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Abstract:Wepropose a robust polarization rotator based on themode-evolutionmechanism.
The polarization rotation in a silicon wire waveguide is achieved by forming an amorphous
silicon (a-Si) overlayer and an SiO2 spacer on top of the waveguide. A strip pattern of a
constant width is designed to be etched through the overlayer at a specific angle with respect
to the Si waveguide. The asymmetry in the a-Si overlayer affects the waveguide mode by
rotating the modal axis. This polarization rotator design is amenable to comparatively simple
fabrication compatible with standard silicon photonic processing for integration. The length of
the rotation section is 17 �m, and the broadband operation is achieved with a rotation effi-
ciency higher than 90% for a wavelength range exceeding 135 nm. A maximum polarization
rotation efficiency of 99.5% is predicted by calculation.

Index Terms: Silicon waveguide, polarization rotation, amorphous silicon.

1. Introduction

Polarization management is an important research topic in the development of silicon photonic

integrated circuits because of the high polarization sensitivity of silicon-wire waveguides [1]. To
circumvent the intrinsic limitations imposed by waveguide polarization sensitivity, a polarization

diversity approach is typically used in Si-wire photonic circuits [2]. In this approach, the input light of

arbitrary polarization is first split into two orthogonal polarization states (quasi-TE and quasi-TM) by

a polarization beam splitter, followed by rotating one of the polarization states by 90� using a

polarization rotator. After independently processing these two signals of the identical polarization

state, one of them is rotated back 90� using a second polarization rotator, and the two orthogonal

components are recombined with a polarization beam splitter.

Twomain polarization rotationmechanisms used in integrated optics aremode coupling [3], [4] and
mode evolution [5]–[10]. Mode-coupling structures require phase matching and precisely tuned

coupling. As such, mode-coupling structures (e.g. directional couplers) are inherently wavelength

dependent and sensitive to fabrication variations [3], [4]. Mode-evolution structures, on the other

hand, generally operates in a broad wavelength range and are more tolerant to dimensional changes

[5]–[7]. Previously reported devices typically require precise lithographic alignments and high

fabrication accuracy of small features. For example, in the mode evolution polarization splitter/rotator
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reported in [2], e-beam lithography was used to achieve the precise dimensional control of the

asymmetric bi-level tapers with a minimum feature size of 70 nm. More recently, several groups have

proposed and demonstrated mode evolution polarization rotators using asymmetric amorphous

silicon (a-Si) overlayers [7], [8]. However, all these designs required geometrical modification for the

access waveguide and precise placement of the a-Si overlayer relative to the access waveguide,

which may reduce the manufacturing yield thus increasing the cost per individual device.
Here, we propose a novel polarization rotator design by simply loading a silicon wire waveguide

with a diagonally positioned a-Si overlayer based on the mode evolution principle, as illustrated in

Fig. 1. An a-Si layer is first deposited on a SOI wafer, separated by a thin etch-stop oxide layer. The

single crystalline silicon (c-Si) wire waveguide is formed with the a-Si top layer. The a-Si layer is

patterned with a strip of a constant width, tilted by an angle � relative to the silicon access

waveguide. The cross-section of the rotator is asymmetric with a varying a-Si width. This

asymmetry induces polarization rotation. The cross-sectional structure of our design is similar to

that reported in [6], [8]. Unlike in those designs, however, in our device the widths of the c-Si access
waveguide and the a-Si overlayer both remain constant from a lithography point of view. Therefore

high-precision lithographic alignment is not required. The varying cross-section geometry is

introduced simply by placing the a-Si strip on top of the c-Si access waveguide at an angle. No loss

penalty or changes in the rotation efficiency are observed in the fabrication tolerance range, as it is

demonstrated in Section 3. Furthermore, unlike in mode coupling polarization rotators where air is

typically used as superstrate to achieve vertical asymmetry, our design assumes SiO2 upper

cladding, allowing the polarization rotator to be readily integrated within a planar waveguide circuit.

2. Structure Design and Operation Principle

The proposed polarization rotator illustrated in Fig. 1 has a silicon access waveguide of width W and

height H, separated from an a-Si overlayer by a thin SiO2 pad layer of thickness Hpad. The a-Si layer

is formed as a strip of thickness HR and width WR, positioned at a tilt angle � with respect to the

c-silicon waveguide. The length LR of the polarization rotator is determined by � and WR. Although

the polarization rotator described here can also function well with an air upper cladding, here we

assume an SiO2 upper cladding to facilitate integration with other components.

The performance of the polarization rotator is evaluated using the eigenmode expansion (EME)

method and the three-dimensional finite-difference time-domain (3D-FDTD) simulations. We assume
a quasi-TE input mode (Ex component dominant), but since the polarization rotator is reciprocal,

equivalent results are obtained for a quasi-TM polarized input mode. In our simulations we assume

the wavelength of 1550 nm, and the refractive indices of c-Si and a-Si of nc�Si ¼ 3:476 and

na�Si ¼ 3:55. The upper and lower SiO2 cladding index is assumed nSiO2 ¼ 1:444. The polarization

rotator performance is examined for two heights of access wire waveguide: (i) H ¼ 260 nm, which is

similar to that reported for several mode evolution rotators [8], [9] and which has been extensively

Fig. 1. (a) Schematic of the polarization rotator with a-Si overlayer. (b) Waveguide cross-section with
asymmetric a-Si loading and SiO2 upper cladding.
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used in evanescent filed biosensors operating in TMpolarization [11], [12]; and (ii) H ¼ 220 nm,which

is typically used in silicon photonics foundries with public access.

Fig. 2(a) and (b) shows the evolution of the electric field components Ex and Ey of the waveguide

mode. Along the rotation section, the quasi-TE mode in the access waveguide is gradually coupled
into the c-Si/a-Si composite waveguide where the mode becomes substantially hybridized as the

a-Si width increases. The major component Ex of the input mode gradually transforms into the

orthogonal Ey component and quasi-TE polarization is rotated to quasi-TM polarization at the rotator

output, as shown in Fig. 2(c). Similarly, polarization rotation can be obtained from a quasi-TM input

mode to quasi-TE output mode for the same device parameters, because of the reciprocity condition.

A thin SiO2 pad layer is introduced in between the c-Si access waveguide and the a-Si overlayer

to provide etch-stop for the a-Si layer. We choose a thin pad oxide layer of only 10 nm to frustrate

slot waveguide effect [13]. This substantially improves the optical performance of the rotator, as it is
further discussed in Section 3.

The polarization rotator performance is evaluated in terms of polarization rotation efficiency (PRE),

which is the ratio of the power transferred between the two orthogonally polarized waveguide modes

for a given input polarization state. For example, for the TE input, PRE is defined as the ratio of the

output TM mode power to the input TE mode power: PRE ¼ Pout
TM=P

in
TE. Other important device

parameters include the insertion loss (IL), extinction ratio (ER), tolerance to dimensional variations

and the operational wavelength range (bandwidth). In our design, we attempt to increase the access

waveguide width W to reduce scattering loss due to sidewall roughness, and to minimize the rotator
length LR while maximizing the polarization rotation efficiency.

For a given access waveguide width W and a-Si height HR, the PRE depends on the a-Si strip

width WR and tilt angle � with respect to the access waveguide. Within a range of tilt angle �, there
exist a set of ð�;WRÞ combinations that provide a high PRE, as shown in Fig. 3(a). For example, to

meet PRE 9 99%, the tilt angle � ranges are from 1.5� to 2.4� for HR ¼ H ¼ 220 nm and

W ¼ 390 nm, and from 1.1� to 1.7� for HR ¼ H ¼ 260 nm and W=430 nm. Although both � and WR

determine the polarization rotator length, using a large � is more effective in obtaining a small LR.

The design with the largest � and PRE 9 99% is chosen as the optimization goal. We also note that
the rotation behavior is periodic with WR, but this leads to a longer rotator section and the tolerance

to the width inaccuracy of the access waveguide is correspondingly reduced.

Fig. 3(b) illustrates the total rotator length and the strip width WR as a function of tilt angle � for a

scanning result similar to that presented in Fig. 3(a). To obtain a short rotator length ðLRÞ, the largest

angle, for which PRE is still more than 99%, is used. Therefore, the tilt angle � is set to 2.4� for

HR ¼ H ¼ 220 nm, and 1.7� for HR ¼ H ¼ 260 nm, as shown by the data points in Fig. 3(b).

Fig. 2. Electric field components (a) Ex and (b) Ey evolution along the polarization rotator (top view), as
calculated by a 3D-FDTD method. (c) Transverse electric field distributions at the corresponding
positions along the polarization rotator.
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As shown in Fig. 4(a), for a given a-Si thickness HR, a range of W values can be used to obtain a

high PRE [for optimized � and WR shown in Fig. 3(a)]. When the waveguide is too wide and the

aspect ratio of the composite c-Si/a-Si waveguide is lower than 1.2, the rotation ceases to be

efficient. The maximum width of the silicon core required to achieve PRE 9 99% is shown in
Fig. 4(b) as a function of a-Si overlayer height HR, for 220 nm and 260 nm thick SOI. Given the

same HR, a smaller W is required for H ¼ 220 nm, a trend which was also observed in a previous

study [7]. However, a larger W can accommodate a larger HR. In addition, a large W is preferred for

reducing scattering loss, and for better dimensional tolerances, which will be discussed in detail in

Section 3. From the fabrication point of view, a low aspect ratio in cross-section is desirable.

Therefore, there is a trade-off between the maximum c-Si core width and the height of the a-Si

overlayer. In the following, we choose the two layers to have the same thickness ðH ¼ HRÞ as a

trade-off. The corresponding maximum widths of the silicon cores are W ¼ 390 nm for H ¼ 220 nm
and W ¼ 430 nm for H ¼ 260 nm. The optimized designs have the following parameters (Table 1).

On the other hand, for a TM input, the corresponding PREs are 98.4% for H ¼ 220 nm, and 99.3%

for H ¼ 260 nm by using the parameters in Table 1. The polarization rotation performance of the

rotator structures for the TM is expected to be similar to that of the TE.

3. Fabrication Tolerances

The designed asymmetric structures can be readily fabricated using the standard silicon photonics

processing, and it is compatible with the processes for the high-efficiency surface grating couplers

with an a-Si overlayer [14]. To investigate the robustness of our polarization rotator design, we

calculate the polarization rotation efficiency as a function of several fabrication variations, shown in

Fig. 4. (a) Polarization rotation efficiency as a function of the access waveguide width W for different
thickness HR of a-Si overlayer. (b) Possible combinations of the width of the access waveguide W and
the height of the a-Si layer HR for a PRE of 9 99%. Grey area: H ¼ 220 nm; hatched area: H ¼ 260 nm.

Fig. 3. (a) Polarization Rotation Efficiency (PRE) as a function of the a-Si strip width WR for access
waveguide width W ¼ 430 nm; H ¼ HR ¼ 260 nm. (b) Length of the rotation section LR and the
corresponding WR as a function of tilt angle � for two different heights H (220 nm and 260 nm) of the
access waveguide; two heights (220 nm and 260 nm) of the access wire waveguide.
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Fig. 5 by assuming a TE input. For each scan of a given parameter, all other parameters remain

constant at their nominal values. We determine the fabrication tolerances with a condition of

PRE 9 90%, with the results summarized in Table 2. In the following, the calculated fabrication

tolerances refer to the condition of PRE 9 90%.

It is observed from Fig. 5 and Table 2 that the PRE is most sensitive to the width of the silicon

core (W), which is expected since W contributes significantly to the propagation constants of the

Fig. 5. Dependence of the polarization rotation efficiency (PRE) on structure geometrical tolerances
calculated with fully vectorial EME simulations for: (a) Width of the access waveguide, �W; (b) height of
the access waveguide,�H; (c) width of the a-Si patch,�WR; (d) height of the a-Si patch,�HR, (e) angle
between the a-Si layer and the access waveguide, ��; and (f) tip width of the a-Si layer, Dt. The optimal
parameters are listed in Table 1; For H ¼ 220 nm: HR ¼ 220 nm, W ¼ 430 nm, WR ¼ 386 nm, and
� ¼ 2:4�; For H ¼ 260 nm: HR ¼ 260 nm, W ¼ 430 nm, WR ¼ 386 nm, and � ¼ 1:7�.

TABLE 1

Optimized parameters of the rotator structures for H ¼ 220 nm and H ¼ 260 nm by assuming a TE input
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first two modes. As it is shown in Fig. 6, waveguides with smaller width W are more sensitive to the

width variation, e.g. �W is only �6 nm for W ¼ 400 nm to meet the condition PRE 9 90%. For this

reason, larger waveguide widths are preferred. By using a waveguide of W ¼ 430 nm, the width

tolerance is improved to �11 nm. For most lithography tools, angular alignment is highly accurate

and an angle control of G 0:3� is readily achievable. In practical consideration, the tip termination of

the a-Si layer ðDtÞ has a finite width size. Fig. 5(f) shows calculated PRE efficiency as a function of

Dt. Our starting simulation value for Dt is 10 nm, which is a reasonably achievable tip size using e-

beam patterning. When Dt G 60 nm for H ¼ 220 nm, and Dt G 75 nm for H ¼ 260 nm, the PREs

are 9 90%. Finally, we found that a variation in the refractive index of the a-Si overlayer of �8%,

results in a PRE penalty of only 1%. These tolerances are all within the process specifications

offered by photonic foundries, demonstrating the robustness of our polarization rotator design.
Besides the above geometrical parameters, the thickness of the pad oxide layer between the

waveguide core and the a-Si overlayer plays an important role in the rotator efficiency. Horizontal

slot waveguide is formed in the pad oxide layer [as shown in Fig. 2(c)], such that the quasi-TM mode

is strongly confined in the slot region, resulting in its propagation constant to be highly sensitive to

the slot thickness and refractive index. In the simulations presented above, the pad layer material

underneath the a-Si overlayer is SiO2 of thickness Hpad ¼ 10 nm. The corresponding fabrication

tolerance is �Hpad ¼ 2 nm for PRE 9 90%. We find that the fabrication tolerance can be improved

by using a pad material with a higher refractive index (e.g., Si3N4 with nSi3N4 ¼ 1:989). If Si3N4 is

used as a pad spacer, �HSi3N4 ¼ 4 nm for HSi3N4 ¼ 10 nm. Therefore, the fabrication tolerance of

the Si3N4 pad spacer is about twice that of the SiO2 pad spacer.

Finally, we examine the operating wavelength range of our polarization rotator. By assuming a TE

input, the extinction ratio (ER) and the insertion loss (IL) are defined as ER ¼ 10log10ðP
out
TM=P

out
TE Þ

and IL ¼ 10log10ðP
out
TM=P

in
TEÞ, respectively. Fig. 7(a) shows the wavelength dependent relative power

transmission of the rotator for H ¼ 220 nm assuming a TE polarized input signal. It is observed that

ER is 9 10 dB for the wavelength range of 1490 nm to 1625 nm (bandwidth 9 135 nm), while the

calculated ER exceeds 17 dB across the entire C-band (1530 nm to 1565 nm). The calculated

TABLE 2

Calculated tolerances of the polarization rotator structures for PRE 9 90% and a TE input

Fig. 6. Waveguide width tolerances for different widths of the access waveguide, calculated by fully
vectorial EME simulations. Dash curve: W ¼ 400 nm, H ¼ HR ¼ 260 nm, WR ¼ 860 nm, � ¼ 3�; Solid
curve: W ¼ 430 nm, H ¼ HR ¼ 260 nm, WR ¼ 386 nm, � ¼ 1:7�.
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insertion loss is better than �0.16 dB. The wavelength dependent relative power transmission of the

rotator with the 260 nm silicon core for TE input is shown in Fig. 7(b). ER 9 10 dB is obtained for the

wavelength range of 1500 nm to 1610 nm. This broad bandwidth (9 110 nm) is a distinct advantage

of a mode-evolution type polarization rotator. The calculated insertion loss is less than �0.3 dB. The

additional insertion loss induced by the sidewall roughness of the composite waveguide is

negligible (better than �0.05 dB) by assuming the propagation losses of the c-Si wire waveguide

and a-Si wire waveguide to be 3.6 dB/cm [15] and 3.5 dB/cm [16], respectively.

4. Conclusion

We have proposed and demonstrated by simulations a robust polarization rotator design based on

the mode-evolution mechanism. The rotator comprises a silicon wire waveguide with an amorphous

silicon overlayer and a thin SiO2 pad layer and it can be fabricated by standard silicon photonics

processing without the need for precise lithographic alignments. Our calculations show that a

polarization rotation efficiency of 9 99% can be readily achieved at the same time as a broadband

operation with 90% rotation efficiency within C-band wavelength range. Considering the anticipated

device dimensional variations within typical specifications of silicon photonic foundries, the
calculated rotation efficiency exceeds 90%.
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