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High-Efficiency Low-Crosstalk 1310-nm
Polarization Splitter and Rotator

Hang Guan, Ari Novack, Matthew Streshinsky, Ruizhi Shi, Yang Liu, Qing Fang, Andy Eu-Jin Lim,
Guo-Qiang Lo, Tom Baehr-Jones, and Michael Hochberg

Abstract— We demonstrate the first example of a polarization
splitter and rotator (PSR) at 1310 nm built on a silicon-on-
insulator platform using 248-nm deep-ultraviolet lithography.
The PSR is constructed with a directional coupler, a bilevel
taper-based TM0-to-TE1 mode converter, and an asymmetric
Mach-Zehnder-based TE1-to-TE() mode converter. A worst-case
TMO0-to-TE0 mode-conversion loss of 2 dB, with polarization
crosstalk lower than —20 dB over a wide bandwidth of 40 nm
is experimentally demonstrated. The worst-case polarization-
dependent loss is 0.76 dB.

Index Terms—Integrated optics, polarization splitter and
rotator, silicon-on-insulator (Sol).

I. INTRODUCTION

ILICON-ON-INSULATOR (SOI) photonic integrated
Splatform is very promising due to its compatibility with
current complementary metal-oxide-semiconductor (CMOS)
fabrication techniques [1]. However, it also suffers from large
polarization dependence, which is a major challenge for
its practical use [2]. During the past few years, there has
been growing attention paid to polarization diversity circuits,
which could be used to achieve polarization independence
[3], [4]. There are mainly two methods at the chip interface
that can be adopted to solve this problem. One way is to
use a polarization splitter grating coupler (PSGC) [5], [6].
Another way is to use a polarization insensitive edge cou-
pler combined with a polarization splitter and rotator (PSR).
On-chip PSRs demonstrated or proposed in the last few years
fall into three general categories [7]. The first method is to use
waveguides with asymmetric cross-sections, which can cause
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scattering at the abrupt interface to achieve mode conversion
[8], [9]. Mode evolution is another method that has been
adopted, in which a higher-order mode is used as a transition
between the fundamental transverse electric (TEO) mode and
the fundamental transverse magnetic (TM0) mode [10], [12].
The third rotation method is to use non-silicon-based materials
[13]-[15].

In terms of realized devices that do not require an additional
material such as nitride, one of the lowest loss demonstrations
has been that of Y. Ding er al. [2], which achieved low
insertion loss (<2.5 dB) and a low polarization crosstalk
(<12 dB) in the wavelength region 1480—1580 nm. However,
this device is fabricated using electron-beam lithography with
air as cladding. The lack of a top-cladding layer makes
these devices incompatible with most metal back-end-of-line
(BEOL) processes. Another interesting result is that of Aamer
et al [9], in which losses better than 2.5 dB are shown from
1545-1575 nm using 193-nm optical lithography. In this case,
a top cladding layer was utilized. To our knowledge, however,
there has yet to be any demonstration of polarization rotation
in the important 1310-nm regime.

In this letter we present a PSR built on a 220-nm SOI
platform using 248-nm deep-ultraviolet (DUV) lithography.
The PSR is designed for 1310-nm data communication
with silica as cladding. Despite the coarser photolithographic
process used as compared to [9], losses of 2 dB or better are
shown across a 40-nm bandwidth near 1310 nm. With a low
polarization crosstalk of 20 dB and small device footprint of
8 x 56 um? we expect that our design will be a practical
component in silicon photonic circuits near 1310 nm.

II. PRINCIPLE AND SIMULATION

The PSR is constructed with a directional coupler,
a TMO-to-the-first-order-TE-mode (TMO-to-TE1) converter,
and a Mach-Zehnder-based TE1-to-TEO mode converter. The
use of a symmetric directional coupler as a polarization beam
splitter (PBS) has been described in [4], [16]. The bi-level
taper as a TMO-to-TEl mode converter is detailed in [17].
The use of an asymmetric Mach-Zehnder as a TE1-to-TEQ
mode converter has been described in [18]. Although above
building blocks have already been demonstrated individually,
their combination is novel. The key idea comes from the
fact that the TE1 mode comprises two TEO-mode-like por-
tions with 7 phase difference. By introducing an asymmetric
Mach-Zehnder, we can then phase-align and combine the two
TEO-mode-like portions into one TEO output.

1041-1135 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted,
but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



926

Cross Port

\

Fig. 1. Schematic structure of the proposed PSR.
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Fig. 2. Mode index evolution along the PR structure.

The proposed PSR is schematically depicted in Fig. 1. Both
the TEO and TMO modes are sent into the input of the left
waveguide on the bottom right corner of the figure. In the case
of TEO input, the light will go through the left-side waveguide
to the thru-port directly. In case of TMO input, the light will
be coupled to the right side and gradually converted to the
TE1 mode when traveling through the adiabatic bi-level taper.
The TEl mode will then be split into two TEQ mode beams.
An extra phase difference of 7 is introduced between the two
beams by the asymmetric Mach-Zehnder. In the end, the two
beams will be phase-aligned and can be converted into the
TEO mode with minimal interference loss.

In this letter, we use a SOI wafer with a silicon thickness of
H1 = 220 nm (colored in yellow in Fig. 1) and partially etched
waveguide thickness H2 = 90 nm (colored in red in Fig. 1).
The directional coupler uses two identical silicon nanowires,
whose width is chosen as W1 = 400 nm and L1 = 15 gm.
The gap spacing between the two nanowires is set to be
W2 = 220 nm. Since there is a bend at the beginning
of the right-side waveguide, the actual coupling length is
Lc = 10 um. After the directional coupler, a bi-level taper is
used to convert the TMO mode into the TE1 mode. Since a
SOI double-rib waveguide is not symmetrical in the vertical
direction, mode hybridization may occur. The bi-level taper
consists of two sections. The length of the first section is
L2 = 19 um. In this section, the ridge waveguide width
converts from W1 = 400 nm to W2 = 620 nm, while the
double-etched waveguide width converts from W1 = 400 nm

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 26, NO. 9, MAY 1, 2014

o Im
€ ®
o1
% {rmicrcrs)
(1L (Iv)
£ t
gt 05 12
% {ricrons) % {rierens)
Fig. 3. Total electric-field amplitude (|E|) changes as the input TMO field

travels through the bi-level taper. The above four subplots show the mode
profiles at corresponding sections in Fig. 1.
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Fig. 4. Simulated mode-conversion efficiencies of the bi-level taper and
asymmetric Mach-Zehnder.

to W3 = 1.22 um. The length of the second section is
L3 = 4 um. In this section, the ridge waveguide width
converts to W3 = 1.22 um.

Fig. 2 illustrates an example of the mode evolution along
the bi-level taper. As shown in Fig. 2, the effective indices of
the TMO mode and the TE1 mode are very close to each other
between point (IT) and point (IIT), which causes strong mode
hybridization and conversion. Thus, the original TMO mode (I)
entering into the taper will become the final TE1 mode (IV),
which is illustrated by the change of electric-field distribution
shown in Fig. 3.

In order to understand the loss contributions of each part
of the overall PSR system, three-dimensional finite-difference
time-domain simulations were performed in the wavelength
region 1290-1330 nm on each constituent component. Based
on the simulation, the PBS has an insertion loss of 0.44 dB
at 1310 nm when launching the TEO mode. In case of
the TMO mode as input, the PBS has an insertion loss of
0.08 dB. As shown in Fig. 4, the bi-level taper has a TMO-
to-TE1 mode-conversion loss of 0.13 dB at 1310 nm, and the
worst-case mode-conversion efficiency is better than 0.36 dB.
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Fig. 5. (a) Optical micrograph of two fabricated calibration structures, with
PSRs designed to be identical. (b) Scanning electron microscope picture of
fabricated PSR.

The Mach-Zehnder has a TE1-to-TEO mode-conversion effi-
ciency of 0.86 dB at 1310 nm, and the mode-conversion effi-
ciency is larger than 1.13 dB in the aforementioned wavelength
region. Overall, then, the TEQ input is predicted to experience
a 0.44 dB loss, while the TMO input experiences a worst-case
loss of 1.57 dB. As indicated later in Fig. 7(a), this is in close
agreement with our experiment results.

III. FABRICATION AND EXPERIMENT RESULTS
A. Device Fabrication

The device was fabricated on an 8-inch SOI wafer, with
220-nm top silicon film and a 2-um buried oxide (BOX) layer.
Three masks were used to pattern the wafer using 248-nm
DUV lithography. The first mask defined the 220 nm silicon
height used for waveguides. The second mask was used to
define a 160 nm silicon layer that was used to build the grating
couplers. The final mask defined the 90 nm layer used in the
rib of the PSR. Unpatterned areas were fully etched to the
BOX and an oxide layer was deposited.

B. Device Characterization

Devices were measured on a wafer-scale optical test setup.
Light from a tunable laser was coupled into the device under
test by aligning a fiber-array containing a pair of polarization-
maintaining fiber to a set of input- and output-grating couplers.
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Fig. 6. Spectral responses of the TE and TM SPGC loops. The spectra of
four loops of each coupler type was averaged and used to extract the PSR loss.

The TE grating coupler and TM grating coupler that were
used in the testing were periodic single-polarization grating
couplers (SPGCs). Periodicities of the TE and TM SPGCs
are 0.5 um and 0.68 um respectively. The phase-matching
condition for both the grating couplers could be achieved using
17° fiber angle [19].

To calibrate the loss and crosstalk of the PSR for the
TM-input and the TE-input, two calibration structures are
needed. Both structures have three ports and use the center port
as the input as seen in Fig. 5(a). The top structure measures
the response of the PSR to the TE-input, while the bottom
structure measures the response of the PSR to the TM-input.
It should be noted that while the grating couplers changed
between the two structures, the PSRs embedded in the two
structures were designed to be identical. While the two PSRs
have some differences due to process variations, statistical data
show that this variation is acceptable.

C. Device Performance

Fig. 6 shows the spectral response of four TE grating
coupler loops and four TM grating coupler loops. The spectral
response of four grating couplers was averaged and then
used to separate the grating coupler loss from the PSR loss.
As shown in Fig. 6, the TM grating coupler has an average
coupling loss of 7.6+0.05 dB at 1310 nm, while the TE grating
coupler has an average coupling loss of 8.9 & 0.05 dB at
1310 nm. The small variation in grating coupler loss shows
that they can be accurately separated to find the PSR loss.

As shown in Fig. 7, the PSR shows a 2 dB worst-case
TMO-to-TEO polarization-conversion loss. Meanwhile, when
launching the TEO mode, the insertion loss is around 0.5 dB.
Another key metric is the degree of crosstalk, that is, the
amount of TEO input light coupled into the TEO mode at
the TM output-port (a mode/port location which should be
solely due to the TMO input). In this and the corresponding
TMO-input cases, we measure these values to be better than
20 dB as shown in Fig. 7(b). We note that our measurement
approach effectively filters out any power that could be in the
TMO modes of the output waveguide. Whatever unmeasured
power might be scattered into these waveguides should not be
a concern, since there are many ways of discarding the TMO
mode, like cascading a directional coupler behind [15], [20].
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Fig. 7. Measured and simulated spectra of the PSR with input and output
grating loss normalized showing (a) conversion loss and (b) crosstalk.
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Fig. 8. Measured TE thru output losses and TM cross output losses in five
dies.

The PSR performance across five dies is shown in Fig. 8§,
with the TE mode input having a loss of 0.5+0.2 dB and the
TM mode input having a loss of 1.26 0.2 dB at 1310 nm.

IV. CONCLUSION

We have presented a PSR built on the SOI platform at
1310 nm. A low TM-to-TE conversion loss of better than
2 dB with a minimum insertion loss of 1 dB is demonstrated.
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Polarization crosstalk was measured to be lower than 20 dB
over a wide bandwidth of 40 nm.
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