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Abstract—A TM-mode-pass polarization rotator and power di-
vider with an arbitrary beam-splitting ratio constructed by an
adiabatic taper, a spatial mode order convertor and a multi-mode
interferometer (MMI) is proposed on the silicon-on insulator (SOI)
platform. Both arbitrary power splitting and polarization selection-
rotation can be realized in this single device. The measurements
show that a continuously adjustable beam-splitting ratio from 1:99
to 99:1 within a 33.2 mW power consumption from 1520–1580 nm
has been realized for the proposed device.

Index Terms—Polarization rotator, power divider, mode conver-
sion, integrated optics.

I. INTRODUCTION

S ILICON on insulator (SOI) is an excellent photonic inte-
grated circuit (PIC) platform due to its strong light field

limitation, low transmission loss and high divergence, compat-
ible fabrication for complementary metal-oxide-semiconductor
(CMOS) [1]. Unfortunately, large birefringence is introduced by
the high refractive index contrast of the SOI platform, resulting
in a strong polarization dependence of the SOI-based photonic
device. On-chip polarization management device has become
a key component for the SOI-based PIC, such as polarization
beam splitters [2], [3], polarization beam-splitter rotators [4],
polarizers [5]. Among them, the polarizer is the simplest scheme
which can filter out the undesired polarized light, so as to obtain
light in a single polarization state. It can be widely applied in
optical communication and optical sensing systems.

In silicon photonics, an optical power divider is also a basic
component, which is often utilized for power distribution or
as a basic element for building more complex devices, such
as modulators [6], switches [7], and multiplexers [8]. Over
the years, tremendous efforts have been made and a variety
of schemes have been proposed and demonstrated [9]–[12].
Notice that polarizers and power dividers are always combined
together to highly enrich the choices of devices for building
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high-performance PICs, involving on-chip optical switching and
multiplexing systems [2], [8], [13]. Designing multifunctional
photonic devices that can handle both polarization states and
power splitting provides additional degrees of freedom for high-
density integrated photonic links. For example, by utilizing a
hybrid plasmonic waveguide and a Y-splitter structure, both po-
larization selection and equal-power splitting can be realized in
a single device [14], [15]. In addition, by using two-dimensional
photonic crystals based on Bragg reflection, the integrated po-
larizer and power divider can be realized in a single device [16].
These solutions that integrate the polarizer and the power divider
into a single device increase the space utilization of the integrated
chip and expand versatile applications of the device to a certain
extent. However, exploring more potential applications of the
device is limited due to the fixed beam-splitting ratio. Adding
another tunable degree of freedom to such a multifunctional
device can further expand the application of the device.

In this paper, we propose an on-chip multi-functional device
of polarization rotation and power splitting, which has the advan-
tages of broadband and adjustable beam-splitting ratio. For the
injected TM0, with the flow of light, the transformation process
of optical mode is TM0-TE3-TE0, and the beam- splitting ratio
is tunable. For the TE0 mode, the proposed device behaves as
an attenuator. Thus, both polarization rotator and power divider
with tunable beam-splitting ratio can be realized on a single
device. In addition, this device can be used as a polarizer which
is because the injected TE0 mode is blocked.

II. STRUCTURE AND DESIGN PRINCIPLE

Fig. 1 shows the schematic of the proposed device, including
three basic structures: an adiabatic taper, a spatial mode order
convertor and a 2×2 multi-mode interferometer (MMI). The
adiabatic taper is composed of a multi-segmented linear taper,
which is used to rotate the polarization state of the input light. It
can convert TE0 to TE0, or TM0 to TE3, which is consistent with
the mode conversion in our previous work [17]. The spatial mode
order convertor is composed of four S-bend waveguides and two
spiral waveguides, which can realize two functions: 1) Separate
TE3 into two TE0 with equal optical power; 2) Filter TE0 and
TM0. The MMI is used to realize the interference between the
two modulation arms, the phase difference of which can be
changed by applying a voltage to the heater, and then the contin-
uous adjustment of the beam-splitting ratio can be achieved. In
order to reduce the amount of calculation, we simulate the above

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0002-7492-1393
https://orcid.org/0000-0002-3991-8156
https://orcid.org/0000-0002-4648-2506
mailto:dcy@seu.edu.cn
mailto:mjlu@seu.edu.cn
mailto:230189799@seu.edu.cn
mailto:230189799@seu.edu.cn
mailto:230189110@seu.edu.cn
mailto:230208131@seu.edu.cn
mailto:220201512@seu.edu.cn
mailto:220201512@seu.edu.cn
mailto:photonics@seu.edu.cn
mailto:ybf@seu.edu.cn
mailto:cyp@seu.edu.cn


6646004 IEEE PHOTONICS JOURNAL, VOL. 14, NO. 4, AUGUST 2022

Fig. 1. (a) Schematic of the proposed polarizer and power divider on SOI
waveguide. (b) Sketch of the proposed design.

Fig. 2. (a) The calculated effective indices and (b) TE-fraction for guide modes
of rib waveguide with different waveguide widths. (c) Electric fields distributions
of the adiabatic taper at wavelength of 1550 nm. (d) The calculated transmittance
spectra of the adiabatic taper.

three structures respectively by using 3D finite-difference time-
domain method (FDTD, Ansys-Lumerical FDTD Solution).

Firstly, we analyze mode hybridization of the adiabatic taper.
This adiabatic taper consists of three segment linear tapers based
on rib waveguides. In this paper, the height of the rib waveguide
and the slab are 220 nm and 70 nm respectively, as shown in the
subgraph of Fig. 1(a). Fig. 2(a) shows the refractive indices of
rib waveguides as a function of waveguide width W. It can be
seen that the hybridization mode of TM0 and TE3 appears near
W = 1.3 µm. To analyze the polarization states of guide modes,
the TE-fraction is used to represent the ratio of the energy of
TE polarization to the total energy of the mode. Specifically, the
TE-fraction of each mode can be expressed as:

TE − fraction =

∫ |Ey|2dydz∫ (
|Ey|2 + |Ez|2

)
dydz

(1)

Fig. 3. (a) The optical field distribution in spatial mode order convertor at
wavelength of 1550 nm. The calculated transmittance spectra of spatial mode
order convertor in (b) TE3 mode, (c) TM0 mode and (d) TE0 mode.

Here, Ey and Ez are the electric field components in Y and Z
directions, respectively. As shown in Fig. 2(b), this hybridized
mode can be seen as the combination of TE3 and TM0 modes.
The input light can evolve from TM0 mode to TE3 mode by
a linear taper in the hybridization mode region (W = 1.2∼1.5
µm). The widths W1, W2, W3 and W4 of the tapered waveguides
are set respectively to be 0.80 µm, 1.20 µm, 1.50 µm and 1.93
µm. The taper lengths L1, L2 and L3 are 8.15 µm, 36.97 µm
and 15.00 µm, respectively. The electric field distributions
of the adiabatic taper are shown in Fig. 2(c). It can be seen
that the major component of input light is transformed from
Ez to Ey with the flow of optical energy and the input TM0

mode is transformed to TE3 mode. Here, the mode conversion
ratio is defined as the ratio of the energy of TE3 mode to
input light energy. As shown in Fig. 2(d), the mode conversion
ratio exceeds 91% in the wavelength range from 1520 nm to
1580 nm [17].

Secondly, we analyze the spatial mode order convertor. Here,
the output channels of spatial mode order convertor are denoted
as Ch1-Ch4 from top to bottom. The spatial mode order conver-
tor is designed to separate the TE3 mode into two TE0 modes,
and these signals are output from Ch1 and Ch4 respectively.
At the same time, ideally, we hope that the optical energy in
Ch2 and Ch3 can be coupled to the adjacent Ch1 and Ch4
as much as possible. The residual energy is consumed by the
spiral waveguide or radiated into the cladding. By using a
particle swarm optimization method, the optimal parameters
are Δy1 = 3.00 µm, Δy2 = 7.92 µm and L4 = 10.00 µm,
respectively. In this case, the optical field distribution and trans-
mission spectrum of spatial mode order convertor are shown in
Fig. 3.

As shown in Fig. 3(a), when the TE3 mode is input into
the spatial mode order convertor, the optical energy is mainly
divided into two channels and output from the upper (Ch1) and
lower (Ch4) channels in TE0 mode. The transmission spectrum
of the spatial mode order convertor is shown in Fig. 3(b). It can
be seen that a broad bandwidth can be achieved and at least 0.71
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Fig. 4. (a) The optical field distribution of the proposed 2×2 MMI at wave-
length of 1550 nm. (b) The calculated transmittance spectra of 2×2 MMI in TE0

mode.

(loss< 1.49 dB) of optical energy is passed from Ch1 and Ch4
in the range of 1500–1600 nm.

In addition, the spatial mode order convertor also has the func-
tion of mode filtering. As shown in Fig. 3(a), for the input TM0

mode, it is difficult to confine the light in S-bend waveguides,
and major light energy will radiate into the cladding. In other
words, if a part of the input TM0 light is not converted to TE3

after passing through the adiabatic taper, it will be filtered by the
spatial mode order convertor. As can be seen from Fig. 3(c), the
normalized light energy (ICh1+ ICh4)/IIn is lower than 0.064,
which means that the PER of TM0 mode can be filtered to 11.9
dB. Here, ICh1, ICh4 and IIn represent the light energy of the
Ch1, Ch4 and input spatial mode order convertor, respectively.
The PER is defined as -10lg((ICh1+ICh4)/IIn). Similarly, for the
injected TE0 mode, the optical energy is mainly concentrated in
the middle channels (Ch2 and Ch3) and then consumed by the
spiral waveguide or radiated into the cladding. Specifically, as
can be seen from Fig. 3(d), the PER of TE0 mode is >14.9 dB
in the wavelength range of 1500–1600 nm.

Thirdly, we analyze the 2×2 MMI. As shown in Fig. 1, the
2×2 MMI is a symmetrical structure. Here we analyze the case of
light input from the upper port of the 2×2 MMI. The optimized
WMMI, LMMI and ΔyMMI are 6.00 µm, 42.80 µm and 1.00 µm
respectively. The optical field distribution of the proposed 2×2
MMI is shown in Fig. 4(a). It can be seen that the input light
is divided into two channels after the 2×2 MMI. Within the
bandwidth of 60 nm (1520–1580 nm), the insertion loss IL =
-10lg((Iout1+Iout2)/Iin) of the MMI is less than 0.61 dB. Here,
Iout1, Iout2 and Iin represent the light energy of the out1 (the
upper output), the out2 (the lower output) and the input port of
the 2×2 MMI, respectively.

III. EXPERIMENT RESULTS AND DISCUSSION

The proposed device can be fabricated on the regular SOI
platform with a 220 nm core silicon layer and a 2µm buried oxide
layer. Firstly, the waveguide patterns can be defined by using
deep ultraviolet (DUV) lithography. Then, single-step shallow
etching with a height of 150 nm by inductively coupled plasma
(ICP) is applied to form a rib waveguide. Next, a thin SiO2

cladding with a height of 1 µm is deposited on the sample by
plasma enhanced chemical vapor deposition (PECVD). Subse-
quently, transmission electrodes (Al and Cu) and thermoelectric
electrodes (TiN) are fabricated respectively based on the metal
lift-off technology. The optical micrograph of the fabricated

Fig. 5. The optical micrograph of the proposed device.

Fig. 6. Experiment setup for measurement.

TABLE I
COMPARISON OF THE DEMONSTRATED MULTI-FUNCTIONAL DEVICES WITH

POLARIZER AND POWER SPLITTER

(S): Simulation result. (E): Experiment result. IL = Insertion Loss. ER = Extinction
Ratio. Exp. = Experiment. Sim. = Simulation.

device is shown in Fig. 5. The schematic diagram of the mea-
surement setup is shown in Fig. 6. The linearly polarized light
is generated from the laser (TSL-710, Santec). By controlling
the polarization controller, the TM polarized light will be input
to a TM grating (In port) on the chip. After passing through
the device, the input TM polarized light is converted into TE
polarized light and output from the TE grating (Out port1 and
Out port2). Then, the output TE polarized light is detected
by an optical power meter (MPM-210, Santec). On the other
hand, when we adjust the polarization controller to make the
TE polarized light incident on the In port (TM grating), the
TE polarized light cannot be efficiently input into the proposed
device due to the huge coupling mismatch. At this time, the
optical energy output at Out port1 and Out port2 is lower than
the detection ranges of our optical power meter. Therefore,
the measurement results of transmission characteristics in TE
polarization are not given in this paper. For the same reason, the
measurement result of polarization extinction ratio in Table I is
empty (non).

Firstly, we measured the transmission spectrum of the pro-
posed device, as shown in Fig. 7(a). It can be seen that the
optical energy is mainly output from Out port1 and the minimum
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Fig. 7. (a) Measured transmittance spectra for the fabricated device.
(b) Tunable beam- splitting ratio varies with applied power.

IL of the device is 3.71 dB at the wavelength of 1552.86 nm.
The insertion loss mainly originates from the following parts:
∼0.22 dB caused by the adiabatic taper, ∼1.49 dB from the
spatial mode order convertor, ∼0.36 dB from the MMI. In
addition, the fabrication error between the fabricated device and
simulated architecture is also a main reason for the insertion
loss of the device. In the wavelength range of 1520–1580 nm,
the ripple of insertion loss of the device is less than ± 0.97 dB,
which is mainly caused by the jitter of MMI and adiabatic taper
over a wide-band range.

To tune the beam-splitting ratio of two Out ports, we set a
laser output wavelength to be 1550 nm and apply a voltage to
the heater using a DC power. It can be seen from Fig. 7(b) that the
beam-splitting ratio of the two Out ports is continuous tunable
due to the continuous change of the applied power. The beam-
splitting ratio of two Out ports can be adjusted from 1:99 to
99:1 within 33.2 mW power consumption. Such a beam-splitting
ratio with a large adjustment range can meet the requirements
of almost all beam splitters at present.

Finally, the performances of some reported multi-functional
devices and our proposed device are summarized in Table I.
It can be seen that our proposed device exhibits similar per-
formance to the reported devices in terms of achieving multi-
function. It is worthy to be noted that the proposed device is
a novel multi-functional device with a polarizer and a power
splitter that can realize reconfigurable beam-splitting ratio. Our
device will greatly expand the applications of such a multi-
functional device. In addition, the waveguide of our proposed
device can be realized by one-step shallow etching, which is
consistent with the processing technology of most SOI based
devices and convenient for large-scale integration.

IV. CONCLUSION

In summary, we simulate and experimentally verify a TM-
mode-pass polarization rotator and power divider based on SOI
rib waveguide. The simulation results show that an ultrabroad
operation bandwidth from 1500–1600 nm can be achieved
when polarization extinction ratio (PER) is >14.9 dB for the
TE0 mode and the insertion loss (IL) is <1.73 dB for the
TM0 mode. Further, the proposed device is fabricated and
measured. The measurement results show that when the TM0

mode is launched from the In port, it will output from the Out

port1 and Out port2 by the TM0-TE3-TE0 mode conversion.
When a voltage is applied to the heater, the steady-state power
divider can be reconfigured from 1:99 to 99:1 within 33.2
mW of electrical power consumption. Therefore, both polariza-
tion selection-rotation and arbitrary power splitting in a single
device are realized. Moreover, the device achieves a reconfig-
urable beam-splitting ratio, which makes the device highly com-
petitive in a variety of multi-functional devices. Furthermore,
with the features of compact footprint and thermal reconfigu-
ration, the proposed device will have promising applications in
large-scale integrated photonic circuits.
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