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Polarization controllers are key elements in many fields of optics, including coherent communications, optical im-
aging, and quantum applications. Here we present a technology-independent polarization controller scheme based on
electrically tunable phase shifters and polarization rotators with largely relaxed fabrication tolerances. Using this
scheme, we experimentally demonstrate a fully integrated polarization controller in the silicon-on-insulator platform
that is tunable over the complete C-band and achieves a polarization extinction range of 40 dB (£20 dB). These
results constitute, to the best of our knowledge, the highest polarization extinction range achieved in a fully integrated
device, and overcome the existing limitation in the trade-off between integration and performance in polarization

management circuits. © 2015 Optical Society of America

OCIS codes: (130.3120) Integrated optics devices; (230.5440) Polarization-selective devices; (230.7370) Waveguides.
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1. INTRODUCTION

Polarization management is of fundamental importance in many
fields of photonics, including imaging [1], optical communica-
tions [2,3], and quantum information [4]. Compared to fiber
or bulk optics solutions, integrated polarization handling holds
potential for devices that are compact and low cost with, at
the same time, improved stability. However, due to high sensitiv-
ity to fabrication imperfections, the integration of polarization
managing elements is highly challenging. While promising
advances have been recently made for polarization splitters [5,6],
polarization control still requires a significant trade-off between
the level of integration and performance. A polarization controller
is composed of two main elements: polarization rotators (PRs) (or
wave plates) with precisely controlled rotation angles and polari-
zation phase shifters. While the latter can be implemented with
judiciously designed waveguide heaters, the former require either
specialized fabrication processes and materials [7,8] or extremely
tight fabrication tolerances on the order of a few nanometers [9].
Indeed, the polarization controllers proposed in [10,11], which
rely on precise PRs, have been experimentally demonstrated only
with a hybrid integration approach. The devices presented in
[12,13] are based on an alternative architecture but require high-
performance polarization rotator-splitters. A further approach is
based on quantum effects at a macroscopic scale, but it requires
out-of-plane waveguides [14]. The maximum polarization

2334-2536/15/121019-05%$15/0$15.00 © 2015 Optical Society of America

extinction ratio (PER) that has been reported so far is 10 dB
(20 dB range) for fully integrated schemes and +20 dB (40 dB
range) for hybrid integration approaches.

Here we demonstrate, for what we believe is the first time, a
fully integrated polarization controller that overcomes the trade-
off between integration and performance. Our design yields a
PER range of ~40 dB, which is, furthermore, tunable in the full
C-band. This is achieved by using three polarization-rotating el-
ements, as first proposed for PRs in [9], combined with polari-
zation phase shifters. The key advantage of our scheme is that the
polarization phase shifters both compensate fabrication deviations
in the PRs and enable wavelength tuning over a range of at
least 40 nm.

2. DEVICE OPERATION

The structure that we propose is shown in Fig. 1. In order to
describe its operation it is convenient to recall the following
polarization concepts: a polarized lightwave is generally described
using the Jones vector /| = [E,é#; E yei‘/’)’], where £, and ¢, , are
the amplitude and phase of the electric field components in the
horizontal (x) and vertical (y) directions. For the purpose of our
discussion, the state of polarization (SOP) of the wave is defined
with two parameters: the PER and the polarization phase (p). The
PER is defined as the ratio of power in the vertical and horizontal
component, PER = |Ey|2 /|E,|?, so that a horizontally polarized
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Fig. 1. (a) The proposed polarization controller consists of three PRs
(etched waveguide sections) and three tunable polarization phase shifters
(implemented here with waveguide heaters). Even with highly imperfect
PRs, complete polarization control is feasible. (b) Scanning electron
microscope image of waveguide and heater pads (top view) and (c) the
PRs (cross section).

wave has PER =0, and a vertically polarized wave has
PER = oo. The polarization phase, p, is defined as the phase dif-
ference between the components, p = ¢, - ¢,.. As an example,
right-handed circular polarization corresponds to PER =1
and p = 90°.

Our integrated polarization controller, shown in Fig. 1, con-
trols the SOP using two types of elements: PRs, which mainly
change the PER and, to some extent, the polarization phase,
p; and tunable polarization phase shifters (TPPSs) that control
the polarization phase, p, without altering the PER.

The operation of the device is illustrated in the Poincaré sphere
in Fig. 2. Let us consider horizontally polarized light at the input
(point A) and right-handed circular polarization as the desired
output SOP (point G). First, a certain polarization rotation will

Fig. 2. Evolution of state of polarization throughout the device. The
input state of polarization is horizontal (point A), and the output state of
polarization is right-handed circular (point G). The blue dotted lines cor-
respond to PRs, whereas red lines correspond to tunable polarization
phase shifters. The points named A through G correspond with the
planes A through G in Fig. 1.

be performed in the first PR (point B). Following the first PR
there are two pairs of TPPS-PR. Each TPPS will tune the polari-
zation phase in order to feed the PRs with the suitable polarization
phase so that, at the output of the third PR (point F), the desired
PER is achieved. The last TPPS then produces the appropriate
polarization phase shift so that the desired SOP is obtained at
the output (point G) [9,15].

PRs can be implemented using various mechanisms, such as
modal evolution [13], cross-polarization coupling [16] and rota-
tor waveguides [17]. One of the key advantages of our scheme
compared to previously proposed devices [10] is that the individ-
ual PRs do not need to produce a specific polarization conversion.
Instead, given horizontal input polarization, they must only pro-
duce at their output a SOP with PER in the range [15]

-4.7 dB < PER < 4.7 dB. (1)

Given a nominal design of a PR, the above condition is ful-
filled in a wide range of fabrication deviations, making this
scheme highly tolerant to fabrication errors. Tunable polarization
phase shifters are required to provide polarization phase shifts in
the range [0-27].

3. DEVICE IMPLEMENTATION
A. Design

To experimentally demonstrate our approach, a silicon-on-
insulator proof-of-concept device has been fabricated. The nomi-
nal dimensions of the waveguide core are 490 nm x 260 nm and
the device is clad with a SU-8 polymer layer, resulting in a wave-
guide birefringence of nIF - nIM = 0.45. The PR has been
implemented following the approach described in [17], where
vertical symmetry is broken by forming two subwavelength
trenches; see Fig. 1(c). The trenches are ~60 and ~100 nm wide,
separated by a ~40 nm silicon slice, and placed ~60 nm from the
waveguide sidewall. Trench depths are determined by the etch-lag
effect, being ~230 and ~250 nm deep, respectively. The length
of the rotator is 20 um. It has to be noted that the exact dimen-
sions are not crucial for the operation of the device, provided that
the PRs exhibit a PER in the range defined by Eq. (1).

To realize the TPPS, we take advantage of the opposite
thermo-optic coefficients of silicon dioxide, dngo,/dT = 1x
107°°C! and SU-8 dngy g/dT = -1.1 x 1074°C"!; the thermo-
optic coefficient of silicon is dng;/d T = 1.8 x 1074°C"! [18]. By
including these thermo-optic coefficients in a mode solver to ac-
count for the polarization-dependent modal confinement, the ef-
fective thermo-optic coefficients for horizontal and vertical
polarization are obtained: dnlf/dT = 1.7 x 104°C! and
dnlM/dT = 1.1 x 1074°C"1. The polarization phase shift p in-
duced by a temperature variation A7 in the TPPS waveguide is
then given by

L dn'¥  dnM
p=2x ijs (;1eTﬂ]c5 - neTflfV[) + AT(ﬂ,—;{f—T}ff)} (2)
The design of the length of the phase shifter, Ztpps, requires a
trade-off between bandwidth and maximum temperature in-
crease. Shorter lengths require higher temperature increments in
order to achieve a full 27 variation in p, as shown in Fig. 3. On the
other hand, large values of Lyppg result in a strong wavelength
dependence of p, which ultimately limits the operational
bandwidth of the polarization controller. This bandwidth can
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Fig. 3. Dashed lines: polarization phase shift, Ap, of a single TPPS as a
function of its length for different maximum temperature increases,
AT . obtained from Eq. (2). Solid line: estimated bandwidth of the
complete polarization controller as a function of the length of the TPPS.

be estimated numerically, by modeling the device as a concatena-
tion of Jones matrices, resulting in the plot shown in Fig. 3.
Bandwidth is defined as the wavelength range in which the
PER is larger than 16 dB. From Fig. 3, the minimum length that
achieves a 27 variation of p with a moderate temperature increase
of 40°C is Ltpps = 700 pm, with a bandwidth of ~0.6 nm. In
this proof-on-concept design, bandwidth was not deemed as criti-
cal as achieving the full phase swing, so the TPPS length was over-
dimensioned to 1000 pm, yielding an estimated bandwidth
of ~0.4 nm.

The TPPS was implemented through waveguide heaters
placed alongside the waveguide, as shown in Figs. 1(a) and 1(b).
Waveguide heaters are 2 pm wide chromium—gold electrodes
spaced 2 pm from the waveguide to avoid losses due to interaction
of the evanescent waveguide field with the metallization.
Simulations show that for a 1 pm spacing, losses are still negli-
gible, so that the efficiency of the heaters could be further
increased by reducing this spacing.

Together with the complete polarization controller, test struc-
tures of its individual components (straight waveguides, PRs, and
polarization phase shifters) were included on the same chip.

B. Fabrication

The photonic structures and isolation regions for metallic con-
tacts were defined with ZEP electron beam (e-beam) positive
resist lithography, and transferred to the silicon layer with induc-
tively coupled plasma etching. A single, full etch step was used,
leveraging the etch-lag effect to define the partially etched slots in
PRs [see Fig. 1(c)]. The waveguide heaters were realized with
100-nm-thick chromium—gold electrodes fabricated with e-beam
evaporation and a lift-off process; they had a measured resistance
of ~165€. Finally, waveguides were selectively covered with a UV
lithography patterned 5 pm thick SU-8 negative resist, facilitating
access to the metallic pads. Once thermally cross linked, SU-8 is
thermally stable beyond 200°C.

C. Experimental Results

For the characterization of the device, horizontally polarized
light from a tunable laser was coupled into the waveguide with

a polarization-maintaining lensed fiber. At the output of the chip,
light was collected by a microscope objective and then filtered by a
linear polarizer, positioned on a rotary mount. Depending on the
rotation of the polarizer, only horizontally or vertically polarized
light is transmitted to the detector, which consisted of an infrared
camera. The setup was calibrated using the reference straight
waveguides, yielding a maximum measurable PER of ~25 dB.
In order to tune the polarization controller, DC currents are in-
jected in the two first TPPSs, locally heating the waveguide and
thus changing the PER of the output SOP.

In a first experiment, we verified that a single TPPS was able to
cover a full 27 polarization phase shift. Light polarized at 45° was
injected in a test structure with no PRs and a single active tunable
polarization phase shifter, exciting both the horizontally (quasi-
TE) and vertically (quasi-TM) polarized waveguides modes.
Upon heating the TPPS, the phase shift (Ap) between the hori-
zontal and vertical polarization component changes, resulting in a
polarization state that periodically progresses from linear at +45°,
to right-handed circular, to linear at -45°, and left-handed circu-
lar. Passing the resulting output light through a linear polarizer at
+45° and detecting the optical power then yields the sinusoidal
signal (1 4 cos Ap), from which the polarization phase Ap shift is
obtained. As increasing power was applied to the TPPS, we ob-
served several cycles of this signal, extracting a tuning efficiency
of ~70 rad/W.

In a second experiment, using the full polarization controller
[see Fig. 1(a)] with horizontally polarized light at the input, we
generated vertical output polarization achieving a PER of +-20 dB
(|Ey|2 /|E,|*> = 100) and horizontal output polarization achiev-
ing a PER of -20 dB (|1’5},|2/|EX|2 = 0.01) at 4 = 1.55 pm. The
tuning algorithm relies on minimizing the power in the SOP
orthogonal to the desired one. This is achieved by varying the
voltage in one of the TPPSs. Once a minimum is found, the other
TPPS is tuned. A few iterations of these steps suffice to optimize
the desired PER.

Insertion losses of the polarization controller, excluding fiber-
to-chip coupling, were found to be below 3 dB. The main
contribution of the losses comes from the PR, with individual
insertion losses of ~0.7 dB [17]. The total electrical power re-
quired for tuning was on average ~300 mW, with a peak value
of ~700 mW. The bandwidth of the device is ~0.5 nm and is
limited by the TPPSs, as explained before. This limitation is,
however, not intrinsic to the polarization controller scheme and
can be overcome using, for instance, a TPPS based on nematic
liquid crystals, which exhibit an electrically tunable anisotropy
[19]. This could reduce its length below 200 pm, yielding a band-
width in excess of 2 nm.

To show that any intermediate PER can be generated, we de-
veloped the third experiment. Let (py ,, p5,) and (py ., p3,) be the
phase shift set on the first and second TPPSs to obtain vertical and
horizontal polarization at the output, respectively [see Fig. 4(a)].
To generate intermediate values of PER, the phase shift is linearly
swept between these pairs, by means of the applied voltages V;
and V,. We start with vertical polarization at the output with
phase shifts (p;,, p,,). We then increase py, until p; , is reached.
P, is then swept in the same way, obtaining horizontal polariza-
tion at the end of the process. Intermediate values of p; and p,
should produce intermediate values of PER. Figure 4 shows the
results of this experiment in terms of polarization phase shifts p;
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and p,. Figure 4(a) represents the simulated PER as a function of
p1 and p,. The path corresponding to the specific combinations
of (p1, p,) is superimposed: the solid line corresponds to varia-
tions of p;, and the dashed line corresponds to variations of p,.
Figure 4(b) compares the measured and simulated PER along that
path, in terms of the phase variations Ap;,. A good agreement
between the simulated and experimental results is achieved, con-
firming that the device indeed can generate any PER at its output.
From this experiment, we found the tuning rate of the TPPSs to
be ~20 rad/W. The difference with the tuning efficiency derived
from the first experiment is attributed to thermal crosstalk
between the heaters.

To prove that the device also gives control over the polarization
phase (p), we carried out the fourth experiment. In this case, a
voltage was applied to the third heater (V3); ideally, this should
produce a constant PER, while varying p over a full 2z range. To
measure the resulting polarization state, we recorded the power
(p) passing through the polarizer rotated at -45°, 0°, +45°,
90°, corresponding to the polarization states: linear at -45°, hori-
zontal, linear at +45°, and vertical. From these measurements the
normalized Stokes parameters s; and s, are computed as
51 = (oo = Poor) [ (o + poor) and 5, = (P45 = pss)/ (Praset
2_4s50). The resulting pairs (s;,s,) are shown as the green trace
in Fig. 5. To appreciate the effect more clearly, we project the

(@)
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Fig. 4. (a) Simulated PER at the output of the polarization controller
as a function of the phase shifts introduced in the two first TPPSs, when
horizontally polarized light is launched into the device at 4 = 1.55 pm.
(b) Measured PER compared to the simulated PER corresponding to the
path shown in (a). There was no measurable variation of PER in the
Ap, ~ [0.85-2.3] range.

L-45

Fig. 5. Measured polarization state as an increasing voltage is applied
at the third heater (V3), showing that any polarization phase (p) can be
generated. The blue trace is obtained from the measured data points
(green trace) by projection on the surface of the Poincaré sphere.

pairs (sy, 5) on the surface of the sphere, by calculating the third
Stokes parameter as 53 = [1 - (s7 + 53)]'/? (this can be done
because we are working with fully polarized light, so that
st + 55 + 53 = 1). The resulting blue trace in Fig. 5 reveals that,
as expected, the PER does not change significantly, but the polari-
zation phase p varies over a full 27 range. Together with the pre-
vious experiment showing full control over the PER, this
demonstrates that the device can indeed fully control the polari-
zation state. We estimate the degree of coverage of the Poincaré
sphere of this device to be 98%, limited only by the measured
PER (£20 dB)

A final experiment showing that the device can operate in a
wide wavelength range was performed. Figure 6 shows the PER
of the device in the C-band. Note that the measured PER of the
individual PR fluctuates in a range of ~3 dB, confirming that, as
predicted by condition (1), full polarization control is possible
even with variable rotator performance. Indeed, the complete
polarization controller can be tuned to extinction ratios better
than £20 dB. The measured PER range is ~40 dB in the full
C-band, yielding an unprecedented enhancement of 2 orders

257
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o 101 x Single Rotator PER
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Fig. 6. Measured PER when horizontally polarized light is launched
into the device. Tuning of the integrated polarization controller provides
a PER range of ~40 dB at any C-band wavelength, even with individual
rotators that exhibit a variable PER. The shaded area corresponds to
condition (1).
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of magnitude compared to other state-of-the-art integrated polari-
zation controllers.

4. CONCLUSIONS

In summary, a fully integrated polarization controller scheme was
experimentally demonstrated. To the best of our knowledge, this
is the first fully integrated polarization controller achieving an
~40 dB polarization extinction range, tunable in the full C-band.
Our scheme enables not only wavelength tuning, but also com-
pensation of fabrication deviations, for any photonic platform.
We believe that this work opens the path toward reliable mono-
lithic integration of polarization controllers, with many potential
applications, including polarization optical circuits, imaging, and
quantum communications, to name a few.
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