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ABSTRACT

We describe a new polarization compensator structure for planaguidgedemultiplexers on the silicon-on-
insulator (SOI) platform using a buried low refractive index laierthis case Si@sandwiched between the Si
waveguide layer and a Si cap layer. A polarization compensatgeid to eliminate the birefringence induced TM-
TE wavelength shift of an arrayed waveguide grating or echelle grdgimgltiplexer. Polarization birefringence
occurs in all planar waveguide components because of mateess and waveguide geometry. The silicon-oxide-
silicon (SOS) compensator can eliminate the TM-TE wavelength shaft &OI demultiplexer without introducing
a significant mode mismatch between the compensator and slab vegations. As a result, a demultiplexer
with an optimized SOS compensator can have 2 dB lower insertion Lysn( lower polarization dependent loss
(PDL) than an equivalent device with an etched compensator. The SOS catopensasily implemented using
standard oxide and amorphous silicon or polysilicon deposition tpedsiln this paper we present calculations and
experimental results on the effective birefringence compensation, PDL and 1D%fcBmpensators in SOI
waveguide demultiplexers.
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1. INTRODUCTION

The high index contrast of silicon-on-insulator (SOI) enalblesstaling down of planar waveguide components into
the microphotonic regime, but has the unwanted consequence ohig@ularge TM-TE polarization birefringence.
Given most optical fibers do not preserve polarization, an optical digmaimitted through an optical fiber has an
indeterminate polarization state. This requires that optical compomsgdswith fibers are polarization insensitive.
The birefringence of ridge waveguides could be reduced to an dueef¢ael by using appropriate ridge
dimension§ but with decreasing Si thickness the required fabricationarates quickly become too narrow to
implement this solution. Components with slab waveguide regions suesthalle grating demultiplexérscannot

be made polarization independent using this method. An alteamieach is to introduce a polarization
compensation region in the combiner section of an arrayed waveguidg gfaitG) or echelle grating to eliminate
the polarization dependent wavelength $hift its original implementation, the compensator is fabricated by
reducing the local waveguide thickness through etching. Theingsbitefringence correction can be sensitive to
errors in etch depth, and the mode mismatch between compensator kamghgtguide sections is a source of
typically 1 dB or more of extra insertion loss (IL) for SOI demultipts with Si waveguide thickness in the range
of 2 to 5um. Silicon-on-insulator arrayed waveguide grating (SOl AWGHhu#plexers have been demonstrated
and are now commercially available. However present devices are std| lbegng of the order of several
centimeters in size. Our work is focussed on addressing thelsgeaii@nges in scaling down the overall AWG
device size to lengths less than a millimeter. We have reportadatidm of a compact SOl AWG demultiplexer
and have demonstrated polarization compensated devidtks polarization dispersion as low as 0.04 nm using
conventional etched compensators. In this paper, we repénipegy work on a new polarization compensation
technique using silicon-oxide-silicon (SOS) compensating reigionput and output combiners of an SOI AWG,
and demonstrate inducing polarization dependent wavelength shiftsubfzabm.
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For multiplexers and demultiplexers, it is important that theirtsgleesponse, particularly peak wavelengths and
passbands for different channels, do not substantially chantees gmlarization fluctuates. We have discussed
polarization sensitivity of compact SOl AWG devices elsewh@&iace the waveguides forming the phase array are
birefringent, light of the same wavelength but different stafeotarization is focused at different positions along
the focal curve, producing an undesired shift~ A An/n between TM and TE spectra of the demultiplexer. In other
words, light received at the same output channel for diffetatetssof polarization has different wavelengths. Here

is the effective group index of the fundamental waveguide modeAand nmy — ne is the corresponding
birefringence of the group index.

To eliminate this wavelength shift, several solutions have been dgateds These include reducing waveguide
birefringenc&’® overlapping the TE and TM spectra of the adjacent drtfeisserting a half-wave plate in the
middle of the phase arrdyand combining buried strip waveguides that have different, buenmniirefringencs.
Finally, a polarization compensator inserted in the combiner sestgnsuccessfully used for elimination of the
polarization dependent wavelength shift in an echelle gratiGgAsP-InP demultiplexéand more recently in an
SOl-based AWG demultiplexer

2. SILICON-OXIDE-SILICON POLARIZATION DISPERSION COMPENSATOR

A polarization compensator is a prism shaped region of the cembgction of an AWG or echelle grating
demultiplexer with a modified TE-TM polarization birefringence. Toenpensator birefringence may be larger or
smaller than that of the unmodified slab waveguide. For a givenlevaib, an appropriately shaped compensator
will refract TE and TM polarized light at slightly different anglag;tsthat the TE and TM light come to a focus at
the same point on the combiner focal plane. In this way birefringence indhitisdrs channel wavelength arising
from stress or intrinsic geometrical waveguide birefringence can becteml. In previous wofk, the birefringence

of the compensator has been modified by changing the waveguide sisidinetching. However, the waveguide
mode mismatch at the compensator boundary leads to increased fiotadependent loss (PDL) and insertion loss
(IL). It is therefore important to find ways of modifying the sladéwveguide birefringence with minimal changes to
the mode shape.

It has been known for more than a century that structures with dicspeefringence can be created by interleaving
materials of different index of refraction at scales smaller tharwtvelength of light. This is known as form
birefringence. The form birefringence of ,8/AlGaAs superlattices has been recently used for phase-match
frequency conversion processes in wavegtifdeShe polarization dispersion compensator we report in Hperp
employs the form birefringence induced by a buried,3&9er sandwiched between the Si waveguide core and
another Si cap layer. A cross-sectional view is shown in figure 1, alithgn etched compensatéor comparison.

Sio, Sio,

Figurel Cross-sections of combiner regions showing the silicon-esilt®mn (SOS) and etched compensators. The
unmodified slab waveguide is on the left of each diagram, the compessetion with altered birefringence is on the right.
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The compensator is a properly shaped section of the input and outpineoshdb waveguides, as shown in figure
2. The Si cap layer can be made using amorphous silicon (a-Si)ysilipon deposition techniques, the former
being used for the devices reported in this paper. The compensatingrstalt#ts the birefringence of the slab
waveguide as compared to the unmodified slab waveguide. The catipgnegion is shaped so that the
wavefronts corresponding to TM and TE slab modes both havertestdain the output coupler, thus converging
to the se;@me position at the focal line. This condition results inottoeving formula that defines the compensator
boundary:

d, —d,==—m
® 2An -An,

whered is the distance between the end of the array waveguidd the point where the compensator boundary
intersects a line joining the end of wavegui@ad the beginning of the central output waveguide. The locus of these
intersection points defines the boundary between the etched and tle&ine-part of the output couplel; =
di(i=0); m is the AWG orderAl = Amv - A is the wavelength shift between the TM and TE spectra to be
compensatediAns = ngtm — Nyt and An. = n, v — N1e are the effective index birefringence of the original slab
waveguide (with no compensating structure) and the compensatiog, regspectively.

2
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Figure2 SOl AWG with SOS compensators in the input and output combiners

For the geometry of our device (see section 3) and assuming stefsadence is negligible, it can be shown that
the compensator birefringence required to reduce polarizatiparsisnAA to zero is given by:

An, = Ans— AA/335.6 Adinnm], (2)

as shown in figure 3, cunv for A4 ranging from 0 to 1 nm. This corresponds to a compensatogfref y =
0.76, the latter being the combined strength of two compensasmasdpin the input and output combiners. For
comparison, ridge waveguide birefringent@,iqie ~ N A4 /4, and slab waveguides birefringence are shown by
curvesb andc, respectively.

The most important advantage of the SOS compensator as compared fwettously reported etched
compensatofs is the improved mode matching at the compensator boundary. In thed etompensators,
difference between waveguide core thickness of etched and non-etctsedfghe slab introduces a polarization
dependent loss penalty at the compensator boundary. In SOS camipemageguides core thickness is identical
for both the compensator and the complementary part of the cowpleh significantly improves mode matching
between the two regions. This observation is evident fromefigushowing calculated loss at the boundary of the
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SOS (curvesl anda2) and etched (curvdsl andb2) compensators. Loss was calculated as an overlap integral
between the fundamental mode intensity profiles in the compensataorigmal slab waveguide. We assumed
refractive index and thickness of the buried oxide layer of 1.5 and\1@&pectively. Refractive index of the a-Si
overlayer was assumed 3.47. The compensator birefringence was wadedniging a-Si thickness from 0 to 2.5
um in increments of 0.im. The resulting compensator birefringence ranges from 0.00D&5, allowing us to
compensate polarization dependent wavelength shifts up to 1 nnalégedigure 3, curve). For the etched
compensatorthe calculated birefringence is varied by changing etch depth in the compensating region, fr@®60 to
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Figure3 Compensator birefringence required to reduce polarization disperéitm zero (curve), the ridge waveguide
birefringence (curve), and slab waveguide birefringence (cucye
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Figure 4 Calculated loss at the boundary of silicon-oxide-silicon (SOSpeosator for TE (curval) and TM (curvea2)
polarization; and at the etched compensator boundary (TE, bliyvEM, curveb?2). Note that in contrast to the birefringence
sign convention adopted in this pap&n£nmy— nrg), the compensator birefringence in this figure is givefrgsng te— e tm-
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The superior performance of the SOS compensator compared to the etched atonperesident from figure 4.
The loss of the former is decreasing with increasing compensatagtst{enrvesal anda2) up toAn, ~ 0.0035,
while it is increasing for the latter (curvéd and b2). For An. ~ 0.0035, the mode coupling loss of SOS
compensator is insignificant (better than 0.2 dB) for both TE and TM pdlanzaith a PDL of less than 0.2 dB.
For the etched compensator of an equivalent strength, the TE and TMdossch3 dB, and PDL is larger than for
the SOS compensator over most of the range. For the geometnyedssufigure 4An, ~ 0.0035 is an optimum
birefringence yielding best SOS compensator performance.

Increasing SOS compensator strength further up to the sature@mn, ~ 0.005, the TM loss (curva?) is
insignificant while the TE loss (cunad) is slowly increasing, the latter still being more than 2 dB lower than tha
of the etched compensator. In this range, PDL for SOS and etched compesagatopposite signs, and in principle

a PDL-free operation can be achieved in this compensating range by conmbaitvgp compensators. Another
advantage of the SOS compensator, not evident from figusetdat the optimum birefringence (~ 0.0035 in this
figure) can be adjusted by changing design and fabrication paransetehst it is near to the value required for
compensating\A measured for a given device. This can be done for example by changing thedbiok the
buried oxide layer, or of the a-Si refractive index. Finally,ehgma 1.6 dB loss at the compensator boundary of both
SOS and etched compensators, for zero a-Si thickness and zero etghrekgctively. This is due to mode
mismatch caused by the window in the oxide cladding, whisl provides a small amount of polarization
compensation. The calculated birefringence change due to the maskiegnixdow is ~ 710° (for an oxide of
refractive index 1.5 and thickness > &), which compensates approximately for 0.02 nm of the polarization
dependent wavelength shift.

25 : T
[
Lo :ggé
k E5%
18 E i3
2 = 159 @
P =3
= 1§ o 223
£ 1S e '@ = 0o b
= 190 120«
—~ 15 1= S lEsg
@ 1E 3 1o«
g o < |
X 128 |
o :ét\l C :
12 .
s 1 .g)_% ,
- 1
) d ' E
© |8 :
Y i
05 : ;
1 |
: |
|
|
0 — : : : :
0 0.1 0.2 0.3 0.4 0.5

AL = Ay — Mg [NM]

Figure5 The calculated a-Si layer thickness required for full compensatipnolafization dependent wavelength shif, for
different a-Si refractive indicesand thickness of the buried oxide layer. Cunee n = 3.476,d = 200 A; Curveb: n = 3.476,d
=400 A; Curvec: n = 3.4,d = 200 A; Curved: n = 3.3,d = 200 A. The vertical lines show compensation limits for a-Si with a
refractive index of 3.3 and 3.4.

The compensator strength can be controlled by changing thickness axdfi@d8i layer and/or the buried oxide
layer. The a-Si refractive index will depend on deposition and giocesonditions. Figure 5 shows the a-Si layer

thickness required to compensate polarization dependent watbesniigsAA ranging from 0 to 0.5 nm, for several
different buried oxide thicknesses and refractive indices of the a-Si Tdyaner a-Si layers are preferred, to avoid
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unwanted waveguiding that can take place in thicker films. It canbberved that a-Si thickness required to
compensate a givell is significantly decreased by reducing buried oxide ttéskne.g. from 400 A (cury® to
200 A (curvea). It has also been shown that optimum oxide spacer thickhasgives maximum compensator
strength is approximately 150 A, which slightly increases foredeing a-Si refractive index.

An important observation from figure 5 is that maximum compensatab(maximum compensator strength) is
limited by maximum refractive index of a-Si overlayefs;. For nysi~ 3.476 (bulk monocrystalline silicon near
1550 nm), there is no compensation limit Aot range shown in figure 5. However, reducmg; below 3.476 may
significantly reduce the compensator strength, limiting mamincompensatablai to ~ 0.23 nm fom,_; of 3.4
(curvec) and further to ~ 0.11 nm far,s;of 3.3 (curved). For compensating larger wavelength shifts, it is thus
important to assure that the refractive index of a-Si overlgyhigh enough, preferentially above 3.4.

3. EXPERIMENTAL RESULTS

Our AWG demultiplexer (see figure 2) has nine input and nine ouiglge waveguides, with input and output
combiner slab waveguide section with polarization comgens The array consisted of 100 ridge waveguides with
a grating order ofn = 49. Minimum separation between the arrayed waveguides was &t both ends of the
phased array. Two types of devices were fabricated, with nomage widths in the array of 1.5 andu2n,
respectively, tapered out ton at the ends of the array. The separation between the outpeguides at the
output coupler focus located at Rowland circle mBufiwas 8.8um, the focal length of the combiner (coupler)
slab regions = 1.5 mm. This design gives a 200 GHz channel spacing, correspoodingavelength spacing of
AA = 1.6 nm at 1550 nm. Minimum radius of curvature of the waveguides wasn0é@nd overall chip size was
approximately %5 mm.

We used SOI wafers made on Si (100) substrates. The buriedlayedevas 0.3um thick, and the Si layer was
2.22um thick. The initial layer of approximately Ou2n of Si was formed by the SIMOX process, and the rest was
grown by epitaxy. Two methods were used to etch the waveguiddbeugrating sections. One set of devices was
etched using inductively coupled plasma (ICP) reactive ion etching,(Bi&ducing smooth vertical side-walls.
Another set of devices was made using wet etching. The Si layetchias & a potassium-hydroxide mixture with
water and isopropyl alcohol at 40°C. The etch was an anisotiapicthe width of a curved waveguide varied
depending on the angle between that section of the waveguide toamagal planes. Plasma enhanced chemical
vapor deposition (PECVD) was used to deposit approximaigty df SiG as the top cladding layer. The refractive
index of this layer wam ~ 1.5, as measured by ellipsometry at 633 nm. For the compensatarstrin Si@ and
a-Si layers were also deposited with PECVD. The buried oxid® lsad an index af = 1.47 at 633 nm. The
optical constants of the a-Si film, shown in figure 6, were measuneg asipectroscopic ellipsometer.

We used our SOS compensating technique in several devices, both wet anch&dP\Wt found that wavelength
shifts about 2 nm are readily achievable. This range is more than saiffmieé\A compensation in practical SOI
AWG devices. It should be noted that the measured wavelenfithaske actually larger than those predicted by the
theory for the measured refractive index and thickness of ouffilaSi We believe that this extra compensating
strength is caused by stress due to a-Si layer on the ridgguide® in the phase array, as in our experiments a-Si
was deposited over the entire sample. Figures 7 and 8 show imag8&s fdfn overlaying the ridge waveguide, for
wet and ICP etched devices, respectively.

We found that the compensator strength is consistent with that calculateeafsured a-Si index and thickness only
if the stress induced birefringence in the ridge waveguide is imatigee from 0.003 to 0.006, depending on a
particular waveguide geometry. We attribute this stress birefrbegenthe a-Si layer on the ridge waveguides in the
phase array region. The experiments are ongoing to examine tiseirsiteance, but the results we report suggest
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that the stress-induced birefringence in the phase array, or in a sédtieneof, may be another useful technique
for making polarization independent SOI arrayed waveguide grating devices
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Figure 6 Refractive indexrf) and extinction coefficienk| of a 1.026um thick a-Si film deposited by PECVD on a 1200 A
thick SiG; film on a Si substrate, as measured by spectroscopic ellipsometry. The magSurefiactive index is 3.45 at 1550
nm.

SiO,
Figure7 Cross-section of a wet etched SOI Figure8 Cross-section of an ICP etched SOI
waveguide with a-Si overlayer waveguide with a-Si overlayer.
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5. SUMMARY

In this paper we report theoretical and experimental resultsnopertsating polarization dispersiat in compact
silicon-on-insulator AWG demultiplexers. The compensator streatansists of a buried low index layer, in this
case Si@ sandwiched between the Si waveguide layer and another Si cap lagetoMpensating regions have
prism-like shape and are located in input and output caufdab waveguides) of the AWG demultiplexer. Given
the compensator is made in a slab waveguide, it can be used foergating polarization dispersion in any devices
containing the latter, including echelle grating devices. Thim mdvantages of our silicon-oxide-silicon (SOS)
compensator as compared to the other techniques, particularly to the etcipedsaior, are its low loss and PDL
over a large range afl. The compensator is simple to fabricate by standard oxide and rafRilysilicon
deposition techniques. In our preliminary experiments, we demonistiatkicing polarization dependent
wavelength shifts of about 2 nm. Our results suggest that the Bithssed by a-Si overlayer on the ridge
waveguides in the phase array may significantly contribute to the radagavelength shifts.
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