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Abstract: A novel integrated TM-pass waveguide polarizer with a
subwavelength-wide slot is introduced and theoretically analyzed. With a
proper design of the slot, the waveguide can be used as a single polarization
waveguide to guide only TM polarization modes of the light signal. With 26
um length of this TM-pass polarizer, our computer simulations predict the
insertion loss of 0.54 dB for the TM polarization mode with the extinction
ratio of 20.3 dB at the wavelength of 1.55 um.
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1. Introduction

Optical waveguide polarizers are essential components in integrated photonics, especialy for
devices and systems operating with a single polarization (SP) such as fiber-optic gyroscopes,
electro-optic switching arrays, coherent optical communication modules and more. The
functionality of optical waveguide polarizersisto alow only one polarization state (transverse
electric (TE) or transverse magnetic (TM)) to propagate while the other polarization state is
eliminated. A good polarizer is characterized by low insertion loss and high extinction ratio.
Many types of waveguide polarizers have been realized over the years, including, for
example, metal-clad waveguides [1-4] and birefringence waveguides [5,6], but only few of
them are TM-pass types. One class of such polarizers is based on using a metal-cladding
layer with either a grating [7,8] or a nanocomposite structure [9] to absorb the propagating TE
polarization wave. However, the propagation loss of these devices is relatively high. A
different concept is using a polarization splitter structure such as a directional coupler to split
TE and TM modes into horizontal or vertical integrated waveguides [10], but for either of the
cases complex and specific structures need to be used. Devices based on deposition of
birefringent materials or form birefringent multilayers have been proposed as well, where TE
polarization is eliminated due to different TE and TM cutoff wavelengths [11,12]; but
unfortunately relatively long distance (usually several millimeters) is needed to achieve high
extinction ratio.

It is well known that most of waveguide devices are polarization dependent due to the
different boundary conditions for each polarization [13,14]. Typicaly, TE and TM modes
propagate with dlightly different propagation constants. The birefringence increases as the
structure has abrupt index change and geometrical variations, e.g. slot waveguides [15].
These types of birefringent waveguides have been demonstrated for mostly air guiding of the
TE-like mode. In this paper, we propose a novel TM-pass waveguide polarizer based on
geometry-induced birefringence. Our device is based on introducing a dlot into the
waveguide, operating as a directional coupler that produces high birefringence. By proper
design, the waveguide confines only TM modes, i.e. a SP waveguide is achieved. With
integration of Y-branch mode-converted waveguides, a high extinction ratio and low loss TM-
pass polarizer isrealized. The proposed device is based on a GaAs ridge waveguide on top of
an AlAs layer, athough the concept can be easily applied to other materia systems, e.g.
silicon on insulator (SOI) and polymer waveguides. By using three-dimensiona (3-D)
semivectorial finite different time domain (FDTD) method [16], a numerical study of this
polarizer is carried out. The simulation results indicate that the extinction ratio of 20.3 dB and
the insertion loss of 0.54 dB can be obtained with a device length of 26 um at the wavelength
of 1.55 um.

2. Design of a TM-pass waveguide polarizer

The proposed device is composed of identical input and output waveguides and a TM-pass
polarizer in between. The device consists of GaAs (n=3.374) as a guiding layer and AlAs
(n=2.95) as a substrate layer. The input and the output sections are designed as single mode
ridge waveguides operating at 1.55 wm wavelength. Let the width of the waveguide be W=1
wm and its height be H=0.5 um. The effective indices of TEy and TMg, modes calculated by
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semivectorial finite difference (FD) method with Dirichlet boundary conditions [17] are 3.119
and 3.085, respectively.

Fig. 1. The schematic structure of the TM-pass polarizer. The input and output waveguides are
ridge waveguides with width W and height H. A TM-pass SP waveguide is a ridge waveguide
with the same size of input and output. A slot filled with air is centered at the SP waveguide

with width d and length L. Y-branch mode-conversion waveguides are between input/output
and SP waveguides with the length of L.

The TM-pass polarizer consists of a TM-like SP waveguide sandwiched between two
identical mode-converters. A schematic drawing of the proposed design is shown in Fig. 1
with L, being the length of the mode converter, L being the length of the TM-like SP
waveguide and d being the distance between the two parallel waveguides.

First, we investigate the polarization dependence of the SP waveguide shown in Fig. 1.

The width of each ridge waveguide is w;. Its height is H, same as the input and output (1/O)
waveguides, i.e. 0.5 um. The separation between the two waveguides is d, and the total width
is d+2w;=W. The cross-section of the proposed SP waveguide structure (onset) and effective

indices of the lowest TE-like and TM-like modes of this waveguide versus d are shown in Fig.

2. Theresults clearly indicate that effective indices for the two polarization modes decrease

as d increases. However, the effective index of the TE-like mode (dashed line) decreases
much faster than that of the TM-like mode (solid line).

No guided mode for the TE
polarization is supported as d >0.02 um, while a guided TM-like mode is sustained as long as

d <0.14 um. Therefore, if the separation distance d is between 0.02 and 0.14 um, a TM-like
SP waveguide can be realized.
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Fig. 2. Effective indices for the lowest TE-like (dashed line) and TM-like (solid line) modes of
the SP waveguide versus different separation distance d. The inset shows the cross-section of
the simulated SP waveguide.
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Fig. 3. E, field profiles of the fundamental TM modes of the input waveguide (left) and the SP
waveguide with d=0.1 um (right). The white dashed line shows the cross section of waveguides.

The field distributions of the fundamental TM modes for the input and the SP waveguides
with d=0.1 um are shown in Fig. 3. Since the TM field is localized within the high-index
region, there is a significant mode mismatch between the I/O waveguides and the SP
waveguide, giving rise to substantial insertion loss. The coupling efficiency from the input
waveguide to the SP waveguide with d=0.1 um was found to be 0.86, calculated by the
following overlap integral [18] with E,(X,y) and Eqx(X,y) denoting the mode profiles of the
input and the SP waveguides, respectively:

2
[T B0 ) B (x )l
[1E(x ) axdly [ [ B, y)|” ey )
The coupling loss due to mode mismatch at the interface of the input and the SP waveguides
given by 10log10(m) is -0.67 dB. In order to mitigate the coupling loss, we introduce mode

conversion sections between the I/O and the SP waveguides. The mode converter allows an
adiabatic mode transition from the I/0O waveguide sections to the SP waveguide.
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Fig. 4. Power loss of the TMg, mode incidence wave with variations of the length of the Y-
branch waveguide L.

We use an inner symmetric Y-branch waveguide with length L; as a mode converter
shownin Fig. 1. In Fig. 4, we show the effects of the variations of L; on the power loss of the
incidence wave propagating along the structure consisting of an input waveguide, a mode
converter with length L; um and the SP waveguide with d=0.1 pm and L=10 um. The
calculated results are obtained by using 3-D FDTD method with the TMg, mode of the input
waveguide as the input signal. One can see that the power loss diminishesas L, increases. As
L,=0, the power loss is —0.61 dB, dlightly smaller than the value predicted by the overlap
integral. This is probably because the radiation modes excited by the incidence wave do not
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vanish entirely within 10 um length of the SP waveguide. With L;>3 um, the mode
conversion lossis less than -0.25 dB, which is acceptable for telecommunication applications.

Figures 5(a) and 5(b) show the calculated propagation behaviors in the waveguide
polarizer with L;=3 um, d=0.1 um and L=20 um for TE and TM polarizations, respectively.
The results are obtained using FDTD with the incidence wave at the input waveguide being
the fundamental mode for each polarization. As expected, the guided TE-like mode is not
supported in the SP waveguide, and thus the TEy mode leaks into the subgrate as it
propagates through the polarizer. Contrarily, the TMy mode is well confined in the SP
waveguide structure without observable decay of the field power. The overadl loss is
minimized by the implementation of the mode converter.
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Fig. 5. Field distributions of the incidence waves with TE (left) and TM (right) polarizations
propagating in the waveguide polarizer.
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Fig. 6. Performance of the proposed TM polarizer with different length of the SP waveguide L.
The dashed line is the insertion loss of the whole device and the solid lineis the extinction ratio.

Figure 6 shows the calculated insertion loss of the TM polarization and the extinction
ratio of the waveguide polarizer as the function of the SP waveguide length L with L;=3 um
and d=0.1 um. Here, the extinction ratio of a polarizer is defined as the power ratio of TMy
and TEgy modes in the output waveguide, i.e. 10100:0(Prmo/Preo), Where Pryo and Prg, are the
power of TMq and TEg modes in the output waveguide. The insertion loss is defined as the
total power loss of the TMy mode in the output waveguide, i.e., -10log;o(Prvo). For the TE
polarization, the power loss increases with L and becomes larger than 20 dB at L>18.7 um.
On the other hand, for the TM polarization, the power loss of about 0.54 dB is amost
invariant with L>15 um, roughly twice the coupling loss from the mode converter with L;=3
um, since the TM-like mode is guided by the SP waveguide structure (scattering loss due to
waveguide roughness was neglected due to the short length of the device). As L=20 um, the
device possesses the extinction ratio of 20.3 dB and the insertion loss of 0.54 dB.
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Fig. 7. (a) Insertion loss and extinction ratio of the polarizer with variations of the separation
distance d. (b) Insertion loss and extinction ratio as a function of wavelength.

Figure 7(a) shows the effects of the variations of the separation distance d on the insertion
loss and the extinction ratio of the polarizer with L;=3 pm and L=20 um. We see that both
the extinction ratio and the insertion loss grow with the increase of d. The extinction ratio is
increasing with d because the propagation loss of the TEy mode in the SP waveguide is
increasing, while the propagation loss for the TMg, mode is negligible over the range of 20
um. On the other hand, mode mismatch between the input and the SP waveguides becomes
larger with the increase of d, and consequently the power loss for the TM polarization,
predominately resulting from the coupling loss, also increases. This can be compensated by
using a longer mode converter (larger value of L,). The corresponding cutoff wavelengths for
the lowest TE-like and TM-like modes of the SP waveguide with d=0.1 um are 1.32 and 1.61
um respectively, defining the wavelength region of operation for the proposed device. The
wavelength dependency of atypical device with L;=3 um, d=0.1 um and L=20 pum is shown
in Fig. 7(b), which is calculated by using 3-D FDTD with TEyp and TMy modes as the
incidence waves. One can easily notice that the insertion loss remains approximately constant
for wavelength shorter than 1.61 um. The extinction ratio shows an optimum around 1.68
um. This is because the power loss of the TEy mode decreases significantly for shorter
wavelengths, while the power loss of the TMy mode increases for wavelength larger than
1.61 um.

4. Conclusions

A TM-pass waveguide polarizer is proposed and analyzed. The device consists of a coupler
waveguide section supporting only TM-like modes, and a Y-branch section alowing an
adiabatic mode conversion between the input/output waveguides and the SP ridge waveguide.
The device is optimized using 3-D semivectorial FDTD method. With alength 20 um of the
SP waveguide and two 3 um-long Y -branch waveguides, an extinction ratio of 20.3 dB is
obtained with the insertion loss in the order of 0.5 dB. Higher extinction ratio can be achieved
either by increasing the length of the SP waveguide or by increasing the separation distance
with only a slight increase of the insertion loss. In addition, the insertion loss of the device
could be reduced either by increasing the length of the mode converter or by reducing the
separation distance of the two waveguides.
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