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1.  Introduction

Silicon  photonic  integration  is  considered  to  be  one  of
the  most  promising  techniques  in  realizing  high-density
photonic  integrated  circuits  because  of  its  compact  device
size and CMOS compatible fabrication process.  However,  due
to  the  large  index  contrast  of  silicon  waveguides,  silicon
photonic devices are affected by the large polarization mode
dispersion,  polarization  dependent  loss  and  polarization  de-
pendent  wavelength  characteristics.  Polarization  transparent
circuits and polarization diversity schemes, which have polariz-
ation  rotators  and  splitters  as  common  key  devices,  have
been  proposed  to  solve  this  issue[1–3].  To  date,  various  types
of  passive  polarization  rotators  have  been  demonstrated[4–8],
all  of  which  are  static  and  operation-fixed.  However,  the  dy-
namic  polarization switch  is  also  needed due to  its  many ap-
plications,  including  polarization  modulation[9, 10],  coherent
communication[11],  quantum  computing[12],  and  polarization
diversity[2].

Recently,  various  dynamic  polarization  controlling  devi-
ces  based  on  silicon  waveguides  have  been  reported[13–15].
Two  kinds  of  devices  can  be  used  to  achieve  a  polarization
switch in planar silicon waveguide circuits. The first is a phase
modulator  whose waveguide is  illuminated at  45°  of  its  main
axis,  as  shown in Fig.  1(a).  The input light is  split  into two or-
thogonal polarizations. With a thermal-optical controlling sig-
nal,  a phase difference between the two orthogonal polariza-
tion states is produced, resulting in a changed output polariza-
tion orthogonal to its original state. However, the polarization-
dependent  phase  shifter  needs  to  be  long  enough  because
the polarization-dependent thermal optical effect is weak in sil-
icon  waveguides.  The  waveguide  length  is  approximate  700
μm  for  that  with  SU8  upper  cladding  and  much  longer  for
that with SiO2 upper cladding[13]. The second consists of an or-
dinary  polarization  splitter  rotator  (PSR)  followed  by  a  series
of  3-dB  couplers  and  phase  shifters,  and  a  second  PSR[15, 16].
This  consists  of  many  elements,  including  at  least  two  PSRs,
two  3-dB  couplers  and  one  phase  shifter  to  realize  polariza-
tion  switch,  as  shown  in Fig.  1(b).  Here,  we  propose  a  new
design  of  polarization  switch,  which  consists  of  one  phase
shifter and two symmetric PSRs as shown in Fig. 1(c). The sym-
metric  PSR  utilizes  the  linear  combination  of  TE0  and  TM0  as
orthogonal bases,  while the common PSR directly utilizes the

TE0 and TM0 as orthogonal  bases[17].  Simulation results  show
that the device has a TM0-to-TE0 polarization extinction ratio
of  better  than  30  dB  over  the  C  band.  The  simplified  device
has  a  shorter  length  of  less  than  300 μm  compared  with
those previously reported.

2.  Design and simulation

The operation principle of  the polarization switch can be
mathematically  explained  with  transfer  matrix  method.
Without  regarding  to  the  insert  loss,  the  Jones’  matrix  of  the
symmetric PSR could be expressed as
 

T =
√

[  ejφ

 −ejφ
] , (1)

in  which φ is  a  parameter  related to  the  structure.  The trans-
mission of the phase shifter could be expressed as
 

T = [ ejθ 
 

] , (2)

in  which θ is  the  phase  difference  between  the  two  arms.  If
the  input  is  TM0  light,  the  output  of  the  polarization  switch
can be expressed as the following:
 

T− TT [ 

] = 


[ ejφ(ejθ − )

ejθ + 
] . (3)

Giving φ = 0, we can calculate the relative amplitude and
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Fig. 1. (Color online) Three kinds of silicon polarization switch
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phase  between  the  output  TE0  light  and  TM0  light  changing
with the value of θ, as shown in Fig. 2. We see that the polariz-
ation  switch  can  realize  dynamic  amplitude  tuning  between
TE0  and  TM0  light  via  adjustment  of  the  phase  shifter,  while
its relative phase keeps no change.

The structure of the polarization switch is shown in Fig. 3.
For  the convenience of  design and performance analysis,  the
switch is divided into three segments.  Segment 1 is a bilevel-
tapered  TM0–TE1  mode  converter  that  converts  the  input
TM0 mode to TE1 mode, while the input TE0 mode keeps un-
changed[18].  Segment  2  is  a  tunable  Mach–Zehnder  interfer-
ence (MZI)-type TE1–TE0 mode converter,  which consists of a
symmetric  two-mode Y branch  acting  as  a  splitter,  a  pair  of
arms with a phase shifter, and an inverse two-mode Y branch
acting as a combiner.  The two-mode Y splitter divides the in-
put  TE1  light  into  two  TE0  light  beams  with  π  phase  differ-
ence,  while  it  splits  the input  TE0 light  into two TE0 with  the
same  phase[19].  The  two  arms  with  the  phase  shifter  adjust
the  phase  difference  of  the  propagating  light.  Subsequently,
upon  passing  the  two-mode  Y  combiner,  the  two  TE0  light
beams  with  π  phase  difference  are  combined  to  TE1  light,
whereas  the  two  TE0  light  beams  with  the  same  phase  are
combined  to  TE0  light.  Segment  3  is  an  inverse  bilevel-
tapered  TM0–TE1  mode  converter.  It  converts  the  input  TE1
light  to  TM0  mode  and  allows  the  input  TE0  light  pass  with
no change.  The polarization switch was designed based on a
silicon-on-insulator  substrate  with  a  220-nm-thick  top  silicon
layer.  Its  basic  segments  were  optimized  separately  using  a
3D  finite-difference  time-domain  (FDTD)  simulation  tool
(Lumerical FDTD solution)[20].

The  goal  of  the  bilevel  taper  design  is  to  balance  the
device  size  and the  conversion  efficiency.  As  shown in Fig.  4,
the width of  the input single mode waveguide is  set  to W0 =
0.4 μm,  while  the  output  two-mode  waveguide  has  width

W2 =  0.8 μm.  The  height  of  the  slab  waveguide  is  set  to 
90  nm,  which  breaks  the  waveguide  vertical  symmetry  for
mode  transformation,  and  it  has  width Wslab =  1.6 μm.  Simu-
lated  results  show  that  the  hybrid  TE1  and  TM0  modes  are
generated  at  a  waveguide  with  a  width  of  approximately
0.48 μm.  To  obtain  a  higher  conversion  efficiency  and  a
smaller  footprint,  we  divide  the  taper  into  two  parts.  The
end-width of the first part is set to W1 = 0.6 μm. The first part
is  relatively  long,  so  as  to  yield  higher  conversion  efficiency,
with Ltaper1 = 40 μm. The second part is relatively short for re-
duced  device  size,  with Ltaper2 =  30 μm.  The  insert  loss  (IL)  is
found  to  be  less  than  0.25  dB  for  TM0  and  0.025  dB  for  TE0
over  a  wavelength  range  of  1500–1600  nm,  as  shown  in
Fig. 4.

The  tunable  MZI-type  TE1–TE0  mode  converter  is  shown
in Fig.  3,  which achieves light mode conversion based on the
phase  difference  set  between  the  two  MZI  arms.  The  yellow
part  in Fig.  3 represents  a  100-μm-long  adjustable  phase
shifter,  which  can  be  controlled  through  thermo-optical  ef-
fect. Fig.  5(a) shows  that  the  output  light-mode  composition
varies  with  the  index  and  temperature  increment  of  the
phase shifter  and at  1550 nm, according that  the thermo-op-
tic  coefficient  of  silicon  is  1.86  ×  10–4 K–1[21].  The  input  TE1
light is totally transformed to the TE0 mode at an index (tem-
perature)  increment  of  0.007  (37.66  K).  Furthermore,  when
the  index  (temperature)  increment  is  set  to  0  or  0.014  (0  or
75.32  K),  the  input  TE1  light  passes  through  the  device  un-
changed.  From Fig.  5(b),  it  can  be  determined  that  the  TE1-
to-TE0  conversion  efficiency  is  more  than  95%  over  a
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Fig. 2. (Color online) (a) The theoretical relative amplitude and (b) phase of output TE0 and TM0 polarization state when TM0 polarization state is
input.
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Fig. 3. (Color online) Schematic of the polarization switch, which is de-
signed on a  silicon-on-insulator  substrate  with a  220-nm-high wave-
guide.
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wavelength  range  of  1500–1600  nm  at  an  index  (temperat-
ure) increment of 0.007 (37.66 K).

Using  a  polarization  switch  composed  of  optimized  seg-
ments,  we  estimated  the  overall  device  performance.  The  in-
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Fig. 5. (Color online) (a) Simulated output light-mode composition of the MZI-type mode converter versus the index and temperature increment
of the phase shifter.
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Fig. 6. (Color online) (a) Simulated output polarization state composition of the polarization switch versus the index and temperature increment
of the phase shifter with TM0 light input. (b) Simulated TM0–TE0 polarization extinction ratio at index increment (temperature) of 0.007
(37.66 K).
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Fig. 7. (Color online) Conversion efficiency of the bilevel taper at 1550-nm versus (a) the fabrication error of the slab height and (b) the slab width
. (c) Insert loss of the Y branch for TE0 and TE1. (d) The horizontal and (e) vertical misalignment accuracy of the bilevel taper at 1550 nm.
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put  was  set  to  TM0  light. Fig.  6(a) shows  that  the  output
light-polarization composition varies with the index and tem-
perature increment of the phase shifter at 1550 nm. In agree-
ment  with  the  MZI-type  mode  converter,  the  TM0  polariza-
tion state is totally rotated to TE0 polarization at an index (tem-
perature) increment of 0.007 (37.66 K). The polarization extinc-
tion ratio  (ER)  were  calculated,  which is  defined as  ER  =  10  ×
lg  (Pout,TM0/Pout,TE0),  where Pout,TE0 and Pout,TM0 are  the  output
powers  of  the  TE0  and  TM0  polarization  state,  respectively.
As  shown  in Fig.  6(b),  the  ER  is  larger  than  30  dB  over  the
1530–1565-nm  wavelength.  At  1546-nm  wavelength,  the  ER
is  even  larger  than  50  dB.  The  central  wavelength  with  the
highest  ER  can  be  adjusted  by  altering  phase-shifter  index
(temperature), which facilitates flexible use.

Fabrication  tolerance  analysis  has  to  be  done  for  future
fabrication. Figs.  7(a) and 7(b) show  the  TM0-to-TE1  conver-
sion  efficiency  of  the  bilevel  taper  versus  the  offset  of  the
width and height of the slab waveguide, respectively. The con-
version  efficiency  remains  over  95%  at  1550-nm  wavelength
in  the  range  +/–  40  nm.  As  for  the  sharp  corner  of Y branch,
the  insert  loss  for  both  TE0  and  TE1  is  less  than  0.6  dB  if  the
width  of  the  corner  is  within  100  nm,  as  shown  in Fig.  7(c).
The 100-nm gap can be fabricated by the electron beam litho-
graphy  and  the  193-nm  immersion  lithography.  The  upper
cladding  material  of  our  device  is  SiO2,  which  is  compatible
with metal back-end-of-line processes. The horizonal and ver-
tical alignment accuracy for the bilevel taper have been invest-
igated  and  the  simulated  results  are  shown  in Figs.  7(d) and
7(e), respectively. The conversion efficiency has almost no de-
terioration when the misalignment between the slab and the
ridge is ±100 nm.

3.  Conclusion

We have proposed a silicon polarization switch based on
symmetric  PSRs.  The  switch  can  realize  arbitrary  polarization
amplitude  tuning  between  TE0  and  TM0  light.  The  structure
of  the  device  is  straightforward  and  the  tuning  control  is
quite simple. The simulated TM0-TE0 polarization extinction ra-
tio is larger than 30 dB over C band. The proposed tunable po-
larization  rotator  presents  a  promising  approach  to  solve  the
key issue of dynamic polarization control in silicon photonic cir-
cuits. Future work can be done to design a device to realize ar-
bitrary polarization state control in silicon photonic circuits.
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