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A novel ultra-compact (8 um length) hybrid silicon-ptamic TM-TE converter is reported. The conversioadkieved
during a partial power coupling between a wavegaid a hybrid plasmonic parallel waveguide. The impédifferent
types of metals is also analyzed. At a wavelength.®% pum, the device has an extinction ratio of 2IB6and insertion
losses of 1.75 dB. Furthermore, an optical bandvédtfarge as 100 nm is achieved with extinctiomsatigher than 25 dB

and insertion losses below 2 dB. © 2013 Optical&@pof America
OCIS Codes250.5300, 230.3120, 230.5440, 230.7370, 240.668D5203.

Silicon has dominated the electronics industry for the
last decades and actually is taking a prominent role as
key material for photonic integration. The main reason
behind is the ability to adapt its fabrication to the well
known CMOS fabrication process developed by the
electronics industry [1]. This allows the integration of
silicon photonics with electronics and makes possible the
mass production of cost-effective devices. However, the
high index contrast between silicon and its oxide causes
polarization-dependent performance and the lower bound
on the dimensions is limited by diffraction.

Surface-plasmon polaritons (SPPs) is a light
propagation at the interface between a metal and a
dielectric, based on hybrid electron-photon oscillation and
it has been proposed for downscaling silicon photonic
devices beyond the diffraction limit [2-3]. SPPs provide a
large confinement of the light wave so they can reduce the
footprint of photonic components and minimize the size
mismatch with nanoscale electronics. But, on the other
hand, they suffer from high propagation losses due to the
field concentrated in the metal. Current works have
proposed different ways to reduce propagation losses in
plasmonic structures like enhanced waveguide guiding
structures [4] or electric pumping in an active gain
medium [5].

Other crucial topic in optical devices is the polarization
management [6]. This issue is especially important to
ensure the correct performance in receivers for optical
communication systems because it is necessary to achieve
the corresponding polarization for each type of device.
Polarization circuits in silicon photonics have been largely
studied and demonstrated. They are mainly based on
devices like rotators [7,8] or converters [9]. H. Zhang et al.
reported a rotator based on a horizontal slot waveguide
showing an extinction ratio (ER) above 14 dB for a device
length of 100 pm [7]. A rotator based on the symmetry
breaking of the waveguide cross section was presented by
M. Aamer et al Their device was only 25 pm long and it
has insertion losses (IL) ranging from 1dB to 2.5 dB over a
wavelength range of 30 nm [8]. K. Nakayama et al
presented a TE-TM converter with an ER of 15 dB and a
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Fig. 1. Three-dimensional schematic of the TM-TE converter
and its performance.The arrows represent the TM and TE
components evolution. Red arrows are TM component and
green arrows are TE component.

97%[ Iiaode conversion but with a total length around 600
pm [9].

In recent times there have been developed new
topologies based on plasmonic technology to drastically
reduce the dimensions of the rotators [10,11]. M. Komatsu
et al. showed theoretically the possibility of reaching, for a
11 pm-long plasmonic rotator, an ER of 20 dB and an IL
of 4.7 dB for both polarization conversions [10]. On the
other hand, J. Niklas et al reported simulation results of
an ultra-compact plasmonic rotator of 5 pm with an
ER>14 dB and an IL of 2.1 dB [11]. In this work, we
propose a novel ultra-compact and low-loss TM-TE
converter topology based on hybrid silicon-plasmonic
technology. Table 1 shows the comparison with respect to
the state of the art. The proposed device has a total length
of 8 pm and improves the ER up to 27.6 dB, while
maintaining the IL as low as 1.75 dB, at the standard
telecom wavelength of 1550 nm. Furthermore, the device
exhibits a broadband optical bandwidth of 100 nm where
the ER remains above 25 dB and the IL below 2 dB.

™

Table 1. Comparison with the state of the art.

A=1.55pm Ref[10] | Ref[11] | Our work
Extinction ratio (dB) 20 14 27.6
Insertion losses (dB) 4.7 2.1 1.75

Device length (um) 11 5 8
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Fig. 2. (a) Three-dimensional schematic of the whole structure.
(b) Front view. (c) Top view.

The device is shown in Fig. 1. It has two metallizations;
the first one is used to rotate the TM mode into a TE
mode while the second one is used to minimize the
residual TM component at the output. Such simple
rectangular metallizations can be fabricated by standard
processing steps and contribute to increase the robustness
of the device against potential fabrication inaccuracies by
avoiding the use of sharp angles in the metallization [10]
or the metal rotation around the silicon waveguide [11].
Fig. 2 shows the dimensions of the structure. The
metallizations have a cross section of Ws x Hn and Wy x
Hu respectively. The input waveguide is 500 x 220 nm
(W1 x He) and the parallel waveguide has a cross section
of 400 x 220 nm (W= x Hs). The separation between the
central waveguide and the hybrid plasmonic parallel
waveguide 1s 50 nm. The height of the metallizations is
200 nm (Hwm) and the height of the SiOz gaps is 50 nm and
20 nm (G1 and Gg respectively). Other final dimensions
are L1=5 pm, Io=1 pm, W3=500 nm and W4=350 nm. The
first metallization, corresponding to the coupling region,
has a constant overlapping of 50nm over the input
waveguide. The distance between the metallizations (D) is
2 um. Fig. 3 shows the principal steps of the design
process. Three-dimensional (3D) finite-difference time-
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Fig. 4. For TM input polarization, TM contour map for (a)
structure without metallizations, (b) with the first
metallization for achieving TM-TE conversion and (c) with the
second metallization for minimizing the residual TM
component at the output. (d) TE contour map with the two
metallizations showing the TM-TE conversion. The metals are
copper in all cases.

domain (FDTD) simulations have been carried out for the
design. Two different metals have been analyzed: silver
(n=0.514+10.8j [12]) and copper (n=0.282+11.048j [13)).
The first step is the design of the polarization converter
without the polarizer. The coupling between two parallel
waveguides 1s exploited to achieve the rotation from TM
to TE polarization without changing the metallization
shape. To achieve this goal, the parallel waveguide is
initially designed without the metal to achieve that, for a
length L1 of 5 pm, the input TM mode is coupled into the
parallel waveguide and back to the input waveguide for
such a length, as depicted in Fig. 4(a). The introduction of
the metal on top of the parallel waveguide is then used to
achieve the TM-TE polarization conversion. The physics
behind is similar to previous works [10,11]. The electric
field at the hybrid structure tends to stay normal to the
metallic surface. Therefore, when light is gradually
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Fig. 3. Principal steps of the design process.
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Fig. 5. Norm of the electric field (| El ) is shown at the input
(a), output (d) and two intermediate positions of the hybrid
plasmonic parallel waveguide (b and c).

coupled back from the hybrid plasmonic parallel
waveguide to the silicon waveguide, the electric field tries
to continue being normal to the metallic surface. In such a
way, the vertical component of the electric field 1is
gradually rotated into a horizontal component thus
converting the input TM polarization into a TE
polarization. This effect is clearly seen in Fig. 5 where the
norm of the electric field (IE) is shown at the input, output
and two intermediate positions of the hybrid plasmonic
parallel waveguide. The input TM mode, Fig. 5(a),
becomes confined below the metal when is coupled to the
hybrid plasmonic parallel waveguide, Fig. 5(b). As the
mode starts to couple again back to the silicon waveguide,
Fig. 5(c), the electric field tries to continue being normal to
the metallic surface and thus the mode is gradually
rotated. Therefore, the polarization of the mode at the
output waveguide, Fig. 5(d), is converted to TE. The
optimum values of W3 and G: parameters have been
analyzed by means of simulations. The highest ER is
achieved for W3s=500 nm, in which the metallization is
partly overlapping the input waveguide, while it
decreases below and above this value. Furthermore, the
minimum IL is also achieved for this width. The optimum
G has then been analyzed. Fig. 3(a) shows the variation
of ER as a function of the gap for the different metals. A
positive ER means that at the output of the coupling
region we have more TE component than TM component
and therefore the conversion is happening. The best ER is
obtained for Gi1=50 nm for both metals. In this case, an
ER of 10.97 dB and IL of 3.18 dB are achieved for silver
while an ER of 15.32 dB and IL of 1.54 dB are achieved
for copper. Fig. 4(b) shows the TM contour map of the
optimized hybrid plasmonic parallel waveguide with
copper. It can be seen that there is still a residual TM
component at the output.

The next step is thus improving the ER with the TE
pass polarizer, which consists of a metal layer on top of
the silicon waveguide. In such hybrid plasmonic
waveguide, the TM mode is mostly confined in between
the silicon waveguide and the metallization and therefore
is highly attenuated when propagating. On the other
hand, the TE mode is mostly confined in the silicon
waveguide and therefore less affected by the
metallization. In our case, as the TM component at the
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Fig. 6. (a) Extinction ratio versus wavelength. (b) Insertion
loss versus wavelength.

output of the TM-TE converter is also significantly
attenuated, as it was shown in Fig. 4(b), a very short
length of only 1 um is required as compared to the 30 um
length reported for the isolated polarizer [14]. Initially, we
consider the same width for the polarizer metallization
than for the silicon waveguide (W+s=500 nm) and analyze
the influence of the polarizer gap. As shown in Fig. 3(b),
the best ER obtained is for a gap Gz of 20 nm for both
metals. With silver, we obtain an ER of 26.7 dB and in the
case of copper, the ER reaches 26.3 dB. The next step of
the design process is to optimize the dimensions of the
polarizer to improve the ER and the IL. As shown in Fig.
3(c) and Fig. 3(d), for silver we achieve the best trade-off
between ER and IL for a width W4 of 450 nm (ER=32.76
dB and IL=3.5 dB) while in the case of copper the best
trade-off is for 350nm with an ER=27.6 dB and IL=1.75
dB. In any case, with the polarizer width optimized for
each metal, we have also analyzed the influence of the
polarizer length in the performance of the device. We can
see in Fig. 3(e) and Fig. 3(f) that the best trade-off for both
metals is for Le=1 um. The performance of the optimized
device is shown in Fig. 4(c) and (d) for copper. It can be
seen that the TM polarization is suppressed after the
polarizer while the TE component appears after the TM-
TE converter and crosses the polarizer without noticeable
losses.

Fig. 6 shows the wavelength response of the optimized
device with copper and silver. In view of these results, we
choose cooper instead silver for the metallizations.
Though the device with silver has a better ER for a
wavelength of 1550nm, it also has more IL (ER=32.76dB
and IL=3.5dB). The reason is that although silver has a
smaller value of the imaginary part of the refractive
index, insertion losses are higher than in copper due to



the larger value of the real part of the refractive index.
The higher index makes that the TE component is more
influenced by the metal in the polarizer thus increasing
its propagation losses. Therefore, by considering copper in
the metallizations we have a rather high ER and the IL
are below 2dB (ER=27.6dB and IL=1.75dB). Hence, the
proposed TM-TE converter has an ER greater than 25dB
and IL below 2dB for a bandwidth between 1550nm and
1650nm.

In summary, an ultra-compact, low-loss and broadband
TM-TE converter has been designed for enabling
polarization diversity in silicon photonic circuits. The
impact of different metals have been analyzed and copper
has been chosen as the best option to minimize insertion
losses which in turn will also ensure CMOS processing
compatibility.
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