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An ultrashort polarization beam splitter (PBS) based on an asymmetrical directional coupler is proposed by utilizing
the evanescent coupling between a strip-nanowire and a nanoslot waveguide. In order to be convenient for inte-
gration with other components, mode converters between the nanoslot waveguide and the strip-nanowire are
introduced and merged into S-bends to achieve an ultracompact PBS. As an example a 6:9 μm long PBS based
on a silicon-on-insulator platform is designed, and the length of the coupling region is as small as 1:3 μm. Numerical
simulations show that the present PBS has a very broad band (>160nm) for an extinction ratio of >10dB. © 2011
Optical Society of America
OCIS codes: 130.2790, 230.7390, 230.5440.

A polarization beam splitter (PBS) is a basic functional
element for many applications [1]. A short PBS is espe-
cially desired for on-chip networks. Waveguide-type
PBSs have been reported using various structures, e.g,
multimode interference (MMI) structures [2–6], direc-
tional couplers (DCs) [7–12], Mach–Zehnder interferom-
eters (MZIs) [13–15], and photonic-crystal (PhC)/grating
structures [16–18]. Figure 1 shows a summary for the
sizes of the PBSs reported. The length of an MMI-based
PBS is usually quite long [2–4] and could be shortened by
using a quasi-state imaging effect [2] or by cascading
structures [3]. However, it is still quite long (∼1805 μm
[2], ∼104 μm [3]). MZI structures have also been used very
widely for realizing PBSs [14]. In order to make a com-
pact MZI PBS, a large birefringence is needed, e.g., by
introducing additional stresses [19] or by using some
highly birefringent materials, such as LiNbO3 [20], III–V
semiconductor compounds [21], and liquid crystals [22].
However, such PBSs are still relatively long (e.g.,
∼3300 μm [13], >104 μm [14], ∼600 μm [15]). Another pos-
sible way to make a short PBS is by utilizing the strong
polarization dependence of PhC structures (e.g., ∼50 μm
[16], ∼20 μm [17]) or out-of-plane gratings (e.g., ∼14 μm
[18]). However, the design is usually quite complex,
and the fabrication is relatively difficult. More impor-
tantly, the PhC structure usually introduces a relatively
large loss.
The DC is a popular structure for PBSs because of its

simplicity and easy design. However, the DC PBS is usual-
ly very long (e.g.,∼1600 μm [11]) when one uses low index
contrast (Δ) waveguides due to the weak birefringence.
It is well known that Si nanowires [23] and nanoslot
waveguides [24] provide a huge birefringence, which is
attractive for realizing small PBSs [5,6,9,12,25,26]. In
[25], the reported Si-nanowire-based PBS is as small as
7 × 16 μm2 by utilizing the huge polarization dependence
of the coupling length. However, the slight evanescent
coupling for TE polarization prevents it from achieving
a high extinction ratio. In [26], the author presented a
PBSwith a 16 μm long coupling region, including two par-
allel Si nanowires, between which there was a nanoslot
waveguide. However, in [26], the authors mentioned that

the gap between waveguides can not be smaller than
230 nm, and thus the PBS length cannot be reduced
further. Also, the design in [26] is like a parallelly cascaded
coupling system, and thus the bandwidth is naturally
smaller than a one-stage coupling system.

In this Letter, we utilize the evanescent coupling
between a Si nanowire and a nanoslot waveguide and
propose an ultrashort broadband PBS based on an asym-
metrical DC structure, which is a one-stage coupling sys-
tem. The gap between waveguides could be very small,
which helps to obtain a PBS much shorter than that in
[26]. In our design, mode converters between the nano-
slot waveguide and the strip-nanowire are merged into
S-bends, which is also helpful for achieving an ultracom-
pact PBS. Figure 2 shows the three-dimensional view for
the proposed ultrashort PBS. The cross section in the
coupling region is also shown. We connect S-bends at
both ends of the coupling region to make the two wave-
guides close or separated. In order to make them more
convenient to integrate with other components in the
same chip, we merge mode converters into S-bends. The
mode converter between the nanoslot waveguide and the
strip-nanowire is similar to that in [27]. In the coupling
region, these two waveguides are designed to satisfy

Fig. 1. (Color online) Summary of the dimensions of the PBSs
reported (including the S-bend part if applied).
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the phase-matching condition for TM polarization, so that
it could be coupled to the cross port completely when the
length of the coupling region is chosen appropriately. On
the other hand, for TE polarization, a nanoslot waveguide
usually has a much lower effective index than a strip-
nanowire, so TE-polarized light will not satisfy the
phase-matching condition for the evanescent coupling.
Thus, TE-polarized light goes through the strip-nanowire
almost without coupling. In this way, TE- and TM-
polarized light are separated within a very short length,
which is close to the coupling length of TM polarization.
In this Letter, we use a silicon-on-insulator (SOI) wafer

withH ¼ 250 nm. The refractive indices of Si and SiO2 are
nSi ¼ 3:455 and nSiO2

¼ 1:445, and that of air is nair ¼ 1:0.
Air cladding is considered because it might be not very
easy to fill the nanoslots with SiO2. A finite element meth-
od (FEM) mode solver (from COMSOL) is used. Figure 3
shows the calculated effective indices of a strip-nanowire
and a nanoslot waveguide. In our calculations, the nano-
slot width is chosen as wslot ¼ 60, 80, and 100 nm. From
Fig. 3, for TM polarization, the effective indices of the
twodifferent types ofwaveguides are quite close, and con-
sequently one could satisfy the phase-matching condition
(i.e., nTM1 ¼ nTM2) by choosing the corewidthwco andwSi
appropriately. For example, when choosingwco ¼ 0:4 μm
for the strip-nanowire, one has an optimal width wSiopt ¼
0:26 μm for the nanoslot waveguide with wslot ¼ 60 nm.
The TM polarization modes for these two waveguides
have the same effective index (nTM1 ¼ nTM2 ¼ 1:68967).
Therefore, TM-polarized light will be coupled to the cross
port completely when the length of the coupling region is

chosen appropriately. On the other hand, when one
chooses wSi ¼ wSiopt, the two optical waveguides have
very different effective indices for TE polarization, as
shown by the circles in Fig. 3. The huge difference ðneff1 −

neff2ÞTE indicates that there is a serious phase mismatch-
ing, and consequently the evanescent coupling is
depressed very significantly for TE-polarized light.

Figure 4 shows the coupling length calculated by
Lc ¼ π=ðβ1TM − β2TMÞ, where β1TM and β2TM are the pro-
pagation constants for the first and second order super-
modes for TM polarization. From this figure, it can be
seen that a shorter coupling length is achieved by redu-
cing the gap width. For the case of wgap ¼ 100 nm, when
choosingwco ¼ 0:4 μm, the coupling is as short as 3:4 μm,
which helps in obtaining an ultrasmall PBS. Figures 5(a)
and 5(b) show the light propagation for TE and TM po-
larizations in the designed DC PBS. For the S-bends here,
we choose the bending radius R ¼ 10 μm and θ ¼ 8°, so
that the bending loss is negligible and the end separation
S is large enough to avoid any undesired coupling. Be-
cause of the coupling in the S-bend part, the optimal
length of the coupling region is 1:3 μm, which is shorter
than the coupling length (∼3:4 μm) shown in Fig. 4. As
shown in Figs. 5(a) and 5(b), we merge mode converters
into the S-bends at the side of the nanoslot waveguide in
order to minimize the footprint. In the section of the
mode converter, one Si core of the nanoslot waveguide
is tapered to be as narrow as 60 nm (considering the lim-
itation of the fabrication technology), while the other Si
core is tapered to match a strip-nanowire. There is some
reflection at the junction, and fortunately it is very small,
because the field amplitude at the slot is small for the
coupled TM polarization.

Figure 6(a) shows the calculated transmission spectral
responses at the through and cross ports for TE and TM
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Fig. 2. (Color online) Schematic configuration of the proposed
PBS.
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Fig. 3. (Color online) Effective indices of a Si nanowire and a
nanoslot waveguide.

2

3

4

5

6

7

8

0.4 0.42 0.44 0.46 0.48 0.5
wco (µm)

L
c_

T
M

 (
µm

)

wgap=150nm

wgap=100nm

hco=250nm, wslot=60nm

Fig. 4. (Color online) Coupling length for TM polarization.

Fig. 5. (Color online) Light propagation in the designed PBS
with wco ¼ 0:4 μm, wSi ¼ 0:26 μm, hco ¼ 250nm, wslot ¼ 60nm,
and wgap ¼ 100nm. (a) TE, (b) TM.
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polarizations, respectively. Since there is almost no cou-
pling for TE polarization due to the phase mismatching,
the response for TE polarization is very broadband. For
extinction ratios of 10 dB and 20 dB, the bandwidth is
about 160 nm and 60 nm, respectively. The extinction
ratio is defined as the ratio between the powers of two
polarizations at the same port. Usually a DC is sensitive
to the dimension deviation due to the fabrication errors.
The etching depth might be nonuniform due to the lag
effect. For the present design, the negative influence
of this effect could be minimized by introducing an over-
etching for the Si layer. In this way, it becomes
tolerant to the etching depth. Therefore, we give an anal-
ysis for the case in which there is a waveguide width
variation Δw, i.e., wco ¼ wco þΔw, wSi ¼ wSi þΔw,
wgap ¼ wgap −Δw, wslot ¼ wslot −Δw. Figure 6(b) shows
the transmission (at 1550 nm). It can be seen that one
can still obtain a low loss as well as a good extinction
ratio (>10 dB) even with the fabrication error of
−40 nm < Δw < 30 nm. When the deviation is too large,
e.g., 40 nm, the gap width is only 60 nm, and some cou-
pling occurs for TE polarization. This is why the extinc-
tion ratio degrades significantly when the deviation
Δw ¼ 40 nm.
In summary, we have proposed an ultrashort PBS by

utilizing an asymmetrical DC with a strip-nanowire and
a nanoslot waveguide. TM polarization is coupled to the
cross port when the length of the coupling region is cho-
sen appropriately. Also, TE-polarized light goes through
the strip-nanowire almost without coupling. In order to
improve the convenience of integration with other com-
ponents in the same chip, mode converters are merged
into S-bends for the conversion between the nanoslot
waveguide and the strip-nanowire. This helps to make the
PBS footprint very compact. A 6:9 μm long PBS based on
an SOI platform has been designed as an example, in
which the length of the coupling region is only 1:3 μm.
To the best of our knowledge, it is the shortest PBS re-
ported to date. The numerical simulation shows that
the present PBS has a very broad band (∼160 nm) for
an extinction ratio of >10 dB. It also shows that there is

a relatively large fabrication tolerance (e.g., �30 nm)
for the waveguide width.
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Fig. 6. (Color online) (a) Transmission spectral responses,
(b) the transmissions (at 1550 nm) when there is a fabrication
error Δw. The parameters are wco ¼ 0:4 μm, wgap ¼ 100nm,
wslot ¼ 60nm, wSi ¼ 260nm, and Lc ¼ 1:3 μm.
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