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1 Introduction

Polarization-rotating waveguides are the integrated optics
counterparts of bulk optics wave plates. In place of material
anisotropy, waveguide birefringence in an asymmetric re-
fractive index profile is employed to manipulate the polar-
ization state. Applications of polarization rotators include
reducing the polarization sensitivity of devices in optical
networks1 and integrated optic polarization sensors.2 As
well, silicon-on-insulator �SOI� photonic devices, such as
polarization rotators, can be manufactured cost-effectively,
are easily integrated with silicon-based electronics, and
yield strong optical confinement as a result of their high
refractive index contrast.

Although the first integrated optic polarization converter
designs employed several sections with periodically chang-
ing waveguide geometries,3,4 TE↔TM mode conversion
can also be achieved in a single waveguide section consist-
ing of vertical and sloped sidewalls.5 Such devices have
been fabricated in III-V semiconductor material systems,6,7

but have yet to be realized in SOI. In these devices, illus-
trated by Fig. 1, the waveguide parameters are chosen such
that the effective polarization directions of the two orthogo-
0091-3286/2006/$22.00 © 2006 SPIE c
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ally polarized modes are rotated at ±45 deg with respect
o the lateral direction �the substrate surface�.

As in a half-wave plate, when the incoming field is TE
r TM polarized, the output polarization is rotated by twice
he optical-axis angle after a � phase shift accumulates
etween the polarized modes of the asymmetric waveguide.

ig. 1 SOI polarization rotator geometry for arbitrary guide-layer
hicknesses. An hr=0 polarization rotator section integrated with

onventional rib waveguides is shown in the inset.
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This occurs at the half-beat length L�=� / ��1−�2�, where
�1 and �2 are the propagation constants of the two modal
electric field distributions.

2 Simulation Results
Our numerical studies of polarization rotators employ a
proprietary full-vectorial finite-element mode solver with
mixed elements.8 In the simulations, the sloped sidewall is
angled along the �111� crystallographic plane of silicon,
yielding �=54.736 deg, while the refractive indices are set
to n1=n3=3.48 for the silicon layers and n2=1.45 for the
SiO2 insulator layer. Further, the insulator layer thickness is
di=1.0 �m, while the input vacuum light wavelength is �
=1.55 �m.

While complete TE↔TM mode conversion can be
achieved if both the vertical and sloped sidewalls possess
the same slab thickness �h=hr in Fig. 1�, we have instead
etched the sloped sidewall down to the buried insulator
layer �hr=0� as suggested in Ref. 8. Such a design im-
proves the manufacturability by providing a convenient
etch stop for the wet chemical used to fabricate the sloped
sidewall, eliminating the need for precise etch timing. It
also yields higher optical confinement and shorter device
lengths than the design with h=hr.

Contours for the optical-axis rotation angle as a function
of slab thickness h and rib width W are shown in Fig. 2 for
polarization rotators with hr=0. The axes have been nor-
malized to the guide-layer thickness H, since these contours
are invariant over a wide range of thicknesses �1 to
10 �m�.8 The dashed line in the figure represents the bor-
der between single-mode �two orthogonal polarizations�
and multimode operation. Since additional guided modes
exhibit different half-beat lengths, optimal mode conver-
sion requires single-mode operation.

The half-beat length can be minimized by decreasing
either or both the width and the guide-layer thickness.8 We
have here employed a rather conservative waveguide ge-
ometry given by H=4.8 �m, W=4.8 �m, and h=1.8 �m,
yielding a half-beat length of L�=2605 �m. While the

Fig. 2 Optical-axis rotation angle contours for asymmetric SOI
waveguides with hr=0. The contour for the desired optical-axis ro-
tation of 45 deg is designated by a bold line, and our fabrication
parameters are indicated with the symbol � �Ref. 8�.
half-beat length could have been reduced to 1150 �m by
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mploying W=3.5 �m, the fabrication tolerance would
hen be decreased. For the guide-layer thickness of H
1.3 �m typically used for published III-V rotators, the
alf-beat length for SOI rotators is around 35 to 100 �m, in
omparison with device lengths of several hundred microns
or III-V materials.8 This is because of the higher refractive
ndex contrast of SOI. We have chosen H=4.8 �m for this
reliminary demonstration, yielding a much longer device
ength of 2605 �m, since the device becomes more sensi-
ive to fabrication errors as the guide-layer thickness is
ecreased.9

The width and lateral offset of the input/output �I/O�
aveguides were simulated to minimize device loss, as cal-

ulated from the overlap of the optical power of the corre-
ponding polarized modes of the input and rotator sections.
he slab thickness of the I/O waveguides was determined

rom the single-mode condition for SOI waveguides.10 Ac-
ordingly, the waveguide etch depth was shallower in the
/O section than in the rotator section, resulting in a theo-
etical mode mismatch loss per interface of 0.75 and
.44 dB for the TE and TM input polarizations, respec-
ively, for a total excess loss of 1.2 dB for both interfaces.
or this geometry, the optimal width of the I/O waveguides

s 2.6 �m, with a slab thickness of 2.5 �m and a lateral
hift of 0.2 �m between the vertical sidewalls of the I/O
aveguides and the rotator section, towards the sloped

idewall.
This loss can be further reduced by using vertical tapers

nd/or by reducing the slab thickness of the I/O waveguides
elow published single-mode conditions.10 If the slab thick-
ess of the I/O waveguides is matched to that of the rotator
ection �h=1.8 �m�, the minimized loss becomes 0.26 and
.24 dB for the TE and TM input polarizations, for a total
f 0.5 dB for both interfaces. This loss is for an optimal
idth of 2.5 �m, a slab thickness of 1.8 �m, and a lateral

hift of 0.2 �m. This geometry would be multimode ac-
ording to published single-mode conditions, since h /H
0.5, but appeared to be single-mode when simulated with

ur mode solver. More simulations using the beam propa-
ation method are required to verify this result, for single-
ode conditions for deeply etched SOI waveguides �h /H
0.5� have yet to be published. Therefore, the more con-

ervative input parameters were used to guarantee single-
ode operation for these preliminary results, at the expense

f higher loss.

Experimental Results
quare pieces measuring 3.4 cm were cleaved from an 8-in.
100� SOI wafer from SEH America. The wafer was manu-
actured using the bond and etchback technique �BESOI�
nd had a guide-layer thickness of 5 �m, a 1-�m buried
xide layer, and a 725-�m base layer thickness. The wafer
as lightly p-type �boron� doped with a resistivity of 20 to
0 � cm for the device layer and 15.5 � cm for the base
ilicon layer. An infrared-based ellipsometer was used to
easure the thickness of the silicon guide layer, which was

ound to vary by around ±0.1 �m over the sample area.
he measured thickness was used to determine the etch
epth required to achieve a slab thickness of 1.8 �m, for
his is the most critical device dimension.8,9
The vertical and sloped sidewalls of the device were
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fabricated with dry plasma and wet chemical etching. To
define the vertical sidewalls of the rotator section and the
I/O waveguides, a thermally grown oxide mask was pat-
terned using ultraviolet photolithography and reactive ion
etching �RIE�, with O2 and CHF3 as precursor gases. Be-
cause of the oxide thickness, �0.4 �m, RIE was chosen to
avoid undercutting the mask. The initial alignment of the
waveguides was performed using the cleaved edges of the
sample to ensure the correct orientation for the wet chemi-
cal etch to be completed in a later step.

The vertical sidewalls of the rotator section and I/O
waveguides were etched to a depth of 2.3 �m using
electron-cyclotron-resonance reactive ion etching �ECR
RIE�, with SF6 and O2 as the precursor gases. This tech-
nique increases the etch anisotropy over that with standard
RIE, noticeably improving device performance with a more
vertical sidewall profile.9 Photoresist was then applied to
protect the I/O waveguides, and the vertical sidewall of the
rotator section was etched an additional 0.7 �m using ECR
RIE. The photoresist and oxide mask were then removed.

To define the sloped sidewall of the rotator section, a
thin ��0.06 �m� oxide mask was thermally grown and pat-
terned through photolithography and HF. A thin oxide mask
was sufficient for this step because of the high etch selec-
tivity of silicon over SiO2 with the wet chemical etchant
used. The thermally grown oxide mask also reduced the
roughness of the previously etched vertical sidewalls. Fur-
ther, the guiding layer thickness was reduced from 5 to
4.8 �m by silicon consumption during growth of the two
thermal oxide masks. It should be noted that rotational mis-
alignment between the vertical and sloped sidewalls oc-
curred in this step. This could have been avoided by defin-
ing both sidewalls with the same mask, and subsequently
protecting one sidewall while etching the opposite wall.

The sloped sidewall was etched using a 25% tetramethyl
ammonium hydroxide �TMAH� bath-heated to 60�C.
TMAH exposes the �111� crystallographic planes of silicon,
resulting in a sidewall that is angled by �55 deg. The sili-

Fig. 3 A SEM cross section of the fabricated po
are included in parentheses. An image of the ve
shown.
con guide layer was etched to the buried oxide layer, which p
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erved as an etch stop. Finally, the oxide mask was re-
oved and the samples thinned and mechanically cleaved,

ielding optical-quality facets.
A range of rotator section widths were fabricated on the

ame sample to compensate for misalignment between the
ertical and sloped sidewalls. For each misalignment, sets
f 10 different rotator section lengths were fabricated,
long with a single straight waveguide that was used for
omparison measurements.

Scanning electron microscope �SEM� images of a cross
ection of the fabricated polarization rotator and the vertical
idewall roughness are presented in Fig. 3. The indicated
alues for the waveguide dimensions exhibit a precision of
0.1 �m, while the sidewall angle is accurate to ±1 deg.
he optimal design dimensions are specified in parentheses.
ote that the vertical sidewall profile changes slightly

long its depth, since multiple etches were required to at-
ain the desired etch depth because an in situ etch-depth

easurement system for the ECR RIE process was not
vailable. These profile changes were more visible before
eing smoothed by the growth of the second thermal oxide
ask.
To evaluate the device performance, the polarization

onversion �PC� efficiency, defined as PCTE→TM
�PTM/ �PTE+ PTM���100% for a TE-polarized input, was
easured. Here PTE and PTM are the output optical powers

or the TE and TM polarization components. For compari-
on, the polarization conversion can be calculated using
C=4 sin2	 cos2	 sin2��L /2L���100%, where 	 is the
ptical-axis rotation and L is the length of the rotator sec-
ion. The measured dimensions in Fig. 3 result in an
ptical-axis rotation of 41.72 deg and a 2940-�m half-beat
ength, yielding 95% conversion at a device length of
605 �m. This simulated result significantly differs from
he conversion efficiency measured, due to sidewall corner
ounding and roughness.

Light from a 1.55-�m diode laser was TE- or TM-

on rotator. The optimal dimensions �in microns�
idewall roughness in the rotator section is also
larizati
rtical s
olarized with an extinction ratio greater than 30 dB by a

April 2006/Vol. 45�4�



g
t
e
d
o
a
�
i
a
a
o

7
u
v
0
p
w
t
s
t
a
r
a
c
t
s
c

c
r
l
n
u
a
c
t
l
i
m

4
W
l
f
c
a
a
i
v
t
d
8
d
p
r
s

A
T
t

Brooks et al.: Passive silicon-on-insulator polarization-rotating waveguides
series of polarization paddles and an in-line polarizer
placed before a polarization-maintaining tapered single-
mode optical fiber that was used to couple light into the
input waveguide. The output light was collected with a 20
� objective lens and then separated into TE and TM polar-
ization components with a polarizing beamsplitting cube.
The optical power of the desired output polarization com-
ponent was measured using a photodetector.

The measured polarization conversion as a function of
length for our best performing device is shown in Fig. 4.
The maximum conversion efficiencies were PCTE→TM
=75% and PCTM→TE=62%, at a device length of 3256 �m.
These measurements have uncertainties of ±3%, obtained
from the standard deviation of five measurements, each
with a separate fiber alignment. The unequal conversion
efficiencies result largely from the vertical-sidewall rough-
ness, which affects each polarized mode differently. The
input and output waveguides minimally affected the polar-
ization conversion measurements, since these waveguides
exhibited conversion efficiencies less than 4% in the ab-
sence of the rotating sections.

Simulations have shown that the conversion efficiency is
most sensitive to changes in the slab thickness of the rotator
section, while changes in the width and guide layer thick-
ness of ±0.2 �m result in less than a 2% decrease in con-
version efficiency.8,9 Using the device parameters measured
in Fig. 3, the polarization conversion as a function of length
has been calculated for various slab thicknesses �h
=1.8,2.1,2.15 �m� and is included in Fig. 4. A value of
h=2.1 �m, yielding an optical-axis rotation of 31 deg and
a half-beat length of 3227 �m, best fits the measured data.
This is most likely explained with the rounding of the ver-
tical sidewall corner, which effectively increases the slab
thickness.

As well, the simulated results do not match most of the
measured data, due to sidewall roughness and to a change
in width along the rotator section, by �0.2 to 0.3 �m, in-
duced by the rotational misalignment between the vertical
and sloped sidewalls. This difficulty could be largely elimi-
nated by defining the top of the rotator section, and conse-

Fig. 4 Measured polarization conversion as a function of length.
Simulated results are also shown for the device parameters mea-
sured in Fig. 3, with the slab thickness of the rotator section varied.
quently both sidewalls, with a single oxide mask. The re- E
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ion to either the right or left of this mask is then protected,
ogether with half of the mask, while the other side is
tched. Such a procedure also ensures a constant and pre-
ictable rotator section width and eliminates any reliance
n intentional misalignments as long as an alignment toler-
nce equal to half the width of the top of the rotator section
here ±0.7 �m� can be achieved. Because we were unsure
f our equipment could maintain this tolerance level, we
pplied a more conservative approach with intentional mis-
lignments that compensated up to ±2 �m, at the expense
f rotational misalignment.

Our best-performing device exhibited an excess loss of
.1±0.5 dB for TE-polarized input light, with a loss per
nit rotator section length of 0.6±0.1 dB/mm, while the
alues for a TM polarized input field were 5.6±0.5 dB and
.5±0.1 dB/mm. The excess loss was determined by com-
arison to the power transmitted by the rib waveguides
ithout rotator sections. These values significantly exceed

he calculated losses from the mode mismatch at the rotator
ection interfaces and therefore most likely are the effect of
he sidewall roughness of the deeper-etched rotator section
nd I/O waveguide misalignment along the propagation di-
ection. As well, the mode mismatch simulations assumed
brupt I/O interfaces, but they will in fact have pyramidlike
orners near the sloped sidewall of the rotator section due
o the TMAH etching along multiple crystal planes. Further
imulations are required to accurately model this compli-
ated transition.

While our simulations indicate that the conversion effi-
iency should vary by less than 1% over a wavelength
ange of 1500 to 1600 nm,8 measurements with a tunable
aser were complicated by large etalon effects that could
ot be removed by Fourier filtering, and we were therefore
nable to verify this behavior. In the absence of proper
ntireflection coating of the sample facets and measurement
omponents, it was therefore only possible to ascertain that
he average conversion efficiency over the entire wave-
ength range of 1500 to 1575 nm coincided with the polar-
zation conversion measured at 1550 nm to within measure-
ent error.

Conclusions
e have designed and fabricated a single-section SOI po-

arization rotator. Its performance was limited by numerous
abrication problems, which included imprecise etch depth,
orner rounding of the vertical sidewall, a change in width
long the rotator section due to rotational misalignment,
nd sidewall roughness. Accordingly, the measured polar-
zation conversion did not exceed 75% in any of our de-
ices; however, we are confident that future refinements to
he fabrication process should yield improved results. In-
eed, preliminary tolerance study results presented in Refs.
and 9 that incorporate the effects of fabrication error pre-

ict conversion efficiencies of �95% for industry-standard
rocesses. Additionally, far shorter device lengths can be
ealized for reduced guide-layer thickness, although the
ensitivity to fabrication errors is then increased.
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