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A polarization beam splitter (PBS) is one of the key components for manipulating different polarization states in
the areas of optical interconnection and communication. In this paper, a PBS with two coupling regions using a
subwavelength grating (SWG) waveguide as a bridge is proposed and investigated on a 340-nm silicon-on-
insulator platform. The PBS is designed with a triple-waveguide directional coupler consisting of two identical
silicon waveguides and an SWG waveguide sandwiched between them. The tailorable dispersion relation of the
SWG waveguide offers a flexible design freedom. With the optimized grating period and duty ratio, the input TE
mode will experience efficient coupling between the silicon waveguide and the SWG waveguide, while the TM
mode can directly pass through without influence. The results show that with a device length of 6.5 pm,
the extinction ratios and insertion losses of the two modes are higher than 27 dB and lower than 0.3 dB at a

wavelength of 1550 nm, respectively.
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1. INTRODUCTION

A polarization beam splitter (PBS) is a significant part of pho-
tonic integrated circuits [1], which can solve the polarization-
sensitive operation caused by birefringence in a photonic
waveguide [2]. Many designs for PBSs have been demonstrated
to date, such as the Mach—Zehnder interferometer [3], multi-
mode interference (MMI) coupler [4,5], directional couplers
(DCs) [6-8], slot waveguides [9,10], and photonic crystal
structures [11,12]. Among these structures, the DC is a good
choice for its simple design, high efficiency, and good perfor-
mance. Kim ez 2/. demonstrated an integrated PBS based on a
DC with high polarization extinction ratio (ER) of ~40 dB,
but the coupling length is 29.4 pm [13]. Feng ez al. proposed
a PBS based on an asymmetric slot structure with ~14 dB,
~25 dB (TE and TM mode) ER and ~18 pm coupling length
[14]. Note that such DCs composed by pure silicon waveguides
are generally long in size, which can limit high-density on-chip
integration. There are also PBSs with small footprint based on
bent DC [15,16] or hybrid plasmonic waveguides [17-19].
However, the bent DC requires a precise manufacturing pro-
cess since a lot of structural parameters are needed to be deter-
mined. While generally speaking, the utilization of metal will
bring higher loss and fabrication difficulties. Therefore, a PBS
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formed by pure silicon with short length and simple structure is
highly desired [20].

A grating is a structure in which different refractive index
materials alternate periodically. With the development of
micro-nanofabrication technology, the characteristic size of the
grating becomes smaller and the subwavelength grating (SWG)
waveguide has attracted much attention in recent years. In the
SWG waveguide, the grating period is much smaller than
the wavelength of light propagating in it [21]. Furthermore,
the dispersion relation of the mode in the SWG waveguide can
be changed by adjusting its period and duty cycle [22]. These
excellent properties have led to the innovation of many SWG-
based devices [23], such as MMI couplers [24], polarization-
independent DCs [25], subwavelength waveguide crossings
[26], etc. In addition, the SWG waveguide is also employed
for polarization management devices, including the polariza-
tion rotator [27,28] and PBS [29-31]. However, in the conven-
tional two-waveguide DC structure, a taper region is always
required to transform the SWG waveguide to the conventional
waveguide, which can complicate the fabrication process and
increase the overall device length.

In this paper, we propose an ultracompact PBS by using a

triple-waveguide DC (TWDC) structure which is formed by
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two silicon waveguides and a SWG waveguide sandwiching
between them. By properly adjusting the structural parameters
of the SWG, only the injected TE mode is efficiently coupled
between the silicon waveguides and SWG waveguide, while the
TM mode is unaffected. Due to the extremely high coupling
efficiency within a short distance, the TWDC-based PBS offers
a compact size with a coupling length of 6.5 pm. Furthermore,
the ER and insertion loss (IL) for both the TE mode and TM
mode are higher than 27 dB and lower than 0.3 dB at a wave-
length of 1550 nm, respectively.

2. DESIGN PRINCIPLE

Figure 1 shows the cross section and 3D schematics of the
proposed PBS. The device is based on the silicon-on-insulator
platform with a top silicon thickness of 340 nm. We use a dual-
coupling scheme between the silicon waveguides and the SWG
waveguide so that no taper is needed to transfer the SWG mode
to the silicon waveguide mode. The width of the two silicon
waveguides is equal (w; = w3 = 250 nm). The SWG wave-
guide is composed of Si and SiO, (with refractive indices of
3.476 and 1.444 at 1550 nm, respectively), wherein the duty
cycle of Siis 2/A, and A is the period of the SWG waveguide,
which is set to 300 nm to effectively suppress the diffraction
effect and ensure that the grating is effectively applied in the
subwavelength region.

The material equivalent refractive index 7y of the SWG
waveguide can be estimated according to Rytov’s formula [32]:

a AN-a

N e (1)
where ngy and ngp are the high and low refractive indices in
the SWG, respectively. According to Eq. (1), 73 decreases as the
duty cycle becomes lower, and the effective mode indices 7.4
in the SWG waveguide also necessarily exhibit a decreasing
relationship with a/A.
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Fig. 1. Schematics of the proposed PBS.
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Fig. 2. Effective indices variation of the (a) TE mode and (b) TM
mode with different duty cycles. The transverse dashed line represents
the effective refractive index for phase matching of the TE mode, and
the vertical dashed line corresponds to the width of different wave-
guides under this matching condition.

The effective refractive indices of the TE and TM modes
in the SWG waveguide with different duty cycles (2/A =
0.5-0.9) and conventional silicon waveguides (2/A = 1) are
shown in Fig. 2. It can be seen that the TE mode can be easily
phase matched to the SWG waveguide with various duty cycles.
While there is an effective index gap between the silicon wave-
guide and the SWG waveguide when the duty cycle is smaller
than 0.6. Therefore, the TM mode is more difficult to couple
from the silicon waveguide to the SWG waveguide. Bearing
this in mind, we set the width of the traditional silicon
waveguide to 250 nm, corresponding to 7.g g = 1.809 and
negerm = 2.113. To satisfy the phase-matching condition, the
widths of the SWG are approximately 265 nm, 290 nm,
320 nm, 365 nm, and 435 nm for 2/A from 0.9 to 0.5,
respectively.

Since the effective refractive index obtained by Eq. (1) is
only an approximation value, in order to get more accurate
structure parameters, we use the 3D finite-difference time-
domain method to simulate the coupling between the two
waveguides. In the simulation, we use a SiO, substrate with a
finite thickness of 2 pm to avoid leakage loss [33]. By using the
theoretical SWG width w, as the basis and changing the value
slightly, the coupling efficiency dependence on w; is shown in
Fig. 3. Itis found that SWG waveguides with duty cycles of 0.7,
0.6, and 0.5 have optimized widths of 370 nm, 420 nm, and
490 nm, respectively, which is about 50 nm wider compared
with the ones obtained by the equivalent refractive index
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Fig. 3. Influence of SWG waveguide width on coupling efficiency
of the TE mode under different duty cycles.
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method. In order to make a more accurate initial parameters
approximation, calculating the Floquet—Bloch mode of a 2D
periodic grating can be implemented to replace the Rytov’s
method [34]. In our design, in order to guide the TE mode
toward the cross port, the SWG width w, with a duty cycle
of 0.6 is chosen to be 420 nm. In fact, for other duty cycles,
it is flexible to select the appropriate width according to the
results shown in Fig. 3. Therefore, the SWG structure offers
more design freedom.

An appropriate gap is essential for efficient coupling. Taking
into account the 248 nm optical lithography technology [35],
the gap size wyy, is fixed to be 200 nm in the design. And the
coupling region is composed of two coupling regions with Lcl
and Le2. According to the supermode theory, Z, can be calcu-
lated as follows [36]:

)
L[ 2(neven - nodd) ’ (2)
where g = 1.55 pm is the free-space wavelength, and 7.,
and 7,44 are the effective refractive indices for even and odd
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Fig. 4. Influence of Lcl on (a) ER and (b) IL, respectively.
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Fig. 5. Power distributions in PBS with TE (a) and TM (b) light

injection.
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supermodes, respectively. Under w,,, = 200 nm, the calcu-
lated Z, is 3.88 pm. Furthermore, a 90° bend with a radius
of 3 pm is installed in the PBS to decouple the TE mode from
the SWG waveguide. According to our calculation, such a
radius is sufficient to avoid prominent loss.

3. RESULTS AND DISCUSSION

The performance of the PBS is evaluated by ER and IL. The
impact of Lc1 on the PBS performance is summarized in Fig. 4.
Since the coupling occurs for the TE mode, it can be seen that
the PBS performances (ER of the TM mode and IL of the TE
mode) have relatively strong dependence on the change of Lcl.
The results show that the optimized Lcl is 2.4 pm, which is
slightly shorter than the one obtained by supermode theory. In
fact, according to the device structure in Fig. 1, in the first cou-
pling region, light in the front part of the bend waveguide and
the SWG waveguide will still interact with each other because
of the gradual distance change between them, which may result
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Fig.6. (a) ERand (b) IL in the TE mode and TM mode at different
wavelengths.
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Fig. 7. Dependence of the (a) ER and (b) IL in the TE mode and

TM mode on the width variation.
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Fig. 8. Dependence of the (a) ER and (b) IL in the TE mode and
TM mode on the duty cycle variation.
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Table 1. Comparison of Several PBSs
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Reference Platform Fab. Length  Max. IL at Bandwidth  Min. ER at Bandwidth Tolerance for Width

[29] H = 340 nm No 21 pm 1.5 dB at 115 nm 10 dB at 115 nm Aw = -30 nm for ER > 10 dB
MEFS* = 100 nm

[30] H = 250 nm No 6.8 pm 0.71 dB at 115 nm 18 dB at 81 nm Aw = -50 nm for ER > 18 dB
MES* = 100 nm

[31] H =220 nm Yes 23 pm 1 dB at 60 nm 20 dB at 60 nm NA’
MES* = 150 nm

Our work H = 340 nm No 6.5 pm 0.63 dB at 100 nm 20 dB at 60 nm Aw = -10 nm for ER > 15 dB
MES* = 120 nm

“MFS: minimum feature size.
’NA: not available.

in power recoupling. To avoid such excessive coupling, it is
necessary to shorten the length of Lcl. Combining with the
previous theoretical calculation by Eq. (2) for Le2 (~3.9 pum),
the length of the SWG waveguide (coupling region) is deter-
mined to be 6.5 pm.

Figure 5 is the results of the power transmission perfor-
mance in the PBS at a wavelength of 1550 nm with
wy = w3 = 250 nm, w, = 420 nm, wg,, = 200 nn, Lel+
Le2 = 6.5 pm, a/A = 0.6, and A = 300 nm. As predicted,
the TE and TM modes are perfectly separated with negligible
loss. Due to the modified dispersion relation induced by the
SWG waveguide, it acts as a bridge for the TE mode while
brings little perturbation for the TM mode. Benefiting from
the refractive index controllability of SWG waveguides, no
other lossy media such as metal [17-19] is used in the PBS,
so the two modes maintain extremely high efficiency output
on the thru and cross ports.

Figure 6 shows the relation between the ER and IL of the
PBS with the change of wavelength. At a wavelength of
1550 nm, the ERs of the TE mode and TM mode reach
26.4 dB and 28.5 dB, respectively. Since the TE mode expe-
riences coupling for two times, the IL of the TE mode is slightly
higher than that of the TM mode. Nevertheless, 0.3 and 0.2 dB
are still excellent. The bandwidth for ER > 20 dB is about
60 nm, covering the entire C-band, and the bandwidth for
ER > 10 dB achieves 100 nm. Within the wavelength simu-
lation range of 1500-1600 nm, the ILs of the two modes are
lower than 0.6 dB and 0.3 dB, respectively.

Next, we investigate the manufacturing tolerance of the de-
signed PBS for width w and duty cycle a; the results are shown
in Figs. 7 and 8. Aw means the width of the three waveguides
of the PBS varies simultaneously, with positive values corre-
sponding to wider width and negative values corresponding
to narrower width. Since the difference of the TM mode
between two waveguides is relatively large, it is insensitive to
structural changes, which leads to the fact that the ER of
the TE mode and the IL of the TM mode are in a stable state,
while the ER of the TE mode and IL of the TM mode are more
sensitive. Considering that electron beam lithography (EBL)
usually guarantees a resolution of 10 nm [14], when Aw or
Az change £10 nm, the ERs of the TE and TM modes are
>20 dB and >10 dB, and the ILs of the two modes are
<0.8 dB and <0.2 dB, respectively.

Table 1 summarizes several previous results of the SWG-
based PBSs. Comparing with them, it can be seen that our

PBS has the advantages of the short length and low loss.
The width tolerance is sensitive but still within the capability
of EBL technology.

4. CONCLUSION

We have proposed and investigated an ultracompact and high-
performance PBS with the assistance of a TWDC consisting of
two silicon waveguides and a SWG waveguide. Tailoring the
SWG waveguide by changing the duty cycle and other factors
can make two orthogonal polarizations have different transmis-
sion performances. The TE mode experiences two efficient
coupling processes within only 6.5 pm length, allowing a
compact device footprint. With the optimized structure, the
PBS offers high ER and low IL of 26.38 dB (28.48 dB)
and 0.27 dB (0.15 dB) for TE (TM) at the wavelength of
1550 nm, respectively. Without a tapering region and metal
structure, the device is simple and can be easily realized by
mature manufacturing technology. The device has potential ap-
plication prospects in the compact integrated optical circuits.
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