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Abstract: In this work we investigate the implementation of ultra-wideband polarization
rotator in the mid-infrared spectral region. A new design method of the rotation section is
proposed, yielding a polarization rotator with an extinction ratio of at least 15 dB in a
wavelength range of 2 um. For a spectral range wider than 3.8 um, an extinction ratio of at
least 10 dB is achieved for this design. The device is 1660 um long and the associated
insertion loss is below 1.2 dB on the full operational wavelength range. The influence of
geometrical parameters with respect to the design method to obtain such a broadband
behavior is discussed. Finally, to increase the tolerance to fabrication errors, a tapered rotator
design is proposed. Such a device can support up to £ 100 nm fabrication errors and still
guarantees remarkable broadband behavior. To the best of our knowledge, this is the first time
an integrated polarization rotator is designed to operate for the wavelength range of 4 to 9 um
with a bandwidth exceeding 2 um.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The mid-infrared (mid-IR) spectral region comprising the wavelength range from 2 to 20 um
is of significant interest for many applications, including medical diagnosis [1], biosensing
[2], astronomy [3], security [4], etc. This is particularly because unique molecular and
biological absorption features can be found in this spectral range. Commercially available
mid-IR spectroscopic systems are bulky and expensive and integrated solutions are being
investigated to develop miniaturized, low cost, mass produced and broadband systems. In this
context, numerous platforms have been investigated: III-V materials [5,6], chalcogenide
glasses [7,8] and a family of Si compatible platforms such as silicon on insulator (SOI) [9],
suspended Si [10], Si on sapphire [11,12], Germanium (Ge) on Si [13-16], Silicon
Germanium (SiGe) [17,18] and Ge-rich SiGe on graded buffer [19-26]. A plethora of
photonic components has been implemented on these platforms: waveguides, cavities [7],
Mach-Zehnder interferometers and spectrometers [21,24], (de)multiplexers [14],
reconfigurable circuits [15] and modulators [27], to name a few. Moreover, the
implementation of light sources has been studied and supercontinuum generation has
successfully been implemented on different platforms [28,29,18]. Among Si compatible
materials, SiGe and Ge-rich SiGe alloys are of particular interest because of their large

#356322 https://doi.org/10.1364/OE.27.009838
Journal © 2019 Received 27 Dec 2018; revised 13 Mar 2019; accepted 18 Mar 2019; published 25 Mar 2019


https://doi.org/10.1364/OA_License_v1

Research Article

Optics EXPRESS

transparency window in mid-IR [19,21,24] and strong nonlinear optical effect [25]. In this
work, we exploit Ge-rich SiGe alloys to build an ultra-wideband polarization rotator. While
various photonic building blocks have been developed for the mid-IR, comparatively less
attention has been paid to the on-chip polarization control [30-32]. For example, polarization
management is important for free space communications where the polarization of the
incoming signal is not known [22]. Polarization rotators based on different approaches are
widely used in classical telecommunication bands [33-36]. The polarization rotator is also an
important component for polarization agnostic photonic components such as arrayed
waveguide gratings [37] for on-chip signal processing. Furthermore, using both orthogonal
polarizations on-chip appears advantageous as photonic components can be designed with
ultimate performance depending on the polarization of light, while nonlinear processes such
as harmonic generation can take advantage of polarization diversity for mode phase matching.
In this paper, first we introduce a new approach and corresponding design rules to obtain a
wideband polarization rotator. The performance of the device is first estimated with an
analytical approach based on modal analysis and then optimized with 3D eigen mode
expansion (EME) propagation simulations performed with a commercial solver [38]. Finally,
a tapered geometry is introduced, yielding an ultra-wideband operation and a large fabrication
tolerance of + 100 nm.

2. Broadband rotator waveguide

The mid-IR polarization rotator is designed for the Ge-rich SiGe platform shown in Fig. 1(a),
with a top 2-pm-thick Sip,Gegg layer and an 11-pm-thick graded index transition to the Si
substrate, with Ge concentration decreasing from 0.79 to 0. Fabrication-wise the graded index
can be implemented by means of epitaxial growth where the Ge content is tuned in the buffer
all along the growth direction [19,21,22,24,39,40]. Several photonic building blocks and
devices have been demonstrated in this platform, including wideband waveguides [19], ultra-
wideband Mach-Zehnder interferometers [21,22] and Fourier-transform waveguide
spectrometers [24], Fabry-Perot [39] and racetrack resonators [40].

Passive integrated polarization rotators typically rely on one of the three approaches:
mode evolution [41], cross polarization coupling based on a directional coupler [42], and
rotator waveguide [43]. Due to the ultralow birefringence of our Ge-rich SiGe waveguides
[22], the first two approaches would be difficult to implement, and we use the rotator
waveguide strategy instead. Our polarization rotator waveguide is based on a two-step
geometry (see Fig. 1(a)), yielding hybrid modes with tilted optical axis while obviating the
need for slanted etching or multi-trench geometries. We denote 7 and H the width and depth
of the first etch step and K and J the width and depth of the second etch step in the rotator
waveguide. The rotator waveguide is characterized by the optical axis tilt, @, and the half-beat
length, L,:

¢ =arc tan(HﬂlEﬁ) (D
o By a”
4 (2

= A
2| Boprr = Ny |

where E, and E, are vertical and horizontal electric field components, Q is the modal area,
and ng and nep are the effective indices of the first two rotator waveguide modes. From
these two parameters, the polarization conversion efficiency is calculated:

PCE =sin*(2¢)sin’ (Z—ER), 3)
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where Ly is the length of the rotator waveguide section. From Eq. (3) it follows that perfect
rotation, i.e. PCE = 1, is achieved when ¢ = 45° and the rotator length equals the half-beat
length L; = L,. The length of the rotator is fixed after fabrication. Hence, the bandwidth of the
device is primarily determined by the wavelength dependence of the optical axis tilt and the
half-beat length. Here we propose a novel design method that harnesses adiabatic index
variation in the graded Ge-rich SiGe platform to minimize the wavelength dependence of the
rotator waveguide, yielding an ultra-wideband operation.

(b) Mode hybridization curves

o
[

Width, K (um)
SR

‘:—A:W=4 pm H=4 pm
1.5 |—B:W=4.5 pm H=4 ym
|~—C:W=5 pm H=4 pm

11 pm Graded Buffer from Si to Si, ,,Geg 7o 1| 0iNel:8 yon et o

_ 1 2 3
A=7.5 pm |E|? Height, J (um)
(d) s
80 —a,
B —b
< 6 2
=60 _ c,
o £ i
240 Ea s
© E C,
= [ =1 d
=20 22 i
0 - a n 0
4 6 8 10 12 4 6 8 10 12
Wavelength (um) Wavelength (um)

Fig. 1. (a) Ge-rich SiGe waveguide cross section used for polarization rotation, K and J are the
width and the height, respectively, of the etched trench. The mode profile corresponds to K =
3.09,J=1.73 ym and W =5, H = 4 pm. (b) Mode hybridization curves: K as a function of J
for ¢ = 45°. The points a., b, c,, d, represent the vertices of the hyperbolas A, B, C and D
respectively. The extreme geometries on the hyperbola C are represented by c; and c; points.
(c) Tilt angle ¢ evolution as a function of the wavelength: for configuration a; (red curve), b,
(blue curve), ¢, (green curve), d> (black curve) and for geometries ¢; and c; (green dashed and
green square, respectively). (d) Lz as a function of the wavelength for a; (red curve), b, (blue
curve), ¢, (green curve), d, (black curve) and for geometries ¢; and c¢; (green dashed and green
square, respectively).

Here we propose a new design method to maximize the bandwidth of the rotator. The
method comprises the following three main steps: (i) the optical axis tilt, ¢, is calculated for a
given wavelength as a function of the rotator waveguide geometry by selecting different
combinations of W and H while scanning the parameters K and J, (ii) for each pair W-H an
hybridization curve is defined following the K-J points yielding ¢ = 45° (see Fig. 1(b)) and
fitted with a generalized hyperbola equation, and finally (iii) the wavelength dependence of ¢
and L, is calculated for the points near the vertex of each hyperbola, identifying the point
corresponding to the broadest wavelength response as our optimum design.

If the proposed L-shaped waveguide had the same bottom and top cladding, then the
hybridization curves would follow a linear trend, corresponding to the points where the
geometry is perfectly symmetric along a 45-degree-tilted axis. However, the geometry
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considered in our work has a highly inhomogeneous cladding, with a top air cladding (n,; =
1) and a bottom SiGe cladding (ngjge>3). Then achieving 45-degree-titled hybrid modes
requires balancing waveguide asymmetry and mode confinement distribution. This results in
hybridization curves that do not follow the ideal linear trend. By calculating the influence of
device geometric parameters on ¢ and L, we have found that the hybridization K-J curves for
¢ = 45° follow a generalized hyperbola equation:

K=e-—% — )

1°

(1+mJ)?

where d, e, g and m are the fitting coefficients. We also found that for each hyperbola the
bandwidth is maximized for points near the vertex. Exploiting this behavior, it is possible to
substantially reduce the number of geometries to be analyzed to find the optimal design.
Specifically, geometrical parameters of the rotator waveguide are only sparsely scanned at a
fixed wavelength to find the proper fitting coefficients for the hyperbola, while the full
wavelength scan are only performed for points near the vertex. To further illustrate this
method, in Fig. 1(b) we plot the hybridization curves for four different combinations of # and
H. In these examples named A, B, C and D the width W varies while H is fixed to 4 pm to
assure the compatibility with other Ge-rich SiGe photonic building blocks
[19,21,22,24,39,40]. It can be observed that the hybridization curves are well-fitted by the
hyperbolas. In Figs. 1(c) and 1(d) we compare the wavelength dependence of ¢ and L, for
different geometries, within the hybridization curves. First, if we compare the three
geometries within hyperbola C (c;, ¢,, ¢;3) we can see that the point ¢,, near the vertex, yields
the largest bandwidth. On the other hand, it is apparent that the point ¢, provides a
substantially wider response than @, (near the vertex in hyperbola A4). The extremes of each
hyperbola correspond to highly asymmetric waveguide configurations with large etching
depth, J, and small width, K. The vertex of each hyperbola corresponds to the region where
the modes are hybridized with the most symmetric geometry. This symmetry optimization is
directly related to the bandwidth increase. In ideal rotator waveguides with geometric
symmetry along the 45 degree axis, perfect hybridization is ensured by geometrical
symmetry, providing a broad wavelength operation. In our case, with highly asymmetric
claddings, a specific mode confinement distribution is required to achieve perfect
hybridization. This confinement distribution varies with the wavelength. Then, generally
speaking, the bandwidth of the hybridization is proportional to the level of geometrical
symmetry and inversely proportional to the variation of the mode confinement with the
wavelength. That is the reason why the bandwidth is maximized for the vertex of a given
hyperbola and why different hyperbolas lead to substantially different bandwidth behavior.
Hence, by comparing geometries near the vertex of each hyperbola, a solution converging
to optimal design can be found. Following the proposed methodology and considering W<6
pm and A =4 um for good fundamental mode confinement while avoiding highly multimode
behavior and compatibility with other photonic building blocks on Ge-rich SiGe platform, the
optimal geometry was found for W =35 um, H=4 um, J=1.73 um and K = 3.09 um (point ¢,
in Fig. 1(b)). To support this statement and illustrate the systematic bandwidth optimization at
the vertex we calculate the PCE for all points along hyperbolas A, B, C and D and we plot for
these hyperbolas the bandwidth for which the PCE>90% (Fig. 2(a)) and PCE spectral
evolution for the vertices a,, b, ¢, and d, (Fig. 2(b)). As shown on Fig. 2(a) the bandwidth is
systematically maximized at each vertex of hyperbolas A, B, C and D. Moreover, the best
results are given by the vertex c,. This better spectral behavior can be clearly seen by
comparing the spectral evolution of all the vertices (Fig. 2(b)): the bandwidth increases from
the vertex a, up to the ¢, (optimal design that we selected) and drops after with the vertex d.
As shown in Fig. 2(b), the optimized design provides a calculated PCE>90% for a bandwidth
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higher than 3.8 pum, i.e. more than 18-fold improvement compared with state-of-the-art
broadband near infrared polarization rotators [44].

(a)
4

w

Bandwidth (um)
— N

47 o 76 | 8 7 10 12
Height, J (um) Wavelength (um)

Fig. 2. (a) Bandwidth evolution for hyperbolas A, B, C and D: red, blue, green and black
curves respectively. (b) PCE as a function of wavelength for the vertices a,, b,, ¢, and ds: red,
blue, green and black curves respectively. The flattened configuration corresponds to the
vertex ¢,.

In summary, the remarkably large bandwidth of our polarization rotation is the result of: 1)
optimization of waveguide symmetry by operating in the vertex of the hybridization
hyperbola and ii) minimization of the confinement variation with wavelength by harnessing
the adiabatic index variation in the graded SiGe geometry. From calculation point of view, the
number of tested hyperbolas depends on: i) fixed dimension range in W and H, H being
usually fixed by compatibility with other photonic components, (ii) the sensitivity of the
waveguide to dimensional variations which is linked to the chosen photonic platform. It is
important to point out that the proposed design strategy is a substantial improvement
compared to the classic design approach where the device performances have to be scanned
for each combination of geometrical parameters.

3. Design of complete polarization rotator

We now consider the full polarization rotator schematically shown in Fig. 3(a), comprising
input and output waveguides, tapers and rotator waveguide section. The input and output
waveguides and the rotator waveguide section have a width of W =5 um and etch depth H =
4 um. The tapers, of length Lz, are designed to minimize insertion loss due to mode mismatch
between the input/output waveguide and the rotation waveguide. The rotation section has a
length L; and the cross-section optimized in the design procedure outlined in the previous
section. We studied the influence of the taper length on the rotator performance by means of
EME propagation simulations. We calculate extinction ratio (ER) and insertion loss (IL) as
following:

Tre - ™7

ER =10log 10( ), (5

Tre-18

IL =—-10log(T7e - s + T're - 1E), (6)

where Trg.ry denotes the calculated transmittance for transverse electric (TE) to transverse
magnetic (TM) polarization and Ttg g the transmittance for TE to TE polarization, from the
input port to the output port. In Figs. 3(b) and 3(c) we show the ER and IL calculated as a
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function of the taper length, Lt, for a wavelength of 7.5 um. Note that propagation through the
taper will induce a phase shift that needs to be compensated in the rotator section. Hence, for
each value of the taper length, the length of the rotation region, Lz, was adjusted to maximize
the ER. As can be seen, increasing the taper length reduces the insertion losses. On the other
hand, long tapers result in an uneven excitation of the hybrid modes in the rotator waveguide
that degrades the attainable ER. Therefore, we chose Lt = 100 pum and Lz = 1660 um as a
tradeoff to ensure ER above 25 dB and IL below 0.1 dB.

(a) (b) 49

Taper Rotationregion 30
I c > m
)

aveguide; |
1 14
= |

10
0 100 200 300
Taper length (um)

(

0 . —
0 100 200 300
Taper length (um)

Fig. 3. (a) Schematic view of the polarization rotator. (b) Extinction ratio as a function of the
taper length calculated for 7.5 um wavelength. (c) Insertion loss as a function of the taper
length calculated for 7.5 pm wavelength.

We have calculated the wavelength dependence of the ER and IL for the proposed rotator,
with Lt = 100 pm and Ly = 1660 pm. We considered a propagation loss of 2-3 dB/cm,
determined in a previous experimental study [19], including its spectral dependence. As
shown in Figs. 4(a) and 4(b) the polarization rotator yields a peak ER of 30 dB with IL below
0.5 dB. The rotator shows a remarkable broadband operation with an extinction ratio of 15 dB
and 10 dB for bandwidths of 2 um and 3.8 pm, respectively while the insertion loss is lower
than 1 dB in the wavelength range from 5 pm to 9um. This is a substantial improvement
compared to previously reported polarization rotators in the near-infrared [41,43,44].

For comparison, in Fig. 4, we also show the ER for the rotator waveguide geometry a,
(see Fig. 1(b)), with Lt =30 pm and Li = 2000 pm. This geometry leads to a maximum ER of
42 dB which is higher than for the flattened hybridization geometry. However, this geometry
yields a substantially narrower wavelength range, with 15 dB and 10 dB ER bandwidth of
only 240 nm and 310 nm, respectively.
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Fig. 4. (a) Polarization rotator extinction ratio as a function of the wavelength. Broadband
design (geometry c,, green curve). Red curve shows the ER of a rotator with no hybridization
flattening (geometry a,). Cyan dashed and solid lines indicate ER = 15 dB and ER = 10 dB,
respectively. (b) Insertion loss in the rotator as a function of the wavelength for the optimized
geometry c.

4. Optimizing fabrication tolerances and bandwidth by tapered design

An important parameter to be considered for a polarization rotator is its tolerance to
fabrication errors. Considering all possible waveguide dimensions variations, we found that
the critical parameter affecting the ER is the etch depth J. The rotator designed in the
previous section requires etch depth fabrication accuracy better than £ 50 nm for ER>10 dB
over a bandwidth of 3.8 um. While tolerances of = 50 nm are well within the capabilities of
standard fabrication processes for silicon wire waveguides, it is difficult to achieve this
accuracy for Ge-rich Si-Ge platform with the etch depth of a few micrometers. To overcome
this limitation, we propose to implement a rotator waveguide section with a tapered width Ky
(see Fig. 5(a)). Tapered rotators are known to improve fabrication tolerances and bandwidth
because the width variation in the tapered rotation region partially compensates the deviations
from the geometry with the tilt angle of ¢ = 45° [44,45]. Here we start with the structure
designed in the previous sections and implement tapering by applying an offset -f in the
beginning of the rotation region and + f at the end of the rotation region Ky. The taper length
Lt is maintained 100 pm. The EME propagation simulations have been performed for f = 100
nm, 200 nm, 300 nm and 400 nm, for wavelengths between 4 pm and 9 pm. For each offset
value, the rotator length, Lz, is optimized to maximize the ER. The value of f = 200 nm has
been chosen as a good compromise between ER and tolerances to fabrication errors. The
wavelength dependence of the optimized design (f =200 nm, L = 1695 um) is shown in Fig.
5(b). This design yields a maximum ER of 27 dB at the peak wavelength, an ER higher than
15 dB in a bandwidth of 1.8 pm (between 6.5 and 8.3 um wavelength) and an ER higher than
10 dB for the wavelength range 4.3 — 8.65 um. Interestingly, this configuration can support
fabrication errors up to + 100 nm on all dimensions of the rotation region while ensuring an
operational bandwidth of at least 600 nm (for ER>15 dB), (ii) an ER>10 dB for the
wavelength range 5 — 8 um. This is shown in Fig. 5(b), specifically the ER as a function of
the wavelength for etch depth errors of = 100 nm (from the nominal value Jy = 1.73 pm). It
can also be seen that the impact of under-etching affects more the 15 dB bandwidth (i.e. the
spectral range with ER>15 dB) than over-etching. This is a two-fold tolerance improvement
compared to the non-tapered design. If we compare the bandwidth of the tapered rotator
design to the original, we gain 550 nm on 10 dB bandwidth which is already bigger than 3.5
um and we lose 200 nm on 15 dB bandwidth. Consequently, the tapered design offers two
advantages: simultaneous improvement of bandwidth and of fabrication tolerance.
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Fig. 5. (a) Schematics of the tapered polarization rotator. Ky = 3.09um. (b) Extinction ratio as a
function of the wavelength for nominal tapered rotator with f =200 nm (green curve) and the
effect of over-etching (orange curve) and under-etching (blue curve).

5. Conclusion

In summary, we designed an ultra-wideband polarization rotator based on Ge-rich SiGe
waveguide platform in the mid-IR wavelength range with an unprecedented bandwidth. An
extinction ratio of at least 15 dB is obtained over a wavelength range of 2 um, or 10 dB over
3.8 um wavelength range. This was achieved by hybridization flattening, making optical axis
tilt wavelength independent over a broad spectral range by judicious optimization of
geometrical parameters. The geometry was optimized by modal analysis and EME
simulations were performed to evaluate the device performances. The polarization rotator
tolerance to fabrication errors has been studied and a tapered Ge-rich SiGe rotator with
fabrication tolerances up to + 100 nm was designed. The tapered rotator preserves the ultra-
wideband behavior with losses below 1 dB in the full operational range with an ER exceeding
15 dB (10 dB) within 1.8 um (3 um) bandwidth. This study paves the way for implementing
on-chip polarization management in the mid infrared spectral region over a broadband
wavelength range.
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