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Abstract— We demonstrate a polarization rotator fabricated
using a 4 etch-step complementary metal–oxide–semiconductor
(CMOS)-compatible process including layer depositions on a
silicon-on-insulator wafer. The measured polarization rotation
efficiency is −0.51 dB over a wavelength range of 80 nm.
A robustness investigation shows that the design is compatible
with CMOS fabrication capabilities.

Index Terms— Polarization rotator, silicon-on-insulator (SOI).

I. INTRODUCTION

S ILICON-ON-INSULATOR (SOI) photonic integrated cir-
cuits (PICs) are rapidly becoming a key technology for

low-cost and high-volume oriented photonic applications. By
organizing Multi Project Wafer (MPW) shuttles silicon PIC
prototyping can be realized at an affordable cost while at the
same time guaranteeing specifications comparable to Comple-
mentary Metal Oxide Semiconductor (CMOS) circuits. This
fabless model also allows the research community to focus
on device and application ideas, design and characterization.
In the first stage of the Silicon Photonics era much research
was focused on proof-of-concept circuits, solving the most
stringent problems like fiber coupling and mimicking photonic
devices developed on other platforms such as I n P and poly-
mer waveguide circuits. Nowadays, researchers are focusing
on methods to optimize existing photonic components and
on expanding the set of photonic functionalities. Polarization
independent functionalities are in most cases not an option due
to the highly birefringent waveguides in high index contrast
SOI waveguides. Polarization diversity on the other hand
requires a broadband and efficient polarization rotator which
remained until recently a missing link.

An early polarization diversity circuit [1] made use of
2-dimensional grating fiber couplers which act as a fiber
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coupler, polarization splitter and polarization rotator at the
same time. Unfortunately, their efficiency is rather low, around
−7 dB, and their 1-dB bandwidth is only 20 nm. Another
polarization diversity circuit [2] uses an off-axis double
core structure of a small silicon wire and large Si N wire
(0.84 μm × 0.84 μm) as polarization rotator. Achieving such
a thick high quality Si N in a CMOS environment using Low
Pressure Chemical Vapor Deposition (LPCVD) is not obvious.
Furthermore, if the PIC contains electro-optic components or
photodetectors, the implementation of such a structure is non-
trivial. A mode-evolution-based polarization rotator was suc-
cessfully demonstrated in [3], but with insertion losses up to
5 dB. Large core waveguides (∼ 2μm) with angled sidewalls
were investigated in [4]. An interesting development are polar-
ization rotators based on asymmetrical directional couplers
([5], [6]). These structures are very simple and require only
a single etch step. However, the waveguide structure needs
to be vertically asymmetrical to achieve coupling between
both polarizations. In [7] a compact polarization rotator was
proposed using a straight asymmetric shallow etch in a square
strip waveguide configuration. In what follows we will elabo-
rate on this report by experimentally demonstrating a slightly
modified polarization rotator configuration and investigate
the robustness of this structure. Furthermore, the fabrication
process is exactly the same as for the highly efficient grating
couplers reported in [8], thereby permitting cointegration of
both polarization rotators and high-efficiency grating couplers.

II. DESIGN AND FABRICATION PROCESS

The complete fabrication process is done in a CMOS pilot
line with 193 nm deep ultraviolet (DUV) lithography. First
a 5 nm silicon oxide layer is thermally grown on a 200 mm
SOI wafer with a buried oxide layer thickness of 2 μm and a
crystalline silicon layer thickness of 220 nm. In a second step
an amorphous silicon layer of 160 nm is deposited and a deep
etch is performed through the amorphous silicon and oxide
layer reaching 70 nm into the crystalline silicon layer. This is
used to define the slits of the high efficiency grating couplers.
Next, the amorphous silicon is removed where necessary and
the thermally grown oxide layer in the first step will now act
as an etch stop layer in order to not affect the underlying
crystalline silicon. A shallow etch of 70 nm in the 220 nm
crystalline silicon layer is introduced to achieve low loss
and robust spectral filter components. Finally, the waveguide
trenches are defined by a 220 nm etch and the amorphous
silicon is annealed after which it becomes polycrystalline
silicon.
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Fig. 1. Artist’s impression of a highly directional fiber coupler and
asymmetrical polarization rotator fabricated within the same process flow.
(Dimensions are not to scale)

In Fig. 1 an artist’s impression is shown of a high-efficiency
grating coupler and a polarization rotator, both compatible
with the aforementioned process flow. The polarization rotator
design is based on symmetry breaking of a waveguide with
an almost square waveguide profile. An inverted taper, defined
in the silicon overlay, is used as an adiabatic transition
between a 450 nm wide Si waveguide with a height of 220 nm
and an equally wide waveguide with a silicon overlay. This
double patterned strip waveguide has a combined thickness
of 380 nm and is formed by 220 nm crystalline silicon and
a 160 nm polycrystalline silicon with 5 nm thermally grown
silicon oxide in between. According to simulations the 100 nm
wide tip of the inverted taper would introduce no loss and a
0.4 dB loss for TE- (Transverse Electric) and TM-polarized
(Transverse Magnetic) light respectively. The actual polar-
ization rotator is formed by a 405 nm wide waveguide with
an asymmetrical overlay. For a fill factor of 75 % for the
silicon overlay, a TE or TM polarized fundamental mode
couples equally to both 50 % TE/TM polarized hybrid modes
of the asymmetrical waveguide at the symmetric-asymmetric
waveguide interface. After propagation over 7.6 μm, both
asymmetrical hybridly polarized waveguide modes will couple
to the fundamental TM mode in the output waveguide when
a TE mode is launched (and vice versa when a TM mode is
launched) at the asymmetric-symmetric waveguide interface,
thereby obtaining polarization conversion, see Fig. 2. The short
conversion length is a consequence of the large difference in
propagation constants of the two beating modes (βH1−βH2 =
10.12 μm−1 − 9.70 μm−1 = 0.42 μm−1) in the asymmetric
waveguide and results in a large (> 100 nm from simulation)
polarization conversion optical bandwidth. SEM pictures of the
fabricated polarization rotator are shown in Fig. 3(a) and 3(b).

III. MEASUREMENTS

The polarization rotators were characterized by means of
grating couplers. These are highly polarization dependent
structures and act as polarization filtering couplers with an
extinction ratio of around 50 dB. The periods of the grating
couplers were 630 nm and 1040 nm for coupling respectively
TE- and TM-polarized light. First the inverted overlay tapers
with a designed tip width of 100 nm were characterized by
measuring the TE and TM insertion loss of a waveguide which
is tapered to a strip waveguide with silicon overlay and back.
The measured insertion loss for the inverted taper is smaller
than 0.1 dB for both TE- and TM- polarized light which is
explained by the reduced tip width of 50 nm of the fabricated
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Fig. 2. Top view field plots of the polarization rotator, obtained using a fully
vectorial eigenmode expansion tool. (a) Ex field (TE polarization). (b) Ey
field (TM polarization).
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Fig. 3. SEM images of the fabricated polarization rotator. (a) Bird’s eye
view of a realized polarization rotator. (b) Top view: a poly-Si overlay breaks
the symmetry of the waveguide such that after a propagation over L of 6 μm,
almost total polarization conversion is achieved.
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Fig. 4. Measurements of the polarization rotator (W = 405 nm, FF = 75 %)
TE to TM insertion loss for different rotator lengths L .

device. The polarization rotators are characterized by measur-
ing the TE to TM transmission TT E−>T M , normalized with the
reference measurements of the grating couplers. The TE to TM
insertion loss is the sum of the intrinsic loss of the polarization
rotator and the TE to TE transmission TT E−>T E (crosstalk).
Simulations show that the insertion loss is very low, so we
can assume that TT E−>T E = 1 − TT E−>T M and that the
polarization conversion efficiency (PCE), defined by PC E =
TT E−>T M/(TT E−>T E + TT E−>T M ), equals TT E−>T M . The
measurement results of polarization rotators with a width W
of 405 nm and fill factor F F of 75 % are plotted in Fig. 4.
The optimal structure has a length L between 6 μm and 7 μm,
which is in relatively good agreement with our simulations
where we found that the optimal lenght is 7.6 μm. The highest
measured PCE is −0.51 dB for a rotator length of 6 μm.

Furthermore, the high PCE was measured over a broad
wavelength range of 80 nm, equal to the 3-dB bandwidth of the
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Fig. 5. Polarization rotator robustness investigation as a function of the
critical parameters. The contour lines are the PCE penalties with respect to
the highest PCE of the device. (a) PCE as a function of the silicon overlay
thickness and fill factor. (b) PCE as a function of the waveguide width W and
fill factor F F . (c) PCE as a function of the waveguide width W and silicon
overlay thickness.

grating coupler. The upper limit for the crosstalk (TT E−>T E <
1 − TT E−>T M ) is −9.55 dB. For practical applications, this
residual crosstalk can be easily removed by implementing a
polarization filter or polarization splitter such as a directional
coupler, multi-mode interferometer (MMI) or sharp bend.

IV. ROBUSTNESS

The robustness was assessed by scanning the critical para-
meter space of the fabricated polarization rotator (W =
405 nm, F F = 75 %, L = 7 μm) where the rotator length L
is kept constant. The cross in the robustness figures indicates
the parameters of the fabricated polarization rotator with a
simulated PCE of 95 % or −0.22 dB. In Fig. 5(a) the PCE is

plotted versus the fill factor F F and silicon overlay thick-
ness. For a −0.5dB PCE penalty, the duty cycle may vary
±5 % which translates into to a mask alignment tolerance of
±20 nm. The silicon overlay thickness −0.5 dB PCE tolerance
is +21 nm and −15 nm. Note that the etch depth is fixed
in our case at exactly the silicon overlay thickness due
to the Si O2 etch stop layer (see Fig. 1) which attributes
to the overall robustness of our component. Nonetheless, it
introduces and extra 0.2 dB PCE penalty for a 5 nm thick
silicon oxide etch stop layer. The PCE is plotted as a function
of the waveguide width and fill factor in Fig. 5(b) and as
a function of the overlay thickness and waveguide width in
Fig. 5(c). The −0.5 dB PCE tolerance is +15 nm and −21 nm
for the waveguide width. These robustness specifications are
compatible with CMOS fabrication capabilities.

V. CONCLUSION

We have experimentally realized a high efficiency and
broadband integrated polarization rotator with a polarization
conversion efficiency of −0.51 dB over a bandwidth of 80 nm.
An advanced passive SOI 4 etch-step process flow was used for
the fabrication. With this process, 4 different layer thicknesses
can be resolved and high-efficiency grating couplers using a
silicon overlay could be integrated on the same optical chip.
Furthermore, the accompanied extra design freedom offers an
excellent tool to optimize other optical integrated components
such as splitters, filters and optical interconnects. Additionally,
we investigated the robustness and have shown that the design
has −0.5 dB PCE tolerances which are compatible with stan-
dard CMOS fabrication tolerances. The crosstalk is −9.55 dB
and could be easily improved by using a polarization splitter
or filter, e.g. a directional coupler, MMI or sharp bend.

REFERENCES

[1] W. Bogaerts, D. Taillaert, P. Dumon, D. Van Thourhout, R. Baets, and
E. Pluk, “A polarization-diversity wavelength duplexer circuit in silicon-
on-insulator photonic wires,” Opt. Express, vol. 15, no. 4, pp. 1567–
1578, 2007.

[2] H. Fukuda, K. Yamada, T. Tsuchizawa, T. Watanabe, H. Shinojima, and
S.-I. Itabashi, “Silicon photonic circuit with polarization diversity,” Opt.
Express, vol. 16, no. 7, pp. 4872–4880, 2008.

[3] J. Zhang, M. Yu, G.-Q. Lo, and D.-L. Kwong, “Silicon-waveguide-
based mode evolution polarization rotator,” IEEE J. Sel. Topics Quantum
Electron., vol. 16, no. 1, pp. 53–60, Jan./Feb. 2010.

[4] H. Deng, D. O. Yevick, C. Brooks, and P. E. Jessop, “Fabrication
tolerance of asymmetric silicon-on-insulator polarization rotators,” J.
Opt. Soc. Amer. A, Opt., Image Sci., Vis., vol. 23, no. 7, pp. 1741–1745,
2006.

[5] L. Liu, Y. Ding, K. Yvind, and J. R. M. Hvam, “Silicon-on-insulator
polarization splitting and rotating device for polarization diversity cir-
cuits,” Opt. Express, vol. 19, no. 13, pp. 12646–12651, 2011.

[6] D. Dai and J. E. Bowers, “Novel concept for ultracompact polarization
splitter-rotator based on silicon nanowires,” Opt. Express, vol. 19, no. 11,
pp. 10940–10949, 2011.

[7] Z. Wang and D. Dai, “Ultrasmall Si-nanowire-based polarization rota-
tor,” J. Opt. Soc. Amer. B, vol. 25, no. 5, pp. 747–753, 2008.

[8] D. Vermeulen, et al., “High-efficiency fiber-to-chip grating couplers
realized using an advanced CMOS-compatible silicon-on-insulator plat-
form,” Opt. Express, vol. 18, no. 17, pp. 18278–18283, 2010.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


