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Abstract: We demonstrate broadband (1500-1620 nm) and low-loss planar waveguide
polarizers with measurement-limited on-chip extinction as high as 75 dB. Polarizers can be
fabricated in higher confinement 100-nm-thick as well as lower confinement 40-nm-thick
SizN4 cores to suit a variety of photonic systems.

Index Terms: Waveguides, waveguide devices.

1. Introduction

Sensitivity to the optical state of polarization can limit the performance or application of photonic
sensor [1] and communication [2] systems. The sensitivity typically arises from birefringence in the
components of the system. To address this, one can design components with lower birefringence
[3], but the lower birefringence design often requires a tradeoff with another desirable quality. In [4]
and [5], for example, a square planar waveguide core having lower birefringence is shown to have
higher propagation loss than a more birefringent high-aspect-ratio rectangular design. Alternatively,
one can embrace polarization diversity in the system and rely on polarization splitters, polarization
rotators, and polarizers for control of the polarization state. Polarization-dependent limitations are
then tied to the performance of these devices.

In an optical polarizer, the loss of one polarization mode is designed to be higher than that of the
other, resulting in a large polarization intensity extinction ratio after transmission through the
component. In free-space systems, Glan—-Thompson calcite polarizers with 50-dB extinction are
available. In optical fibers, greater than 60-dB extinction due to leakage loss was demonstrated in
fibers where the cladding material was partially replaced with calcite [6]. By using metal instead of
calcite, an extinction of 47 dB was also demonstrated [7]. For the integration of photonic systems on
a chip, planar waveguide polarizers are required. In [8], a birefringent polymer was deposited above
a planar glass waveguide core, resulting in an extinction of 39 dB due to leakage loss. While in [9],
proton-exchanged waveguides that guide only one polarization mode in LiNbO3 allowed extinction
greater than 50 dB.

In [10], we demonstrated the integration of silicon photonics with planar ultralow-loss SigNy4
waveguides. The combination of ultralow-loss with the active devices available in silicon enables
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Fig. 1. (a) A schematic cross section of the planar waveguides and measured and simulated group and
phase birefringence for (b) 100- and (c) 40-nm-thick cores versus waveguide width.

some integrated systems, e.g., optical gyroscopes. However, the silicon and SisNs waveguides
have high birefringence such that polarization handling components are necessary. In [11], we
reported polarization splitter and rotator designs in silicon waveguides. In [12], a compact silicon rib
waveguide polarizer was demonstrated with an extinction as high as 25 dB. However, some
applications require a polarizer with greater than 50 dB of extinction in order to achieve suitable
operation [13]. In this paper, we demonstrate higher extinction (75 dB) and broadband polarizers
fabricated with ultralow-loss silica waveguides. We begin with a discussion of the polarizer design
and operating principle, which primarily uses a disparity in bend loss for the TE and TM modes. We
then report the experimental characterization of polarizer extinction and loss using several wave-
guide geometries. Finally, we compare the various high-extinction results and discuss some design
tradeoffs.

2. Waveguide Design and Polarizer Operating Principle

2.1. Waveguide Birefringence

Fig. 1(a) shows a schematic cross section of the planar waveguides used in this work. We study
waveguides that have SizN4 core thicknesses in the range of 35—100 nm. These SisN,4 cores are
surrounded by SiO, cladding. The core is typically several micrometers wide in order to reduce
sidewall scattering loss [4], [5]. The 15-um-thick SiO, cladding layers are grown via wet thermal
oxidation of Si substrates. The thinner cladding layer above the core is deposited and polished to
allow for the transfer of a thick upper cladding via wafer bonding [14].

In Fig. 1(b) and (c), measured values of the group birefringence (nz= — ni") for 100- and 40-nm-
thick cores, respectively, are plotted versus core width. These core thicknesses are used in the
polarizers discussed in Section 3. The group indices of the TE and TM modes are obtained from
optical frequency-domain reflectometry measurements of waveguide backscatter near \g =
1550 nm [14]. By changing the ratio of the launched TE and TM modes with a fiber polarization
controller, the TE and TM group indices can be distinguished. The dashed lines in Fig. 1(b) and (c)
are simulated values for the group and phase birefringence obtained with Photon Design’s
FIMMWAVE mode solver at Ay = 1550 nm. Higher birefringence is obtained with the 100-nm-thick
cores because the TE mode has high core confinement compared with the TM mode. For 100-nm-
thick cores, the simulated difference in core confinement, i.e., 112500 _ 11350 nm ‘i 8 8%. With
decreasing core thickness, the TE confinement decreases, and the TE and TM effective indices
approach the cladding index asymptote, reducing the difference in core confinement to ~2.5%. The

Vol. 5, No. 1, February 2013 6600207



IEEE Photonics Journal Ultralow-Loss Planar Waveguide Polarizers

40 — — 03
_15
35 E:lO &) 0.25
o L —_
58 0 75 23 o2
rs S5
g2 % 5 10 15 L2
28 50l 100 nm x 2.8 .50 . i
£m Hm core ™: 5 ‘ mﬁ 1
S L |
fol 1mmbend * | 310 ‘ ) 0.05}
radius > 5 3
sl N ol i .
1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8 1.85 0 | 1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8 1.85
o 5 10 15

Wavelength (um) Wavelength (um)

X (um)

(a) (b) (©)

Fig. 2. (a) The simulated extinction per 90° bend obtained for 100-nm-thick cores at a 1-mm bend radius
versus wavelength, (b) simulated TE and TM mode fields for A\g = 1.65 um at 1-mm radius, and
(c) simulated TE mode loss per 90° bend for the same radius versus wavelength.

resulting lower birefringence for 40-nm-thick cores is still greater than that typically obtained with
lower index contrast elliptical core and bow-tie fibers by factors of about 25 and 3, respectively [15],
[16]. The birefringence is one to two orders of magnitude lower, however, than that obtainable with
higher confinement planar waveguides fabricated on 220-nm-thick silicon-on-insulator wafers.

2.2. TE/TM Loss Disparity

In [17], Varnham et al. showed that one linearly polarized mode in a coiled birefringent fiber
becomes leaky before the other as the optical wavelength is increased. A wavelength regime then
exists where the bend radiation loss is high for one polarization and low for the other, and the coil is
effectively a polarizer. The difference between the wavelengths at which the TE and TM bend
radiation losses begin to dominate over other loss contributions is related to the difference in TE
and TM mode confinement. It is then intuitive that the operating bandwidth of the polarizer is related
to the birefringence of the waveguide. In support of this, Varnham et al. demonstrated a 15-nm
decrease in a polarizer bandwidth of 80 nm for a temperature-induced decrease in birefringence on
the order of 10~* [16]. Thus, the highly birefringent silica waveguides presented above would allow
for an even broader bandwidth using this operating principle.

The design criteria for a TE-pass polarizer are a high TM extinction and a low TE insertion loss.
Fig. 2(a) shows the TE-pass extinction ratio per 90° bend versus wavelength for a 100-nm-thick and
2.8-um-wide planar SisN4s waveguide core simulated with FIMMWAVE. The extinction increases
with increasing wavelength as the TM mode confinement becomes lower and the bend radiation
loss increases. The simulated mode fields shown in Fig. 2(b) illustrate the disparity in bend loss for
the TE and TM modes at Ao = 1.65 um. In Fig. 2(c), itis clear that the polarizer bandwidth is limited
by a rapid increase in TE loss near \g = 1.73 um. For this core geometry, the simulated bandwidth
of a > 20-dB extinction polarizer with < 0.2 dB of loss (to stay consistent with the “few percent loss”
reported in [17]) is around 180 nm. Apart from the increase in bandwidth over a birefringent fiber-coil
polarizer, planar processing allows greater layout flexibility for the polarizing bends. In Section 3,
extinction results for several different combinations of bent and straight waveguides are reported.

3. Polarizer Characterization

3.1. Measurement Setup

In order to measure the extinction of our planar waveguide polarizers, we use a characterization
setup with several polarization handling components shown schematically in Fig. 3(a). The setup is
similar to that used by Suchoski et al. to measure polarizer extinction up to 50 dB [9]. Our setup,
however, includes an automated free-space polarization controller after the tunable laser source as
well as two analyzer/polarizer—detector combinations at the input and output. The polarization
controller uses a polarizer, quarter-wave plate, and half-wave plate in series. The components are
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Fig. 3. (a) Schematic of the planar waveguide polarizer characterization setup with source polarization
monitoring and (b) feedback results inset. For data without feedback, the polarization controller was
optimized for A\g = 1500 nm.
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Fig. 4. TE and TM transmission through a straight waveguide and a series of s-bends with 4-;m-wide
and 40-nm-thick cores.

rotated using a Python interface on a controlling computer. The Ge and InGaAs detectors in the
input and output analyzers attach directly to their polarizing beam splitters via a cage system. The
theoretical additive extinction of the polarization controller and two crystal polarizers is around
95 dB. However, the minimum detectable output power limits the measurable extinction of the setup
to 75 dB. The input analyzer provides feedback to the controlling computer, which, in turn, adjusts the
polarization controller as the wavelength of the source is swept in order to maintain a high
polarization extinction at the input. Fig. 3(b) shows that the extinction of the polarization controller
alone varies from 36 to 38 dB across the wavelength sweep. Fig. 3(b) also shows how the source
extinction can drift by as much as 18 dB while tuning the wavelength without a feedback mechanism.
The output analyzer is used to detect possible depolarization in the planar waveguide. Suchoski
et al. reported an increase in TM transmission when the output polarizer was removed from the
measurement system and attributed this increase to depolarization in their LiNbO3 waveguide.
Depolarization is not observed in our measurements, a finding that is consistent with the lower
achievable depolarization reported for silica-based waveguide materials [18].

3.2. Polarizers With 40-nm-Thick Cores

Figs. 4 and 5 show the optical transmission through various SisN, waveguide structures
fabricated with 40-nm-thick cores, using contact lithography on 100-mm Si substrates. In [14], we
demonstrated that the TE propagation loss for these waveguides can be less than 0.1 dB/m for
bend radii > 6 mm. Here, we show that the TM propagation loss is much higher, enabling high-
extinction polarizers. In Fig. 4, the solid lines show the TE (black) and TM (blue) transmission
through straight waveguides with 4-um-wide cores. Differing TE and TM coupling to and from the
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Fig. 5. (a) TE and TM transmission through a larger radius s-bend and (b) 1 m of spiraled waveguide
with a 9.8-mm radius center s-bend.

free-space optics (see Fig. 3) and substrate leakage losses cause the extinction in these wave-
guides. Though sidewall scattering is more efficient for the TM-oriented mode field, this effect is
offset by the larger TM mode size such that lower scattering loss is simulated for the TM mode.
Using the cutback method, the total TM coupling loss is measured to be, at most, 3 dB greater than
the total TE coupling loss. Taking this into account, a maximum on-chip polarization extinction of
12 dB is measured from 21 mm of propagation in a straight waveguide.

Fig. 4 also shows the TE and TM transmission through a series of 8 waveguide s-bends. Each
bend is 9.8 mm in radius through an angle of ~3.66°, and no offset between waveguides is used at
bend-to-bend or straight-to-bend interfaces. The highest on-chip extinction of 42.6 dB is again
measured at longer wavelengths. The TE loss for this polarizer, however, is as high as 8 dB at
Ao = 1620 nm. This is consistent with the larger bend loss simulated and measured for narrower
cores in [14]. The on-chip TE loss is reduced to below 1 dB by increasing the core width to 5 um in
the polarizer, but the average on-chip extinction is also reduced to 36.8 dB across the wavelength
range. The s-bends increase the total propagation length by only 203 xm with respect to a straight
waveguide, and we conclude that TM bend radiation and interface mismatch losses account for the
observed increase in extinction.

Fig. 5(a) shows TE and TM transmission through a single waveguide s-bend for various core
widths. Each bend is 28 mm in radius through an angle of 20.8°. The total propagation length is
54.14 mm. Because of the larger bend radius, the on-chip TE loss is less than 0.3 dB over the
wavelength regime. The TM mode, however, has high substrate leakage loss over a length that is a
factor of 2.58 larger than the straight waveguides in Fig. 4(a). Since the extinction is more than a
factor of 2.58 larger than that measured in Fig. 4(a), we conclude that TM bend radiation and
interface mismatch losses are also significant for the larger bend radius. The polarizer with a 3.5-um-
wide core has broadband on-chip extinction from 58 to 75 dB for wavelengths ranging from 1500 to
1620 nm, respectively, and less than 0.3 dB of loss for the TE mode. Fig. 5(b) shows TE and TM
transmission through 1 m of spiraled waveguide. The spiral has an s-bend of 9.8-mm radius in its
center. The polarization extinction for core widths narrower than 8 um is too high to be measured with
our setup. The highest measurable on-chip extinction is again 75 dB, and the TE propagation loss is
lower than 0.1 dB/m near the 1580-nm wavelength regime as reported in [14].

3.3. Polarizers With 100-nm-Thick Cores

Waveguides with 100-nm-thick cores are fabricated in a CMOS foundry using 248-nm stepper
lithography on 200-mm silicon substrates. TE and TM core confinement factors are higher for these
thicker cores, but the same thermal oxide cladding thickness of 15 ym is used. As a result, the TE
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Fig. 6. (a) TE and TM transmission through an s-bend and (b) a straight waveguide with thinner upper
cladding. (c) The TE and TM mode fields for the highly asymmetric waveguide with thin upper cladding.

and TM substrate leakage losses are both low. Reflectometry measurements of 6-um-wide cores
near Ao = 1590 nm give minimum TE and TM mode propagation losses of 1.2 and 0.6 dB/m,
respectively. Though the TM mode loss is lower than that of the TE mode for larger bend radii, TM
bend loss alone is high near a bend radius of 1 mm for 2.8-um-wide cores, enabling high-extinction
polarizers.

Fig. 6(a) shows the TE and TM on-chip loss measured in a single s-bend. Since the substrate
leakage loss of the modes is negligible, the on-chip loss is obtained by comparing transmission
through the s-bend with the average transmission through 10 straight waveguides on the same die.
Broadband on-chip polarization extinction from 38 to 62 dB is measured with an average TE mode
loss of 0.4 dB over the wavelength regime. One can increase the TM mode loss in the straight and
bent sections by using a structure with thinner SiO, upper cladding, as shown schematically in the
inset in Fig. 6(b), rather than bonding a 15-um SiO, wafer. Such a structure is used when
integrating the SizN4 waveguides with Si photonics, as discussed in [10]. Fig. 6(c) shows how the
TE mode remains well confined in this structure, whereas the TM mode becomes leaky. No TM
power is measurable through the s-bend shown in Fig. 6(a), but the highly asymmetric structure
also increases the TE bend loss at a 1-mm radius, giving a measured on-chip TE loss of 6 dB. The
TE mode has low loss for larger bend radii, however, and up to 40-dB extinction due to TM leakage
loss is measured in a straight waveguide, as shown in Fig. 6(b).

4. Discussion and Conclusions

We have demonstrated planar waveguide TE-pass polarizers having measurement-limited
extinction ratios as high as 75 dB. The polarizers, which chiefly utilize the disparity in bend loss
between TE and TM modes in a birefringent waveguide at certain bend radii, can operate with high
extinction and low loss over a broad (1500-1620 nm) wavelength regime. Using 100-nm-thick
cores, on-chip polarization diversity can be achieved since the loss of both polarization modes can
be low at larger bend radii. This makes 100-nm-thick cores particularly attractive for applications,
e.g., a coherent receiver [2], that require the chip to accept both polarizations at the input. It should be
noted, however, that a TM-pass polarizer using the same operating principle cannot be realized on
the same chip. Polarization splitters and/or rotators such as those discussed in [11] are then
necessary. Since they have higher birefringence, a broader bandwidth polarizer should also be
realizable with 100-nm-thick cores compared with thinner core designs. When the core thickness is
decreased to 40 nm, however, the TM mode becomes leaky, and the TE propagation loss is less
than 0.1 dB/m. This makes 40-nm-thick cores attractive for applications requiring tens of meters of
propagation along with high-extinction polarizers, e.g., an interferometric optical gyroscope. As
reported in [14], the coupling loss between the waveguide and an optical fiber can be lower than 1 dB
per facet by tapering the waveguide core to a narrower width in order to match the fiber mode. If the
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disparity between TE and TM fiber-to-chip coupling losses is a concern, a core width can be chosen
such that the coupling losses are nearly equal at the cost of a slightly higher coupling loss. For
example, 0.87/0.91-dB TE/TM coupling losses are simulated for 40-nm-thick and 5-um-wide cores at
Ao = 1550 nm. As demonstrated at the end of Section 3, a single-polarization waveguide can also be
realized with 100-nm-thick cores if only thin upper cladding is used. Such waveguides can be
integrated with silicon photonics [10] to realize photonic systems that benefit from “truly single
mode” operation.
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