of PBS varies with Ag width, it is sub-
stantially higher than 18 (24) dB, and the ILs can always
keep below 2 (0.3) dB for the TM (TE) mode. The im-
pacts of Ag width on the performance can be attributed to
two aspects. Firstly, a change in the Ag width can induce
phase mismatch between two TE modes. Secondly,
thicker Ag could induce higher propagation loss, Fig. 6b
illustrates the imaginary part of s of the TE mode under
different Ag width.

Figure 7 shows the field propagation performances in the
proposed PBS. It can be noted from Fig. 4a that, when a TE
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mode is launched at input, it can completely couple to PSWG
firstly and then to Cross port. It can also be observed from
Fig. 7b that, when launching a TM mode, it will propagate
along the silicon waveguide and directly output at Thru port.
Therefore, the two modes are well separated and an efficient
PBS is realized by using the TWDC. It is worth mentioning
that compared with PBS using SWG only [20], the addition of
Ag shortens the coupling region by more than 30%.

In practical fabrication, the Ag thin film can diverge
from the middle of PSWG. The impact of the possible
offset of the Ag position was simulated as well. As
Fig. 8 shows, the ER of TE mode can be maintained
at a relatively high level (about 27 dB) with Ag posi-
tion offset, while the ER of TM is more sensitive. On
the contrary, the IL of TM mode keeps nearly constant
and the IL variation of TE mode is more drastic. This

Fig. 8 a ER and b IL in two
modes at different positions of Ag
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can be explained by the fact that the TM mode cannot
couple to the PSWG so the TE mode can maintain a
high ER. On the contrary, the Ag position offset will
induce phase mismatch resulting in incomplete coupling
and increasing the IL. Overall, it is better to maintain
the Ag offset smaller than 15 nm.

Since width is typically less well-controlled in device
fabrication, depending on lithography. Such impacts (by
changing w;, w, and ws, simultaneously) are summa-
rized in Fig. 9. For TE mode, the ER can be kept above
26 dB, indicating large tolerance to width variation. As
sw decrease (expressed by negative value) or increases
(expressed by positive value), the gap between wave-
guides becomes wider or narrower, so the optimized
coupling length of TE mode will diverge from 2.1 pum
and therefore degrading the ER of TM, while the ER
and IL for both modes can be higher than 10 dB and
lower than 2 dB within +£20 nm of 2w.

Overall, since only TE mode coupling occurs between
PSWG and silicon waveguide, the size variation has a rela-
tively large influence on this mode. On the contrary, since the
phase mismatch between TM modes is quite large, the TM
mode power appearing in both ports is almost independent of
size changes. Considering a rough 10-nm resolution can be
usually guaranteed for electron beam lithography, the device
fabrication tolerance is still acceptable.

Conclusion

In conclusion, we have designed a TWDC-based PBS in
which a PSWG is employed to provide large birefringence
two orthogonally polarized modes. The PSWG can induce
strong coupling for TE mode with negligible impacts on TM
mode leading to effective separation between them. From re-
sults, an IL lower than 1 dB (TE) and 0.18 dB (TM), together
with an ER higher than 30 dB (TE) and 27 dB (TM) covering
the entire C-band, can be achieved in a compact device with
only ~4 um. The device has potential application prospects in
the field of polarization-sensitive integrated photonic circuits.
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