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Design of Integrated Polarization Beam Splitter With
Liquid Crystal

Qian Wang, Gerald Farrell, and Yuliya Semenova

Abstract—An integrated polarization beam splitter based on a
directional coupler (DC) with an etched slot and filled-in liquid
crystal covering layer, which utilizes the birefringence of liquid
crystal materials, is proposed. A supermode solution for the DC in-
volving birefringence materials and the corresponding full-vector
anisotropic beam propagation method are employed as modeling
tools. A numerical design of the proposed structure is presented.
Beam propagation behavior along the whole structure involving
curved input and output regions and central coupling region is
simulated. Simulation result shows an extinction ratio of 25.3 and
41.9 dB for the TE and TM mode, respectively.

Index Terms—Directional coupler (DC), liquid crystals, polar-
ization beam splitter (PBS).

1. INTRODUCTION

OLARIZATION beam splitters (PBS), performing split-
P ting or combining beams with orthogonal polarization
states spatially, are widely used in optical communications or op-
tical fiber sensing systems. Various waveguide-based integrated
PBS have been proposed recently. Examples include asymmet-
ric Y-branches [1], [2], directional couplers (DCs) with stress-
induced birefringence [3], metal-clad Mach—Zehnder interfer-
ometers [4] or deeply etched multimode interference couplers
(MMI) [5], etc. Some of these proposed structures require spe-
cial fabrication procedures or exhibit a poor extinction ratio
between the two outputs. The PBS based on the DC with stress-
induced birefringence [3] has a simple configuration but suffers
from the long coupling length because of the weak birefrin-
gence.

To shorten the length of the device, liquid crystal material
was introduced in [6] because of its relatively large birefrin-
gence. However, the corresponding reported structure consists
of two coupling waveguides on two different substrates, which
increases the difficulty of assembly and coupling to fibers. Fur-
thermore, the modeling and design in [6] is based on the two-
dimensional (2-D) scalar-wave equation; hence, the waveguide
is treated as a slab waveguide. However, the liquid crystal ma-
terial is a birefringence dielectric structure and, in practice, the
waveguides have limited cross sections.

We first propose an improved configuration, in which the
DC is integrated on one substrate. Secondly, we propose a
supermode solution based on three-dimensional (3-D) quasi-
vector wave equations and a 3-D full-vectorial beam propagation
method (BPM) as modeling tools, which consider the birefrin-
gence dielectric structure of liquid crystals and limited cross
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section of waveguides. Using these two modeling tools, the pro-
posed integrated polarization splitter is designed and simulated
numerically in Section III. In the design procedure, the coupling
in the curved input and output regions is also considered. The
simulation result for the whole structure shows an extinction
ratio of 25.3 and 41.9 dB for the TE and TM mode, respectively.

II. PROPOSED CONFIGURATION AND MODELING TOOLS

A. Proposed Configuration

The schematic structure of the proposed configuration is pre-
sented in Fig. 1. A slot is etched in the middle of the DC.
The liquid crystal is filled in and employed as a covering layer
as well. The whole device can be regarded as a liquid crystal
cell with planar lightwave circuits integrated on one substrate.
There are two possible alignment directions for the liquid crystal
molecules, which can be along the x axis (parallel alignment;
configuration A) or the y axis (perpendicular alignment; config-
uration B). Both configurations A and B involve the alignment
of liquid crystal on surfaces of the top glass plate and the sub-
strate as far as the fabrication of the device is concerned. For
configuration A, the planar alignment on the top glass surface
can be realized by coating a polymer layer and rubbing with
a nylon cloth similar to the method used in the manufacturing
of liquid crystal displays. For the substrate, the liquid crystal
can be aligned by evaporating a thin layer of silicon monoxide
(about 20 nm) on the substrate as experimentally demonstrated
in [7]. For configuration B, the perpendicular alignment of the
liquid crystal at surfaces of both the glass and the substrate
can be implemented by treating the surface with a low-surface
energy surfactant as shown in [8]. The ordinary and extra-
ordinary refractive indices of the liquid crystals are n, and n.,
respectively (here, a liquid crystal of positive birefringence is
chosen, i.e., n. > n,). The refractive index of the other cladding
area nis chosen to be equal to n. in this paper. The width and
height of the etched slot is denoted as w and h, respectively.

The operational mechanism of this polarization beam splitter
is due to the birefringence of the liquid crystal. The TE and TM
modes (polarization direction of the TE and TM mode is defined
along x axis and y axis, respectively) have different index pro-
files in the liquid crystal area and consequently, have different
propagation characteristics. In configuration A of Fig. 1, the TE
mode is supposed to be coupled to the other waveguide at an ap-
propriate length, but TM mode remains in the same waveguide
within that length due to the strong guiding while propagating
along this DC. In configuration B, the TM mode will be coupled
to the other waveguide and the TE mode will remain in the same
waveguide. Compared to the configuration proposed in [6], for
the present configurations, there is no need to assemble the two

1077-260X/$20.00 © 2006 IEEE
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Fig. 1. Schematic structures of polarization splitter based on DC and filled-in

liquid crystals; (LC) molecules are aligned along the x axis in configuration
A and along the y axis in configuration B.

waveguides on two different substrates to make a DC, which
imposes a very strict requirement to the fabrication tolerance.
Since the DC is integrated on the same substrate in the present
configuration, it is more convenient to couple with fibers than
with the configuration in [6].

To carry out the design and simulation, supermode solution
for the DC involving birefringence materials and corresponding
full-vector BPM are briefly described.

B. Modeling Tools

The wave equation involving birefringence dielectric struc-
ture is

V xVxE—k&=,y,2)E=0 (1)

where k=27/)\g and Ao is wavelength in free space. In the
liquid crystal area, ¢ is the optical tensor of liquid crys-
tals. For configuration A: €., = nf, Eyy =€z = nf, Emn =0
(where m,n=x,y,z, and m # n) and for configuration
B: ¢y =n2, e, =6,, =n2,6m, =0 (where m,n=ux,y,2,
and m # n). For both the configurations, in the core area
Epy =Eyy =E.. =N2,,Emn =0 and in the other cladding re-
gion, €, =Eyy =€ :nfl, €mn =0. The 2 and y component
of the electric field satisfies

02 |Ey|  |Pn. Py ||E,
where

o1 0 9? 9 9
ol 0 1 0

-P:ty = % _787y + Euay(gyy)]
o[ 0 1 0

Pyl‘_@ __(971: 622(%(5“)}
0? o1 0

By = 922 + oy Lzz ay(&/y)] + kK [(53/3/ - n%)] :
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By neglecting the coupling between TE and TM modes in the
above equation, quasi-vector mode equation is obtained. For the
DC, assume that the two supermodes for the quasi-TE and quasi-
TM mode have propagation constants 3 ¥and 3™ (i = 1, sym-
metric supermode; ¢ = 2, asymmetric supermode). Electric field
components E,(z,y)and E,(z,y) of the quasi-vector mode
satisfy the following equations, respectively,

a 1 8 azEm 2 TE\ 2 _
o LSZZ oz (Ea:mE:'f)} - y? + (k ere = (677) )E‘T—O
(3a)
?E, 01 0 2 T™\2) 1 _
o oy [ay<E>} + (e = (31)7) B,=0.
(3b)

The coupling length (the light is totally coupled from one
waveguide to the other) of the DC can be calculated as LTF =
7/(BLE — BFE) and LM = 7(B™ — gIM), for TE ad TM
modes, respectively. For a specific length of the DC L, the coupl-
ing ratios of the DC for TE and TM mode are, respectively, [9]

R — 1—cos(( 1TE— QTE)L)
BT 1 4 cos ((BTF - BTE) L)
and
Ronr — l—cos((ﬂlTM—ﬂ;:M)L)
P T cos (BT - ™M) 1)

Besides the above quasi-vector supermode solution, a full-
vector BPM is employed to simulate beam behaviors for
the designed structure, of which the two coupling items are
considered. With the slowly varying envelope approximation
[E; = E; exp(jknoz), (i =z, y)] and paraxial assumption, they
have the form

9 ([E,\ _ [P Po][E.
g (5 ]) =[5 B[R] @

These coupled equations can be solved by adopting an alter-
native direction implicit scheme as in [10], with which these
equations are converted into 2-D beam propagation problems.
The transparent condition or perfect matched layer can be used
at the edges of the calculation region [11], [12].

The design and simulation of this integrated PBS obtained
using these modeling tools are presented in the following sec-
tion.

III. NUMERICAL DESIGN AND SIMULATION

Configuration A is considered as the numerical example for
the design and analysis of the integrated polarization splitter
(for configuration B the procedure is the same). The wavelength
of the propagation light is chosen to be 1550 nm, and the silica
waveguide is considered because of its low propagation loss
and high coupling efficiency to fibers. The ordinary and extraor-
dinary refractive indices of the liquid crystal are n, =1.455
and n. = 1.505, respectively. The cross section of the waveg-
uide core is 5 x 5 pum?. The refractive index of the cladding
region is n¢ = 1.505 and that of the core is n., = 1.515. For the
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Fig.2. (a) Coupling length of TE mode versus separation between two waveg-

uides. (b) Contour plot of extinction ratio for the TM mode under different etched
depth and separation using the corresponding coupling length of the TE mode
as shown in (a).

TE mode, the coupling length varies as the separation of the two
waveguides changes but remains almost the same for different
etching depth of the slot. Fig. 2(a) gives the calculated coupling
length of the TE mode while the separation varies from 2 to
6 pm. The extinction ratio of the TM mode is calculated for
different etched depths and separations using the corresponding
coupling length for the TE mode presented in Fig. 2(a) [see
Fig. 2(b)].

As shown in Fig. 2(a), when the separation increases, the
coupling length increases significantly. The coupling length for
the TE mode is strongly dependent on the separation of the two
waveguides; thus, when the separation increases, the coupling
length increases significantly. The calculated results of Fig. 2(b)
show that for a given separation, i.e., a given coupling length
for the TE mode, the extinction ratio is increased as the etched
depth increases (however, a deep etching increases the fabrica-
tion complexity and tolerance requirement) or for a given etched
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Fig. 3. Field distribution of the two supermodes for the DC. (a) Symmetric
supermode of TE. (b) Asymmetric supermode of TE. (c) Symmetric supermode
of TM. (d) Asymmetric supermode of TM.

depth it is also increased as the separation increases. The selec-
tion of the correct parameters of separation from Fig. 2(a) and
(b) involves a compromise where achieving a compact size will
restrict the extinction ratio. Conversely, selecting a high extinc-
tion results in a long coupling length for the TE mode. In this
example, a separation of 4.5 ym and an etched depth of 8 m are
chosen. The corresponding coupling length for TE mode is 2200
pm, which is calculated by the formula LY =7 /(81F — g1E),
i.e., within this length the propagation light of the TE mode is
completely coupled from one waveguide to the other waveg-
uide, and the extinction ratio for the TM mode is 36 dB with the
supermode solution. To further reduce the length of the device,
a liquid crystal material with a higher birefringence can be used.
It should be understood that for the same waveguide parame-
ters and same extraordinary refractive index of the liquid crystal
material, when reducing the value of the ordinary refractive in-
dex of liquid crystal material (i.e., increasing the birefringence),
the TM mode has a higher extinction ratio due to the stronger
guiding as the refractive index of the cladding between the two
waveguides decreases. Therefore, one can choose a smaller sep-
aration, which leads to a smaller coupling length required for
the TE mode while maintaining a high extinction ratio for the
TM mode.

When the waveguide separation is 4.5 pym and the etched
depth is 8 um, the effective refractive indices of the two su-
permodes for the TE mode are 1.5092257 and 1.5088733. Cor-
responding field distributions are shown in Fig. 3(a) and (b),
respectively. For the TM mode, it has a different index pro-
file because of the birefringence of liquid crystal. The effective
refractive indices for the two supermodes are 1.5073871 and
1.5073845. Fig. 3(c) and (d) presents the corresponding field
distributions. Fig. 3(c) and (d) indicates that the light fields of
the supermodes are well defined for the two waveguides, which
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Fig.4. Lightintensity distribution while propagating along the whole structure
based on the 3-D full-vector beam propagation method. (a) TE mode. (b) TM
mode.

is significantly different from that shown in Fig. 3(a) and (b).
The effective refractive indices of the two supermodes are very
close, and consequently, the corresponding coupling length is
very long. In summary, the coupling for the case of the TM
mode between the two waveguides is very weak.

To split or combine the TE and TM modes in practice, the
DC consists of curved input and output waveguides as shown
in Fig. 1. It is known that due to coupling effect in the curved
input and output region, the actual coupling length of the straight
waveguide is shorter than the above presented designed length.
With the effective design method proposed in [13], the actual
length of the central region for the DC is 1787 pm (for the curved
input and output regions the bending radius R is 20 000 m and
the separation is 40 pm).

Finally, the 3-D full-vector BPM is employed to simulate
the light propagation along the whole structure, including the
curved input region, the central coupling region, and the curved
output region. Fig. 4 shows the light intensity distributions for
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the TE mode and the TM mode while propagating along the
whole structure. Simulation results indicate that the TE mode is
coupled to the other waveguide, while the TM mode remains in
the same waveguide. The corresponding extinction ratio based
on the simulation of the whole structure is 25.3 and 41.9 dB for
the TE and TM mode, respectively.

IV. CONCLUSION

A new integrated polarization beam splitter based on a DC
with an etched slot and filled-in liquid crystal covering layer has
been proposed in this paper. The birefringence of liquid crys-
tal materials is used to split the TE and TM modes. Supermode
solution for the DC involving birefringence materials and corre-
sponding full-vector anisotropic BPM have been presented and
employed as modeling tools for the design. Numerical design
and simulation of the proposed structure has been demonstrated.
Corresponding numerical result indicates an extinction ratio of
25.3 and 41.9 dB for the TE and TM mode, respectively. Com-
pared to previous liquid crystal integrated polarization splitter,
the proposed structure eases the difficulty of assembly and cou-
pling to optical fibers due to integration of the two waveguides
of the DC on the same substrate.
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