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Compact optical polarization rotators based on
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Abstract—We design and compare two kinds of polarization
rotators based on a partially etched waveguide: one with the
quadrate pattern and another with the tapered pattern in the
partially etched area. The devices are fabricated on a
commercially available 200-mm silicon on insulator (SOI) wafer
with a 340nm-thick top silicon and a 2pm-thick buried dioxide.
The tapered design realizes polarization extinction ratio about
13.3 dB for transverse-electric (TE) - transverse-magnetic (TM)
rotation and 148 dB for TM-TE rotation, respectively.
Compared to the quadrate structure, the tapered structure has
insertion loss reduction about 2 dB for the TE-polarized input
light and 1 dB for the TM-polarized input light without affecting
the rotation efficiency in the wavelength range of 1525 - 1610 nm.
Furthermore, the effects of the fabrication errors are analyzed
and the results explain well the disagreement between the
simulation and experimental results.

Index Terms— Integrated Optics Devices, Waveguides, Optical
communications.

I. INTRODUCTION

S ilicon photonics has attracted much attention due to the
compatibility ~ with ~ complementary =~ metal-oxide-
semiconductor (CMOS) process. The high index contrast
between silicon and oxide enables compact integration of
optical devices [1]. However, high-polarization-dependence is
also originated from the high index contract. For dealing with
this problem, Barwics et al. suggested a polarization diversity
scheme in 2007 [2]. In the scheme, polarization rotators and
splitters are the key components, with which the two
polarization states are converted into one state and processed.

Besides, polarization multiplexing is used to increase the
bandwidth efficiency in high-speed optical communications
[3], in which the polarization rotator and splitter are also the
necessary devices to build the transmitter and receiver for
polarization multiplexing/de-multiplexing.

Lots of methods have been implemented to realize
integrated polarization rotators: slanted sidewall waveguides
[4], [5], partially etched waveguides [6]-[8], mode-evolution
structures [2], [9]-[11] and polarization-coupling structures
[12], [13]. Actually, all of the methods can be explained by the
theory in reference [4]: the TE, TM polarization states in a
general waveguide correspond to the eigenmodes with
orthogonal optical axes in the horizontal and vertical direction.
If the optical symmetry of the waveguide, including the

Manuscript received June 26, 2013.
The authors are with the Institute of Microelectronics, A*STAR,
Singapore, 117685, Singapore (e-mail: jialx@ime.a-star.edu.sg).

geometric construction and index distribution, is changed, the
optical axes of the eigenmodes or the super-modes (for
polarization-coupling structures) will be rotated and the
structure can act as a polarization rotator. The rotation angle
can be calculated with the equation:

[[n? x, y)eg (x, y)dxdy
ng =2 ,
J.J.nz(x, y)es (x, y)dxdy

where @ is the rotation angle of the vertical optical axis as
shown in fig. 1(a), n(x,y) is the refractive index distribution,
ex(x,y), e,(x,y) are the transversal electric field distributions of
the mode and A is the computational window. Based on this
theory, partially etched waveguide as shown in fig. 1(b) is the
most intuitive structure to break the symmetry of the
waveguide and to work as a rotator. To fabricate this structure,
a second mask is used to pattern a partially etched area on the
first formed channel waveguide. A quadrate pattern was used
in previous works [6], [7]. However, interface loss will be
generated due to the abrupt index change between the partially
etched part and the channel waveguide. In this letter, a tapered
pattern is used to replace the quadrate pattern as shown in fig.
1(c), which can reduce the interface loss and also realize
polarization rotation simultaneously.
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Fig. 1. Schematic cross-sections of a channel waveguide and a partially etched
waveguide. Schematics of the (b) quadrate and (c) tapered patterned rotators.
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Il. DESIGN AND FABRICATION

A. Device Structure

A rotator can realize 90° rotation with a proper length in the
case that 6 equals 45°. For simplifying the design process, a
waveguide with a square cross-section is used and the up- and
down-cladding are SiO,. If the etching depth of the partially
etched area equals to the pattern width, the rotation angle will
be 45°. Fig. 2 shows the transversal electric field distributions
of the fundamental and 1% order eigenmodes of the waveguide
calculated with a beam-propagation mode solver. The
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calculated @ of the two modes are both 45°.
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1 1

1 0.99997

@ |

5 00

-

b

i

00

-2 ~1 1 2 -2 ~1 1

0
X (um)
(d) E, Mode Profile (n.=2.068926)

0
X (pm)
(¢) Ex Mode Profile (ng=2.068926)

1

0.83668 0.83281

@ |

0 0 0.0
X (um) X (um)
Fig. 2. The transversal electric field distributions of the two eigenmodes of
the partially etched waveguide with W=H=340 nm and w=h=120 nm. (a) Ex
and (b) Ey electric field distributions of the fundamental eigenmode. (c) Ex
and (d) E, electric field distribution of the 1* order eigenmode.

The performance of the rotator also depends on the length
of the structure. For the quadrate structure, the ideal length is
determined by the half beat length of the fundamental and 1%
order eignmodes:
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where f;, are the propagation constants of the fundamental
and 1% order eignmodes. If the channel waveguide width W
and height H are fixed, L, will be determined by the partially
etched part. Fig. 3(a) shows the calculated relationship
between L, and the etching depth, in which the partially etched
width w equals the partially etched depth h is assumed. The
shortest value is 2.9 um corresponding to w=180 nm.

For the tapered pattern, the rotation angle is gradually
changed with the pattern width. If the etching depth and the
maximal width are equal as in the quadrate pattern, the
effective rotation angle should be smaller than 45°. One
method to increase the efficiency of the tapered structure is to
increase the maximal width over the etching depth so that the
accumulated rotation angle will approach 45°. We planned to
fabricate the two types of rotators in the same chip, so the
etching depth was also 180 nm for the tapered pattern. The
maximal width of the tapered pattern was set to 200 nm. But
this parameter is not the optimal design. Comprehensive
simulation is needed to realize the best rotation effect.

Equation (2) provides a basic guidance even for the tapered
structure. A three-dimensional (3D) finite-difference time-
domain (FDTD) method was used to simulate the light
propagation in the device. According to the simulated field
distribution, polarization extinction ratio (PER) [9], [10] of the
rotator can be calculated to evaluate the effect of the rotator:

PER =10Ig( P ] for the TE-polarized input light

" @)
PER =10Ig[§] for the TM-polarized input light,

y

where P, and P, are the power of the TE- and TM- polarized
light respectively. Fig. 3(b) shows the dependence of PER on
the length of partially etched area. For the quadrate pattern,
the optimal length is just 3 pm. For the tapered pattern, the
rotation angle is gradually varied so that a longer but still short
length of 4.8 pm is needed. It is also observed that the length
tolerance of the tapered pattern is better than that of the
quadrate pattern, which can be explained by the similar theory
in [13]. For each type of the rotators, a set of devices with
different lengths were designed in the mask.
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Fig. 3. (a) The dependence of half beat length and insertion loss on the depth
of the partially etched area (h=w is assumed). The length of the quadrate and
tapered pattern are 3 um and 5 um respectively. (b) The calculated PER of the
two structures with different lengths at the wavelength of 1550 nm. (c) The
dependence of the insertion loss on the length of the pattern with etching depth
of 180 nm and width of 180 nm for the quadrate pattern and 200 nm for the
tapered pattern. (d) The spectral response of PER for both rotators.

The insertion loss mainly the interface loss of the devices is
also calculated with FDTD. The dependence of the insertion
loss on the etching depth is shown in fig. 3(a). The quadrate
pattern is more sensitive to etching depth than the tapered
pattern. As the etching depth increases, the optimization of
tapered pattern for insertion loss is more obvious compared to
that of quadrate pattern. But the insertion loss of the tapered
pattern is dependent on the length as shown in fig. 3(c), while
the quadrate pattern is almost independent on the length.

The spectral response of the rotators is also simulated. Both
structures have a wide spectral response and similar results for
TM-TE and TE-TM conversion. The 3dB bandwidth is about
320 nm and 400 nm for the quadrate and tapered pattern.

B. Fabrication

The devices are fabricated on a commercially available 8-
inch SOl wafer with 340nm-thick top silicon and 2um-thick
buried dioxide. The channel waveguide is first patterned with
248-nm deep-ultraviolet photolithography and formed by dry
etching. Spot-size converters (SSCs) are integrated on the
input and output terminals to optimize the coupling with fiber.
This is followed by the patterning and etching of the partially
etched area, in which the etching depth is controlled by
etching time. The overlay between the two layers is manually
modified to reduce the misalignment. Fig. 4 shows the top-
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view scanning-electron microscope (SEM) images of the two
structures after partial etching. Then, 2um SiO, layer is
deposited with plasma enhanced chemical vapor deposition
(PECVD) as a cladding layer to protect the structures. Finally,
the end-face of the SSC is exposed by deep-trench etching.

(@) (b)

Fig. 4. SEM images of the fabricated polarization rotators. (a) Quadrate
pattern. (b) Tapered pattern.

I1l. MEASUREMENT RESULTS

The devices are characterized with a test setup similar to
that in [10], [11]. An amplified spontaneous emission source is
used to provide wideband light from 1525 nm to 1610 nm.
The polarization of the light is controlled by a polarization
controller (Agilent 8169A). The linear polarized light (TE or
TM) is coupled into the waveguide through a lensed
polarization-maintaining (PM) fiber. Another lensed PM fiber
is used to couple the rotated light out of the waveguide. The
TE and TM components of the output light are distinguished
with an in-line rotatable polarizer and detected separately with
an optical spectral analyzer (OSA).
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Fig. 5. Normalized spectral response of devices. (a) Quadrate pattern with

length L=3.3 um. (b) Tapered pattern with length L=5 pm. TE(TM)-TM(TE)

denotes the measured TM(TE) component for TE(TM)-polarized input light.

A straight waveguide with a width of 340 nm is first
measured as a reference. Then, the measurement results of the
rotators are normalized with the reference to substrate the
propagation loss and the coupling loss. It is clearly shown in
fig. 5 that the two structures can realize similar rotation to
both TE- and TM-polarized light and work in the spectral
range from 1525 nm to 1610 nm.

There are large oscillations in the curves of TE-TE and TM-
TM for both types of devices, which are caused by the
misalignment of the polarization angle of the input light in the
polarization setting [12], [14]. Due to the oscillations, it is not
exact to calculate the PER with the difference between the
curves of TE-TM (TM-TE) and TE-TE (TM-TM).
Considering that the spectral response of TE-TM and TM-TE
in the range are almost the same, we calculate the average
value of the curves and take the difference of the averaged
values as PER to reduce the influence of the oscillations.

The measured PER as a function of the device length is
shown in fig. 6(a). According to the simulation results, the
tapered pattern has better tolerance to the device length, so we
set a coarse variation of 1 pm to the length in the design, while
the length variation of the quadrate pattern was 0.2 pm. The
best PER of the quadrate pattern is 13 dB for TE-TM and 14
dB for TM-TE rotation at a length of 3.3 pm, and 13.3 dB and
14.8 dB at a length of 5 pm for the tapered pattern. The length
tolerance of 3-dB variation of the PER is 1.6 pum for the
tapered pattern, better than 0.6 pm of the quadrate pattern.
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Fig. 6. (a) PER of the devices with different lengths. (b) Insertion loss of the
rotators. Black lines for the TE-polarized input light, red lines for the TM-
polarized input light; Solid lines for the quadrate pattern with length L=3.3 um,
dashed lines for the tapered pattern with length L=5 um.
The intention of the tapered design is to reduce the interface

loss of the quadrate pattern. To verify this idea, we add the
TE- and TM-polarized components in the output light and then
extract the insertion loss caused by the rotator after
normalization. The results are shown in fig. 6(b). Compared to
the simulation results, the measurement results are much
larger. It is mainly due to the scattering loss generated by the
sidewall roughness of the waveguide, which is not included in
the simulation. The optimization for the TM-polarized light is
about 1 dB, similar to the simulation results. While for the TE-
polarized input light, the insertion loss of the tapered pattern is
about 2 dB smaller than that of the quadrate pattern. Possible
reason is that the TE-polarized light is easily affected by the
sidewall roughness and the tapered pattern reduces not just the
interface loss but also the scattering loss effectively.

IV. DISCUSSION

The measurement results of the tapered pattern show even
better PER than the simulation results contrasting fig. 3(b) and
fig. 6(a). Possible reason is that fabrication errors enhance
instead of deteriorating the rotation effect. In the fabrication
process, there are mainly two types of errors which may affect
the performance of the rotator: lithography misalignment
between the two layers and etching depth error. Fig. 7(a)
shows the top view of the two-layer masks. Layer 1 is a dark
layer for the waveguide, layer 2 is a clear layer for partial
etching and the overlay of the two masks is the designed
partially etched area. The misalignment in the Y direction
does not change the overlay, so the impact is mainly due to the
misalignment in the X direction as shown in fig. 7(b). The
impact of the misalignment on the PER is simulated as shown
in fig. 8(a). The tapered pattern is more sensitive to the
misalignment in the positive direction than that of the quadrate
pattern. It is because positive misalignment reduces the width
and length of the partially etched area and both reduce the
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rotation effect. Negative misalignment increases the width of
the pattern, which may enhance the rotation effect. As we
have stated in the previous paragraph, we set the maximal
width of the tapered pattern to 200 nm due to a tradeoff
between the rotation efficiency and the insertion loss. A wider
width may realize better rotation efficiency but with higher
insertion loss. While the increase of the pattern length due to
the negative misalignment has negative effect to the rotation,
so the total effect of the negative misalignment to the tapered

pattern is similar to that of the quadrate pattern.
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Fig. 7. (a) Designed masks of the two structures; (b) Schematic of the

possible lithography misalignment in the X direction; (c) Schematic of the
possible etching depth error.

The schematic of the etching depth error is shown fig. 7(c).
In the fabrication process, the partial etching depth is
controlled by time and a deviation from the target depth is
almost unavoidable. Usually, the precision is about 10% of the
etching depth. The simulation results of the impact of the
etching depth error on PER are shown in fig. 8(b). If we take
the PER with zero error as a reference, the etching depth
tolerance of 3-dB variation is about 59.8 nm for the tapered
pattern, larger than 47.2 nm of the quadrate pattern.

It is clearly shown in fig. 8 that errors do not always
deteriorate the PER for the tapered pattern. The best PER is
achieved with a misalignment of -10nm or a depth error of -
20nm. For etching depth of 180 nm, wider width which
corresponds to negative misalignment in the X direction can
realize better rotation efficiency. On the other hand, shallower
etching depth may also increase the rotation efficiency. Both
errors can explain why some measurement results are even
better than the simulation results of the tapered pattern.
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Fig. 8 Calculated relationship between PER and (a) the lithography
misalignment and (b) etching depth error of the two structures at the
wavelength of 1550 nm.

V. CONCLUSION
The proposed rotator with a tapered pattern realizes PER
about 13.3 dB and 14.8 dB for TE-TM and TM-TE rotation.
The length and etching depth tolerance of 3-dB variation of
the PER are 1.6 um and 59.8 nm separately and the insertion

loss is about 2.5dB. These specifications are better than those
of the quadrate pattern, with longer length of 5 pum compared
to 3.3 um of quadrate pattern and little worse tolerance to
alignment error. For reducing the device length, partial etching
depth of 180 nm is utilized in the design at the cost of
relatively high insertion loss. Lower insertion loss can be
anticipated with shallower partial etching depth and the
rotation efficiency can be kept just with longer length. The
PER is not high enough for practical application. To increase
PER, a polarization splitter can be connected to the output of
the rotator as shown in reference [14] and works as a filter to
effectively enhance the PER of the light.

VI. ACKNOWLEDGEMENT

This work was supported by the Science and Engineering
Research Council of A*STAR (Agency for Science,
Technology and Research), Singapore, SERC grant number:
1122804038.

REFERENCES

[1] Q. Fang, T.Y. Liow, J. F. Song, K. W. Ang, M. B. Yu, G-Q. Lo and D-
L. Kwong, “WDM multi-channel silicon photonic receiver with 320
Gbps data transmission capability,” Opt. Express 18(5), 5106-5113
(2010).

[2] T. Barwicz, M. R. Watts, M. A. Popovic, P. T. Rakich, L. Socci, F. X.
Kartner, E. P. Ippen and H. |. Smith, “Polarization-transparent
microphotonic devices in the strong confinement limit,” Nature
Photonics 1, 57-60 (2007).

[3] C.R. Doerr, P.J. Winzer, Y.-K. Chen, S. Chandrasekhar, M. S. Rasras,
L. Chen, T.-Y. Liow, K.-W. Ang, and G.-Q. Lo, “Monolithic
polarization and phase diversity coherent receiver in silicon,” J.
Lightwave Technol. 28(4), 520-525 (2010).

[4] V. P. Tzolov, M. Fontaine, “A passive polarization converter free of
longitudinally-periodic structure,” Opt. Commun. 127, 7-13 (1996).

[5] J. Z. Huang, R. Scarmozzino, G. Nagy, M. J. Steel, and R. M. Osgood,
Jr., “Realization of a compact and single-mode optical passive
polarization converter,” Photon. Technol. Lett. 12, 317-319 (2000).

[6] Z.C. Wang and D. X. Dai, “Ultrasmall Si-nanowire-based polarization
rotator,” J. Opt. Soc. Am. B 25, 747-753 (2008).

[7] D. Vermeulen, S. Selvaraja, P. Verheyen, P. Absil, W. Bogaerts, D. Van
Thourhout and Gunther Roelkens, “Silicon-on-insultor polarization
rotator based on a symmetry breaking silicon overlay,” Photon. Technol.
Lett. 24, 482-484 (2012).

[8] R. L. Nagarajan, M. Kato, V. Lal. “Optical integrated circuit (Patent
style),” U.S. Patent 8 160 405 B2, April 17, 2012.

[99 M. R. Watts and H. A. Haus, “Integrated mode-evolution-based
polarization rotators,” Opt. Lett. 30, 138-140 (2005).

[10] J. Zhang, M. B. Yu, G-Q. Lo, D-L. Kwong, “Silicon-waveguide-based
mode evolution polarization rotator,” IEEE J. Sel. Top. Quantum
Electron. 16(1), 53-60 (2010).

[11] H.J. Zhang, S. Das, Y. Huang, C. Li, S. Y. Chen, H. F. Zhou, M. B. Yu,
P. G. Q. Lo, and. J. T. L. Thong, “Efficient and broadband polarization
rotator using horizontal slot waveguide for silicon photonics,” Appl.
Phys. Lett. 101, 021105 (2012).

[12] L. Liu, Y. H. Ding, K. Yvind, and J. M. Hvam, “Efficient and compact
TE-TM polarization converter built on silicon-on-insulator platform with
a simple fabrication process,” Opt. Lett. 36, 1059-1061 (2011).

[13] Y. H. Ding, L. Liu, C. Peucheret, and H. Y. Ou, “Fabrication tolerant
polarization splitter and rotator based on a tapered directional coupler,”
Opt. Express 20, 20021-20027 (2012).

[14] H. Fukuda, K. Yamada, T. Tsuchizawa, T. Watanabe, H. Shinojima and
S. Itabashi, “Ultrasmall polarization splitter based on silicon wire
waveguides,” Opt. Express 14, 12401-12408 (2006).

Copyright (c) 2013 |EEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



