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We experimentally demonstrate an ultra-compact
polarization-independent 3 dB power splitter on the
silicon-on-insulator platform. Subwavelength structure
engineering is employed to balance the coupling coefficients
of TE and TM polarizations as well as a footprint reduction.
The device possesses ultra-compact (1.2 µm × 2.62 µm)
and polarization-independent features with an operating
bandwidth over 50 nm (from 1540 to 1590 nm). © 2021
Optical Society of America

https://doi.org/10.1364/OL.439320

The silicon-on-insulator (SOI) platform is widely used in
integrated photonics due to its high compatibility with com-
plementary metal–oxide–semiconductor (CMOS) processing.
The high refractive index contrast between Si (nSi = 3.478)
and SiO2(nSiO2 = 1.444) significantly reduces the footprint
of SOI photonic devices. However, a typical SOI waveguide
has non-square geometry, whose width is always larger than
the height, which distinguishes the mode profiles of different
polarizations. The effective indices of TE and TM modes thus
differ a lot, leading to polarization-dependent characteris-
tics that may limit applications such as optical interconnects.
Therefore, silicon photonic integrated circuits (PICs) with
polarization-independent features are highly desired [1].

As a fundamental component of PICs, direction couplers
(DCs) are widely used as beam splitters [2,3], optical switches
[4,5], and optical filters [6–8] due to their simple structure and
uncomplicated fabrication process. Because of the different
effective indices, the coupling lengths of TE and TM modes
of DCs are exceptionally different, limiting the polarization-
independent application. To solve this issue, several approaches
have been raised. One is to cascade two bent DCs with two
different bending radii, whereby TE and TM polarizations will
be equally split in different curved regions [9]. This structure has
a wide bandwidth and low excess loss but a relatively large foot-
print. Subwavelength structure (SS) [10] could greatly prompt
the performance of a polarization-independent beam splitter.
An SS-based slot waveguide polarization-independent 3 dB

power splitter (PIPS) has been reported [11], with over 45 nm
bandwidth. A “nano-teeth” structure has also been demon-
strated to dramatically decrease the coupling length below
10 µm [12]. To further broaden the bandwidth, a three-guide
DC with SS has been investigated [13]. Its operation bandwidth
is about 170 nm, and the total length is only 8.5 µm. Moreover,
some multimode interference (MMI) based PIPS [14,15]
and y-junction based PIPS [16] have been demonstrated. A
performance comparison of the mentioned devices is listed in
Table 1.

In this Letter, we experimentally demonstrate a PIPS through
device engineering, featuring an ultra-compact footprint
(2.62 µm in length) and single-step patterning properties. The
operating bandwidth is about 50 nm.

The conventional DC consists of two parallel identical
strip waveguides. Based on the coupled-mode theory (CMT)
[17], we can assume that it is a composite waveguide, which
guides even and odd modes. When the phase difference of the
two modes reaches π , the energy will fully couple from one
waveguide into the other one. The beat length Lbeat can be
calculated by

Lbeat =
λ

2(neven − nodd)
. (1)

Note that when the coupling length of DC is half that of the beat
length, the DC can perform as a 3 dB power splitter. As men-
tioned before, due to the different effective indices of TE and
TM modes, the beat lengths of TE and TM modes are typically
different.

Considering a DC formed by two identical standard strip
waveguides, whose dimensions are 500 nm in width and 220 nm
in height, to design a PIPS at the wavelength of 1550 nm, we
first calculate the effective indices and mode profiles of even
and odd modes for different gaps using the finite difference
eigenmode method [18] and plot them in Fig. 1(a). The beat
length of the two polarizations can be obtained by Eq. (1). The
inset of Fig. 1(b) plots the propagation profiles of TE and TM
modes. It is evident that the beat length of the TM mode is
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Table 1. Performance Comparison of Some Reported Devices

Reference Footprint (µm2) Insertion Loss (dB) BW (nm) Type Exp.

[9] 1.35× 50 <1 1520–1630 DC Exp.
[12] 1.11× 3.5 <1 N/A DC Exp.
[13] 2.11× 8.5 <0.1 1480–1650 DC Simu.
[14] 1.8× 8.97 <0.2 N/A MMI Simu.
[15] 2× 1.92 0.39 1510–1615 MMI Simu.
[16] 0.93× 5 <0.2 1530–1600 Y-junction Exp.
This work 1.2× 2.62 <1 1540–1590 DC Exp.

Fig. 1. (a) Effective indices of the even and odd modes when the two
identical waveguides have 500 nm width and 220 nm height. (b) Beat
length Lπ of the TE/TM mode for different gaps of the DC.

relatively constant when widening the gap. In the meantime, the
beat length of the TE mode increases as the gap becomes wider.
During the whole process, the two beat lengths do not coin-
cide with each other, resulting in polarization-dependent beat
length. Therefore, to release polarization dependency, we need
to engineer the DC structure to achieve identical neven − nodd
for two polarizations.

The SS is generated by two materials with different refractive
indices staggered in a certain period 3, far below the working
wavelength λ. It could act as a homogeneous medium with an
equivalent refractive index, described by Rytov’s formula [19]

n2
‖
≈

a
3

n2
1 +

(
1−

a
3

)
n2

2 + O
(

32

λ2

)
. (2)

Here, n‖ corresponds to the electric field parallel to the peri-
odic interfaces. Since the major components of the electric
field of both TE and TM polarizations are perpendicular to
the propagation direction, x , for an SS with periods along the
propagation direction, x , Eq. (2) governs the properties of the
artificial material. 3 is the period of the structure, n1 indicates
the refractive index of silicon with a width of a , n2 represents
the refractive index of SiO2, and a/3 stands for the duty cycle.
O(32/λ2) denotes the correction terms of the order of32/λ2

for this approximate expression. By adjusting the duty cycle, the
equivalent refractive index can be precisely controlled.

To equalize the beat length difference between two polar-
izations and shrink the coupling length, we try to fill the gap
with the SS to enhance the coupling strength. To be fabrication
friendly, we set the SS period to 200 nm and the duty cycle
to 0.5, limiting the minimum feature size to 100 nm. The
finite element method (FEM) is employed to calculate the
band diagrams of the SS-assisted DC under different gaps, w.
Figures 2(a) and 2(b) show the results when the gaps are 200 nm
and 600 nm, respectively. With the help from the SS, both TE
and TM modes get coupling enhancement. However, due to the
different mode profiles, the enhancement factors are different.

Fig. 2. Calculated band diagrams for an SS-assisted DC when the
gaps are (a) 200 nm and (b) 600 nm. The period and duty cycle of the
SS are fixed at 200 nm and 0.5, respectively.

For the 200 nm gap, Fig. 2(a), the wave vector difference 1k
between the even and odd modes for TE/TM polarizations are
0.45, 0.55, respectively, leading to beat lengths of 6.98 µm and
5.71 µm for TE and TM polarizations, respectively. Increasing
the gap to 600 nm, Fig. 2(b), alters the beat lengths of TE and
TM to 3.78µm and 8.98µm, respectively, indicating that when
the gap is in the range of 200–600 nm, there is a point when the
beat lengths of TE and TM polarizations coincide each other.
Based on this property, we can design a PIPS with a significant
total size reduction.

The proposed PIPS is plotted in Fig. 3. When the input light
enters the PIPS, it spreads into the central SS region due to the
gradually tapered waveguide width and relatively higher equiva-
lent refractive index at the center. Two polarizations experience
different coupling enhancements that compensate for the differ-
ence of the original coupling strength, leading to the same beat
length for the two polarizations. Note that the taper in the L1
region is to avoid the abrupt change of the effective index along
the propagation direction so as to reduce back reflection. The
PIPS is calculated with the 3D finite-difference time domain
(FDTD) method [20].

As we mentioned before, SS-induced coupling enhancement
is different for TE and TM modes. By gradually increasing the
SS-filled gap from 200 to 600 nm, we can find a point where
both TE and TM modes split power equally. Based on this,
we first fix the length, L3, of the central SS region at 400 nm,
which contains only two SS periods, and sweep L1, L2, and
L4 simultaneously. To simplify the simulation procedure, we
set L1 = L4, and plot the results in Figs. 4(a) and 4(b). Clearly,
when L1 (L4) and L2 are 300 nm and 800 nm, respectively,
both TE and TM modes are approaching equal splitting, which
is evident from the circle in Fig. 4(c). After that, we fix L1, L2,
and L4, and scan the duty cycle a/3. The results in Fig. 4(d)
illustrate a crossover point for both TE and TM modes when
the duty cycle is between 0.5 and 0.55. We thus design the SS
region with two duty cycles 0.5 and 0.55. It is worth noting that
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Fig. 3. Schematic of the proposed PIPS. (a) 3D view; (b) top view;
(c) fabrication process flow: (top to bottom) E-beam resist coating;
E-beam lithography; silicon etch; top SiO2 growth.

Fig. 4. Simulated transmission at 1550 nm wavelength vesus (a) L1,
L2, L4 for the TE mode; (b) L1, L2, L4 for the TM mode; (c) L2 when
L1 = L4 = 300 nm; (d) duty cycle.

the transmissions of TE and TM at this crossover point, shown
in Fig. 4(d), are 0.48 and 0.46, respectively, indicating different
insertion losses for TE (0.18 dB) and TM (0.35 dB) modes.
The device parameters, L1, and the duty cycle of each period
are finely tuned later based on the above results to optimize
the device performance.

Throughout the simulation, we use the following parameters:
period 3 of the SS is 200 nm; duty cycles a/3 of the third,
fifth, sixth, and eighth periods are 0.55, while others are 0.5;
L1, L2, L3, and L4 are set to 0.32 µm, 0.8 µm, 0.4 µm, and
0.3 µm, respectively; W1 = 0.6 µm; W2 = 0.2 µm. The sim-
ulated results are plotted in Fig. 5, showing that both TE and
TM modes achieve 3 dB power splitting near 1550 nm. The
insertion losses for TE and TM modes are about 0.18 dB and
0.35 dB, respectively. The corresponding mode profiles are also
shown in the insets.

The devices are fabricated in ShanghaiTech University
Quantum Device Lab. The fabrication process is shown in
Fig. 3(c). Grating couplers and PIPS are patterned simultane-
ously in one step with e-beam lithography using the Elionix
ELS-F125G8 electron-beam lithography tool with ZEP-520A

Fig. 5. Simulated transmission and insertion loss of (a) TE polari-
zation; (b) TM polarization. Insets show the field profiles when 3 dB
power splitting is achieved.

Fig. 6. Microscope and SEM images of the fabricated chip.
(a) PIPS; (b) TE grating coupler; (c) TM grating coupler.

e-beam resist, followed by pattern HBr and Cl2. After etching,
a 2 µm SiO2 layer is deposited on top with plasma-enhanced
chemical vapor deposition (PECVD). The microscope and
SEM images are shown in Fig. 6. Here we use two types of grat-
ing couplers for efficient coupling of TE and TM polarizations
into/out of the chip.

A broadband light source (Thorlabs ASE730) is coupled into
and out of the devices using grating couplers via a polarization-
maintaining single-mode fiber on the input side and standard
single-mode fiber on the output side. An optical spectrum
analyzer (OSA, Yokogawa AQ6370D) is used to analyze the
transmitted light. Note that we have two sets of devices, as
shown in Fig. 6, one for TE mode measurement and the other
for TM mode.

The output spectra are shown in Fig. 7. Both TE and TM
modes obtained 3 dB power splitting around 1575 nm. The
central wavelength shift may be caused by fabrication error.
The 1 dB operation bandwidth, defined as −3± 0.5 dB, is
about 50 nm (1540–1590 nm), which is reasonably consistent
with the simulation results (1520–1580 nm). The insertion
loss within the operation bandwidth (1540–1590 nm) is less
than 1 dB. It worth noting that for TE mode in Fig. 7(c), a slight
increase in insertion loss to larger than 1 dB for wavelengths
smaller than 1540 nm and larger than 1590 nm is observed,
which may be caused by the signal-to-noise ratio decreasing
due to the emission power drop of our amplified spontaneous
emission source at shorter wavelengths and the relatively lower
coupling efficiency of our grating couplers at longer wave-
lengths. Further improving fabrication and measurement may
solve this issue.
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Fig. 7. Measured output spectra for (a) TE polarization and (b) TM
polarization. Normalized transmission and insertion loss for (c) TE
polarization and (d) TM polarization.

Fig. 8. Simulated variations of contrast ratio between the output
from the upper arm and lower arm as a function of (a)1a (TE); (b)1a
(TM); (c)1Thickness (TE); (d)1Thickness (TM).

To identify the corresponding dimensional variations, we
simulate the variation of the contrast ratio between the output
from the upper arm and lower arm as functions of the varied
dimensions and plot them in Fig. 8. Note that the correspond-
ing wavelengths of the intersection points between the 0 dB
contrast ratio and the calculated curves represent the central
wavelengths of the devices with different dimensions. Enlarging
the width of the silicon strip will lead to an increase in the duty

cycle of the SS and enhance coupling, which finally results in
a redshift of the central wavelength. When the silicon layer
becomes thicker, the central wavelength also moves to a longer
wavelength. Compared with the TM mode, due to different
mode distributions, the TE mode is more sensitive to the duty
cycle variation of the SS while more tolerant to the thickness
deviation. Considering our measurement results, of which the
TE mode exhibits less shift of the central wavelength than the
TM mode, we conclude that thickness variation is the major
source for our device performance deviation.

In conclusion, we propose and demonstrate PIPS. The device
has an extremely compact footprint and relatively broad oper-
ation bandwidth for polarization-independent 3 dB power
splitting. The experimental results are consistent with the simu-
lation. This kind of device has great application prospects in the
development of polarization-independent PICs.
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