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We proposed an ultra compact polarization beam splitter (PBS) with a short coupling length of 2.82 pm
consisting of a horizontally slotted waveguide (HSWG) and a hybrid plasmonic waveguide (HPWG). Only
the TM-polarized mode can be supported in the HPWG, and the effective index, corresponding to the
TM-polarized mode, in the HPWG is similar to that in the HSWG within a wide wavelength range.
Consequently, the TM-polarized mode in the HSWG could be coupled into that in the HPWG. As a result,
the TE- and TM-polarized modes are split. Such a PBS exhibits a high extinction ratio of up to —20 dB
within an ultra wide wavelength range of 130 nm. Moreover, fabrication tolerances of the PBS are

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Silicon-on-insulator (SOI) technology has attracted lots of
interests as a platform for guiding and manipulating optical signals
in photonic integrated circuits. However, SOI waveguides involve
highly polarization-dependent guiding owing to the high index
difference between silicon and air/silica. As a result, the implemen-
tations of polarization beam splitters (PBSs) are essential in the
applications of SOI waveguides. Although various configurations,
such as multimode interference structures [1-3], Mach-Zehnder
interferometers [4-6], photonic crystal structures [7,8], have been
demonstrated to split polarization modes, one would prefer to
implement PBSs based on directional couplers [9-22] due to their
simplicity and easy design. For instance, Dai et al. [14] demon-
strated an ultrashort polarization splitter with a strip-nanowire
and a vertically slotted waveguide, which took advantage of the
completely phase-matching condition for the TM polarization,
while significantly suppressed the coupling for the TE polarization.
Zhang, et al. presented a compact and efficient PBS using horizon-
tally slotted waveguides with extinction ratio across C+L broad-
band [15]. Recently, a directional coupler, consisting of a vertically
slotted waveguide and a channel waveguide, has been developed to
realize polarization splitting with high extinction ratio of 20 dB for
through port [16].
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In recent years, plasmonic waveguides [23]| have attracted
intensive research interest due to their excellent ability to break
the diffraction limit. Among them, hybrid plasmonic waveguides
(HPWGs) are emerging because of their unique advantages of both
long propagation length and strong confinement, and, in particu-
lar, large birefringence [24-28]. Recently, we demonstrated an on-
chip PBS based on directional coupling system consisting of a
horizontally slotted waveguide (HSWG) and a HPWG [18], in
which only one polarization state was index-matched, whereas
the index difference was very high for another polarization so that
the effective coupling between the two polarization modes was
prevented. Almost at the same time, Gao et al. [19] presented an
ultracompact PBS consisting of a HPWG and a strip dielectric
waveguide, which showed an extinction ratio of over 14.7 dB for
the TE-polarized mode within the whole C band. In addition, Lou
et al. [20] demonstrated a compact PBS based on a dielectric-
hybrid plasmonic-dielectric coupler. In the meanwhile, Chee et al.
[21] designed a similar device by use of Cu as the metal cap and
demonstrated an ultrashort integrated polarization splitter with a
bandwidth of more than 70 nm and an extinction ratio of less than
15 dB. An asymmetrical coupling system consisting of a hybrid
plasmonic waveguide and a silicon nanowire has been proposed
by Guan et al. [22].

In this paper, we present a promising PBS based on a direc-
tional coupling system consisting of a HSWG and a HPWG. Such a
PBS is optimally designed to satisfy the phase-matching condition
for TM-polarized modes of the two waveguides, while the TE-
polarized mode cannot be supported in the HPWG. In the
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proposed PBS, the two index-curves of the TM-polarized modes in
the HSWG and the HPWG have a very small index difference so
that strong coupling occurs within a wide wavelength range. In
contrast, the effective coupling for the TE-polarized mode is
prevented due to the fact that only TM-polarized guided mode
can be supported in the HPWG. Consequently, our PBS could be
used to split the TM- and TE-polarized modes with a high
extinction ratio within an ultra wide wavelength range.

2. Numerical simulation

As shown in Fig. 1, we designed a PBS consisting of a HSWG
with a width of w and a HPWG with a width of wy,. The HSWG is
composed of a silica spacer with a thickness of hg, and two silicon
layers with a thickness of hs. The HPWG is composed of a metal
layer, a silica spacer, and a silicon layer with a thickness of h,, hg,
and h, respectively. The gap distance between the two waveguides
is defined as d. The substrate of the PBS is assumed to be silica
with a refractive index of 1.4500. Refractive index of silicon (ngjicon)
is 3.4764. Gold is chose to be the metal layer of the HPWG and its
permittivity can be given by [29].

_4] + 2 ﬁ ei{/" I eii(/jj
BA-22+i/dpd) 212k (/A=1/A+i/2) " (A /A+1/A=i/4)
(1)

where the first and second terms are the contribution from the
Drude model, and the third and fourth terms are the contribution
from the interband transitions. The parameters in Eq. (1) are listed
in Table 1. The default operation wavelength is 1550 nm.

Fig. 2 illustrates the calculated effective refractive indices (Neg)
and propagation distances of the TM-polarized mode in the HPWG
as a function of the HPWG width of wy, where the propagation
distance of the TM- and TE-polarized modes is defined as a
distance over which the guided power drops to 1/e of its initial
magnitude. As shown in Fig. 2(a) and (b), the effective index and
the propagation length of the TE-polarized mode decreases and
increases, respectively, with the decrease of wy. It can be seen from
that the TE-polarized mode is gradually coupled into the silica
substrate with the decreases of w;, (Fig. 2(e)), while the
TE-polarized mode is confined in the HPWG (Fig. 2(f)). Simulation
results show that the TE-polarized mode is completely leaked into
the silica substrate while wy, is less than 240 nm. In other words,
the TE-polarized mode cut off in the HPWG with a width of less
than 240 nm. On the other hand, as shown in Fig. 2(c) and (d), both
the effective index and the propagation length of the TM-polarized
mode decrease with the decrease of wj. We also calculated
the effective refractive indices and the propagation lengths of
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Fig. 1. Schematic diagram of the cross section of a proposed PBS consisting of
a HSWG and a HPWG.

the TM- and TE-polarized modes in the HPWG with different silica
spacer thicknesses, hg, of 60, 80, and 100 nm in order to find an
optimal silica spacer thickness of 80 nm, as described below.

As shown in Fig. 3(a), the refractive index differences between
the TM- and TE-polarized modes in the HSWG with a silicon layer
thickness of 150 nm and a silica layer thickness (hs) of 30, 45, and
50 nm are 0.568608, 0.592991 and 0.596920, respectively, at the
wavelength of 1550 nm. As shown in Fig. 3(b), in case the silicon
layer thickness is 200 nm, the refractive index differences above
are decreased by 0.384813, 0.444664 and 0.459149, respectively.
As a result, smaller silicon layer thickness and larger silica layer
thickness are best except larger silica layer thickness may lead to
higher order guided-modes.

Based on the above analysis, we improve the parameters of the
desired PBS to be w=450nm, wy=200nm, h,;=100 nm,
hgy=80nm, hge=36.5nm, h=250nm, hs=150nm, and
d=100 nm. The parameters above will be used in all simulations
below. We calculated the effective indices of the fundamental
modes in a HSWG and a HPWG with the parameters above, as
shown in Fig. 4. Obviously, only the TM-polarized mode can be
supported in the HPWG. It can be easily found from Fig. 4 that the
index difference between the TM-polarized modes of the two
waveguides is very small in an ultra wide wavelength range from
145 pm to 1.65 pm. Therefore, the TM-polarized modes in the
HSWG and the HPWG are index-matched in the wide wavelength
range. On the other hand, the evanescent coupling of the TE-
polarized light is entirely suppressed due to the cutoff of the TE-
polarized mode in the HPWG.

The reason for choosing a HSWG, rather than a single silicon
waveguide (SWG) could be described as follow. As shown in Fig. 5,
although the HSWG and the SWG have the same index-matching
point with the HPWG, each waveguide exhibits different index
curves. And effective index difference of the TM-polarized modes
between the SWG and the HPWG is quite larger than that between
the HSWG and the HPWG. As a result, the coupling efficiency of
the TM-polarized mode from the HSWG to the HPWG is much
higher than that from the SWG to the HPWG [30]. So a HSWG,
rather than a SWG, is integrated in our PBS.

Operation principle of our PBS could also be explained in terms of
the supermode theory for the TM-polarized modes. In case each core
of a coupler is a single-mode-guided waveguide, such a coupler
structure can support two modes, including one odd mode and one
even mode, and the coupling length, L, can be calculated by:

A
™ _
LC - z(neTM _ nOTM) (2)
where n.,™ and n,™ are the effective indices of the even and odd
supermodes, respectively. Electric field distributions of the guided
modes in the PBS with a gap distance of 100 nm were simulated by
finite element method. As shown in Figs. 6(a) and (b), antisymmetric

Table 1
Parameters used in Eq. (1) for gold.

Parameter (units) Data of Johnson and Christy

£ 1.54
Ap(nm) 143
7p(nm) 14500
Ay 1.27
#1(rad) —n/4
A1(nm) 470
y1(nm) 1900
Ay 14
¢, (rad) —n/4
A2(nm) 325
7,(nm) 1060
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Fig. 2. (a) and (Db) effective refractive index (Nef), and (c) and (d) propagation distance of the TM- and TE-polarized modes, respectively, as a function of the width, wp, in the
HPWG with different silica spacer thicknesses, hy, of 60, 80 , and 100 nm. Other parameters are h,,=100 nm, h=250 nm. Operation wavelength is 1550 nm. Fig.2(e) and
(f) illustrate mode filed profiles corresponding to different width, wy, in the case of h;=80 nm.

and symmetric TM-polarized supermodes can be simultaneously
supported in the PBS. As shown in Fig. 6(c), whereas, only the TE-
polarized supermode can be supported in the HPWG.

Fig. 7 illustrates the energy of the TM- and TE-polarized modes
at the output end of the HSWG when light is launched at the input
end of the HSWG. It can be found from the blue curve illustrated in
Fig. 7 that the normalized optical intensity of the TM-polarized
mode is periodically modulated in the HSWG. In case light
transmits to a length of 2.82 pm, the optical intensity is decreased
to zero. That is, the TM- and TE-polarized modes can be com-
pletely separated. Such a length is the so-called coupling length of
the TM-polarized modes. Although the metal employed will result
in a transmission loss, the loss is very small in the PBS because
such a device has a very short length of 2.82 pm. Our simulation
shows the metal-induced losses of the TE- and TM-polarized
modes, are only 0.08 and 0.17 dB, respectively.

Extinction ratios of the TM- and TE-polarized modes, i.e. ERpy
and ERyg, are defined as the energy ratio between the undesired

and the desired polarized mode at the output end of the HPWG
and the HSWG, respectively. As shown in Fig. 8, ERpy and ERyg at
the output end of the HPWG and the HSWG are up to —41 dB and
—33dB at the wavelength of 1550 nm, respectively. Moreover,
ERpy at the output end of the HPWG is more than —20 dB within
the wavelength range from 1490 to 1620 nm, ERy at the output
end of the HSWG is more than -25dB at each wavelength.
Therefore, the extinction ratios of both the TM- and TE-polarized
modes are more than —20dB over an ultra-wide wavelength
range of 130 nm.

The HPWG and the HSWG have different transmission loss. For
example, the complex refractive indices of the even and odd
supermodes are calculated as 1.601073-+0.004801i and
1.875172+0.00256i at A=1.55 pum, respectively. As a result, the
propagation lengths are calculated via Ly, =1/[2Im(f})] as 25.6 pm
and 48.1 um, respectively. Accordingly, the TM-polarized mode
remained in the HPWG only undergo a litter transmission loss
owing to the small size (2.82 pm). Moreover, the transmission
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Fig. 3. Effective index (Ny), corresponding to the TM- and TE-polarized modes, as a function of wavelength in the HSWG with a silicon layer thickness (h;) of (a) 150 nm and
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Fig. 4. Effective indices versus wavelength in the HSWG and the HPWG with
improved parameters.

losses of the TE-polarized mode is nearly zero, and that of the TM-
polarized mode is less than 0.5 dB within a wide wavelength from
1450 nm to 1650 nm, as shown in Fig. 8.

As well-known, the properties of an optical waveguide strongly
depend on the device dimension and size. We calculated
the extinction ratios of the TM- and TE-polarized modes at the
wavelength of 1550 nm while the silica layer thickness of the
HPWG (hy), the silicon layer thickness of the HSWG (hg), the width
of the HSWG (w) are changed by Ahy, Ahg, and Aw, respectively.
As shown in Fig. 9, a good extinction ratio (more than —20 dB) of
the TM-polarized mode can be achieved while the PBS has a size
change of —25nm< Ahy;<35nm, —22nm< Ahg<30nm, or
—21 nm < Aw < 16 nm. Therefore, our PBS has an excellent size
tolerance.

We will couple light to/from our proposed PBS by means of the
same method reported in Ref. [21]. The light can be coupled to/
from a hybrid plasmonic waveguide to a standard single-mode
fiber through grating couplers with an insert loss of 2.8 dB and
6.0 dB for TE and TM modes, respectively, as described in Ref. [21]
in which the waveguide employed is similar to our PBS. The
grating couplers are used not only for high-efficiency fiber-chip
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Fig. 5. Effective refractive indices, N, versus wavelength in a SWG, a HSWG, and
a HPWG. Inset shows N of a SWG with a width of 450 nm versus wavelength.

coupling but also for the high extinction-ratio polarizer. Also it can
be minimized through the improved coupling efficiency.
Further investigation on the package for our PBS will done in the
future.

In our previous publication [18], we presented a compact
polarization beam splitter consisting of a horizontally slotted
waveguide and a hybrid plasmonic waveguide. Such a splitter
has a large difference between the effective indices of the TE-
polarized modes in the two waveguides, while the effective index
difference of the TM-polarized modes is quite small in a wide
wavelength range. However, a coupling of the TE-polarized modes
always happens between the two waveguides due to a litter weak
phase matching so that the polarization splitter has a narrow
bandwidth. Compared with the device reported in Ref. [18], we
currently present an improved PBS configuration in which only the
TM-polarized mode can be supported in the hybrid plasmonic
waveguide. So the coupling of the TE-polarized modes cannot exist
in the proposed PS. Furthermore, the effective index curves of the
TM-polarized modes in the HSWG and the HPWG are improved to
be very closely each other to achieve a phase-matching condition
in a wide wavelength range. Consequently, the PBS has an
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Fig. 6. Electric field profiles of (a) antisymmetric and (b) symmetric TM-polarized supermodes and (c) TE-polarized supermode at 1550 nm in the PBS.
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Fig. 7. The normalized optical intensities of the TM- and TE-polarized modes at the
output end of the HSWG in case light is launched at the input end of the HSWG.

extinction ratio of more than —20 dB within an ultrawide band-
width of 130 nm. Moreover, the proposed PBS is an ultracompact
device with a short coupling length of 2.82 pm.

3. Discussion
3.1. The effect of bending waveguides

We have designed an output waveguide (a sharply bent HSWG)
at the end of the coupling region to stop coupling light back. The
bending radius (R) depends on the waveguide design and its
bending loss. The length of the coupling region usually needed
to be reduced to compensate the extra coupling in the beginning
section of the bending region. The performance of our PBS was

(gp) sso| uoissiwisuel |

35

Extinction ratio (dB)

-40 1 N L N 1 N
1450 1500 1550 1600 1650

Wavelength (nm)

Fig. 8. Extinction ratios and transmission loss of the TM- and TE-polarized modes
versus wavelength at the output end of the HPWG and the HSWG, respectively.

investigated by means of three dimensional finite-difference-time-
domain (3D-FDTD) simulation [31]. The computational region is
uniformly meshed in each direction and surrounded by the
Perfectly Matched Layer boundary conditions. Figs. 10(a) and
(b) show the simulated light propagation in the designed PBS
with R=1.3 pm and L.=2.6 pm for TE-polarized and TM-polarized
modes at the wavelength of 1550 nm, respectively. The grid sizes
are chosen as Ax=15nm, Ay=8 nm, and Az=20 nm. It can be
seen from Fig. 10 that the TM-polarized light couples efficiently
from the HSWG to the HPWG, while the TE-polarized light fully
transmits in the HSWG.

3.2. Device fabrication

The designed splitter was fabricated together with other
photonic and plasmonic devices on SOI wafers with top-Si and
buried oxide. The reference [21] schematically described some key
steps of fabrication flow. Providing these layer thicknesses are the



B. Sun et al. / Optics Communications 334 (2015) 240-246 245

a b
. -10 —0— TM-polarized mode s -10;\\ :I:‘:‘:::::::::
[a4] —0— TE-polarized mode m
kA k=2
S 20 < 2 20 e
f S
c c
Ke] o
S -30 S -30¢
£ c
= =
i w

-40 -40

40 20 0 20 40 30 20 0 20 40
Ahd (nm) AhS (nm)

Cc

-10 -o- TM-polarized mode
a -0-TE-polarized mode /
o
2 20 B
S
[ =4
9o
S -30
S
=
w

-40

-40 -20 0 20 40
Aw (nm)

Fig. 9. Size tolerance of the designed device with variations (a) Ahg, (b) Ahs, and (c) Aw.

TE-polarized light TM-polarized light

Fig. 10. FDTD propagation field profiles of the (a) TE- and (b) TM-polarized modes.

same, the device can be fabricated with less difficulty. But only the 4. Conclusion

widths of the HSWG and the HPWG could be changed/improved

so that such a device is with less flexibility and cannot realize the We designed an ultracompact silicon-based PBS consisting of a
desired functions. Hence, our device has two different lower horizontally slotted waveguide and a hybrid plasmonic waveguide.
silicon (h, hs) and silica layers (hg,;, hg). However, we can further By the optimized procedure, the TM-polarized states of the HSWG
optimize the structure and make it be compatible. and HPWG are index-matched in a wide wavelength range. On the
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other hand, the evanescent coupling is significantly suppressed
due to the fact that the TE-polarized state cannot be supported in
the HPWG. In particular, our improved PBS has a very short
coupling length of 2.82 pm and the extinction ratios of both the
TM- and TE-polarized modes are more than —20 dB over a wide
wavelength range of 130 nm.
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