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Abstract: An ultrabroadband silicon polarization beam splitter (PBS)
based on a wavelength-insensitive coupler is fabricated by a standard
complementary metal oxide semiconductor technology. The PBS has three
identical directional couplers and two identical delay lines with a point
symmetric layout. We experimentally demonstrate the broadband operation
of the PBS. The crosstalk is less than —12dB for both TE and TM modes
over the wavelength range from 1532nm to 1649nm. Additionally, we
theoretically discuss a tunability of the PBS for the first time.
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1 Introduction

Silicon photonics has attracted much attention because it provides high-density
integration and is suitable for mass production using a standard complementary
metal oxide semiconductor (CMOS) technology. High-index contrast of silicon-
based waveguide devices greatly contributes to reduction in footprint, whereas they
introduce the large polarization dependence. In optical fiber transmission systems,
since the state of the polarization is randomly changed in standard single mode fiber
(SMF), and therefore, so-called polarization diversity scheme [1, 2] is employed in
the receiver and a polarization beam splitter (PBS) and a polarization rotator are
necessary.

Recently, various types of silicon-based PBSs have been proposed based on
directional couplers (DCs) [3, 4, 5, 6, 7, 8, 9], multimode interference couplers
[10, 11], gratings [12], and Mach-Zehnder interferometers [13]. Among them, DCs
are simple structure and easy to design. So, many ideas, such as asymmetric DCs
[4, 6] and bent DCs [5, 7], are realized for high-performance polarization splitting.
Generally, DCs have large wavelength dependence and parabolic transmission
spectra, which is typical for DCs, are unavoidable. Therefore, it is difficult to
obtain the broadband operation of DC-based PBSs. In [8, 9], PBSs based on
two-cascaded 3-dB DCs were proposed to overcome the problem. In our previous
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paper [8], a PBS based on a wavelength-insensitive coupler (WINC) composed of
rounded delay lines with a point symmetric layout [13] was theoretically proposed.
In this paper, we experimentally demonstrate the broadband operation of the
WINC-based PBS. A simple photolithography is used for the patterning waveguide
structure in the fabrication process of the PBS, while an electron-beam lithography
is used for most previous reports [3, 7, 9, 10, 12, 11]. Also, the tunability of the
PBS is theoretically discussed for the first time.

2 Fabrication and operation principle of WINC-based PBS

Fig. 1(a) shows the schematic of the WINC-based PBS. It consists of three identical
DCs and two sets of delay line waveguides. The waveguides are Si-wire wave-
guides and the cladding material is silica. We redesigned the PBS based on three-
dimensional finite-element method (FEM) [14, 15, 16] since the cladding material
of PBS in our earlier report [8] was air. The waveguide widths w; and w, are both
500 nm, the waveguide gap is 400 nm, the coupling lengths Ly and L; are 9.63 um
and 8.388 um, respectively, and the angle and radius of delay lines are determined
so that the phase shift is around #/3 (0 = x/11.77 and R = 21 um). TM mode
launched from Port 1 is equally separated (3 dB operation) at the center of the
second DC. After that, separated TM mode propagates the counterpart waveguide
of the point symmetric structure, and then TM mode is output to Port 4 because of
the optical reciprocity. On the other hand, TE mode launched from Port 1 hardly
couples in three identical DCs because the coupling lengths of three identical
couplers are too short for TE mode, and then TE mode is output to Port 3.

3 dB operation

10 pm

(b)

Fig. 1. (a) The schematic of the WINC-based PBS and (b) the
microscope picture of the fabricated PBS.

The redesigned WINC-based PBS, which has a point symmetric structure, is
fabricated by a standard CMOS technology, in which a photolithography (KrF,
248 nm) was used for the patterning waveguide structure. The inverse taper spot
size converter [17] is used to launch light into the chip. Fig. 1(b) shows the
microscope picture of the fabricated PBS.
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3 Results and discussion

A tunable laser (1500 to 1650nm) is used for the light source and TE- or TM-
fundamental mode is launched to the chip through the inverse taper spot size
converter. The output light is measured by an optical spectrum analyzer (OSA).
Figs. 2(a) and (b) show the measured and calculated transmission spectra of the
WINC-based PBS when (a) TE and (b) TM mode is launched. The measurement is
implemented 10 times continuously and their average is shown. The plotted
measurement results are smoothed by a moving average method for visibility.
For both modes, the transmission (Port 3 for TE and Port 4 for TM modes) is very
flat over the broad wavelength range and agree well with the calculated results. For
the crosstalk (Port 4 for TE and Port 3 for TM modes), the peak wavelength is
shifted to longer wavelength side for the TM mode (1550 nm for the calculation and
1600 nm for the measurement). This is probably due to the fabrication error in the
waveguided width. The insertion loss is lower than 1dB for all measurable
wavelength range in our experimental setup (1500 to 1650 nm). Fig. 3 shows the

extinction ratio (ER) of the WINC-based PBS. The ER for TE and TM modes are
defined as follows:
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Fig. 2. The measured and calculated transmission spectra of the
WINC-based PBS when (a) TE and (b) TM mode is launched.
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Fig. 3. The extinction ratio of the WINC-based PBS.
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(Extinction ratio for TE mode) = 10log,, Z TEPort 3
TE.Port 4

P (1)
(Extinction ratio for TM mode) = 10 log,, ——rot4
TM.Port 3

Prgport 3 and Prg port 4 denote the transmission to Port 3 and Port 4 when TE mode
is launched from Port 1. Pryiport 3 and Pryport 4 denote the transmission to Port 3
and Port 4 when TM mode is launched from Port 1. The ER for TE and TM modes
simultaneously achieve more than 12 dB over the wavelength range from 1532 nm
to 1649nm (117 nm). It can be inferred that the higher ER is obtained in case that
the high-accuracy fabrication process, such as an electron-beam lithography, is
used.

Additionally, we theoretically discuss the tunability of the PBS. Since the
WINC-based PBS has two delay lines, the refractive-index of one of the delay line
waveguides can be changed by, for example, a heater. Therefore, it is expected that
a tunable WINC-based PBS can be realized. Here, the refractive-index of one of the
delay line waveguides (magenta area in Fig. 1(a)) is changed by 0.01 and 0.02. The
value can be reduced by changing the length of delay line waveguides while
keeping the #/3 phase difference. Figs. 4(a) and (b) show the calculated trans-
mission spectra for (a) TE and (b) TM mode when the refractive-index shifts are
assumed. It can be seen that transmission spectra shift with the refractive-index
changes. The results demonstrate the tunability of the WINC-based PBS when
heaters are placed on delay lines. The tunability may be used for post-fab trimming
or a novel functionality for controlling the polarization. In the previous PBS based
on DCs [3, 4, 5, 6, 7], it is difficult to add tunability because two waveguides are
too close to place the heater for one of the waveguides. With the same reason, it is
also difficult to add the tunability for the waveguide-width-changed cascaded-DC-
based PBS [9]. Therefore, adding the tunability is one of the advantages of the
proposed PBS.
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Fig. 4. The calculated transmission spectra for (a) TE and (b) TM
mode when refractive-index shifts are assumed.

4 Conclusion

We have experimentally demonstrated the broadband operation and low insertion
loss of the WINC-based PBS fabricated by a simple photolithography. The PBS
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achieved 12-dB ER over the wavelength range of 117nm for TE and TM modes
simultaneously and 1-dB insertion loss in wide wavelength range. The tunability of
the PBS is theoretically discussed for the first time and the proposed PBS can be
tunable by adding the heater on one of the delay lines.




