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ABSTRACT

We describe a new polarization compensator structure for planar waveguide demultiplexers on the silicon-on-
insulator (SOI) platform using a buried low refractive index layer, in this case SiO2 sandwiched between the Si
waveguide layer and a Si cap layer. A polarization compensator is used to eliminate the birefringence induced TM-
TE wavelength shift of an arrayed waveguide grating or echelle grating demultiplexer. Polarization birefringence
occurs in all planar waveguide components because of material stress and waveguide geometry. The silicon-oxide-
silicon (SOS) compensator can eliminate the TM-TE wavelength shift of an SOI demultiplexer without introducing
a significant mode mismatch between the compensator and slab waveguide sections. As a result, a demultiplexer
with an optimized SOS compensator can have 2 dB lower insertion loss (IL) and lower polarization dependent loss
(PDL) than an equivalent device with an etched compensator. The SOS compensator is easily implemented using
standard oxide and amorphous silicon or polysilicon deposition techniques. In this paper we present calculations and
experimental results on the effective birefringence compensation, PDL and IL of SOS compensators in SOI
waveguide demultiplexers.
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1. INTRODUCTION

The high index contrast of silicon-on-insulator (SOI) enables the scaling down of planar waveguide components into
the microphotonic regime, but has the unwanted consequence of inducing a large TM-TE polarization birefringence.
Given most optical fibers do not preserve polarization, an optical signal transmitted through an optical fiber has an
indeterminate polarization state. This requires that optical components used with fibers are polarization insensitive.
The birefringence of ridge waveguides could be reduced to an acceptable level by using appropriate ridge
dimensions1, but with decreasing Si thickness the required fabrication tolerances quickly become too narrow to
implement this solution. Components with slab waveguide regions such as echelle grating demultiplexers2,3 cannot
be made polarization independent using this method. An alternate approach is to introduce a polarization
compensation region in the combiner section of an arrayed waveguide grating (AWG) or echelle grating to eliminate
the polarization dependent wavelength shift4. In its original implementation, the compensator is fabricated by
reducing the local waveguide thickness through etching. The resulting birefringence correction can be sensitive to
errors in etch depth, and the mode mismatch between compensator and slab waveguide sections is a source of
typically 1 dB or more of extra insertion loss (IL) for SOI demultiplexers with Si waveguide thickness in the range
of 2 to 5 µm. Silicon-on-insulator arrayed waveguide grating (SOI AWG) demultiplexers have been demonstrated
and are now commercially available. However present devices are still large, being of the order of several
centimeters in size. Our work is focussed on addressing the special challenges in scaling down the overall AWG
device size to lengths less than a millimeter. We have reported fabrication of a compact SOI AWG demultiplexer1,
and have demonstrated polarization compensated devices5 with polarization dispersion as low as 0.04 nm using
conventional etched compensators. In this paper, we report preliminary work on a new polarization compensation
technique using silicon-oxide-silicon (SOS) compensating region in input and output combiners of an SOI AWG,
and demonstrate inducing polarization dependent wavelength shifts of about 2 nm.
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For multiplexers and demultiplexers, it is important that their spectral response, particularly peak wavelengths and
passbands for different channels, do not substantially change as the polarization fluctuates. We have discussed
polarization sensitivity of compact SOI AWG devices elsewhere5. Since the waveguides forming the phase array are
birefringent, light of the same wavelength but different state of polarization is focused at different positions along
the focal curve, producing an undesired shift ∆λ ~ λ ∆n/n between TM and TE spectra of the demultiplexer. In other
words, light received at the same output channel for different states of polarization has different wavelengths. Here n
is the effective group index of the fundamental waveguide mode, and ∆n = nTM – nTE is the corresponding
birefringence of the group index.

To eliminate this wavelength shift, several solutions have been demonstrated. These include reducing waveguide
birefringence6,7,8, overlapping the TE and TM spectra of the adjacent orders9,10, inserting a half-wave plate in the
middle of the phase array11, and combining buried strip waveguides that have different, but nonzero, birefringence12.
Finally, a polarization compensator inserted in the combiner section was successfully used for elimination of the
polarization dependent wavelength shift in an echelle grating InGaAsP-InP demultiplexer4 and more recently in an
SOI-based AWG demultiplexer5.

2. SILICON-OXIDE-SILICON  POLARIZATION  DISPERSION COMPENSATOR

A polarization compensator is a prism shaped region of the combiner section of an AWG or echelle grating
demultiplexer with a modified TE-TM polarization birefringence. The compensator birefringence may be larger or
smaller than that of the unmodified slab waveguide. For a given wavelength, an appropriately shaped compensator
will refract TE and TM polarized light at slightly different angles, such that the TE and TM light come to a focus at
the same point on the combiner focal plane. In this way birefringence induced shifts in channel wavelength arising
from stress or intrinsic geometrical waveguide birefringence can be corrected. In previous work4,5, the birefringence
of the compensator has been modified by changing the waveguide thickness by etching. However, the waveguide
mode mismatch at the compensator boundary leads to increased polarization dependent loss (PDL) and insertion loss
(IL). It is therefore important to find ways of modifying the slab waveguide birefringence with minimal changes to
the mode shape.

It has been known for more than a century that structures with a specific birefringence can be created by interleaving
materials of different index of refraction at scales smaller than the wavelength of light13. This is known as form
birefringence. The form birefringence of Al2O3/AlGaAs superlattices has been recently used for phase-match
frequency conversion processes in waveguides14.  The polarization dispersion compensator we report in this paper
employs the form birefringence induced by a buried SiO2 layer sandwiched between the Si waveguide core and
another Si cap layer. A cross-sectional view is shown in figure 1, along with an etched compensator5 for comparison.

Figure 1   Cross-sections of combiner regions showing the silicon-oxide-silicon (SOS) and etched compensators.  The
unmodified slab waveguide is on the left of each diagram, the compensator section with altered birefringence is on the right.
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The compensator is a properly shaped section of the input and output combiner slab waveguides, as shown in figure
2. The Si cap layer can be made using amorphous silicon (a-Si) or polysilicon deposition techniques, the former
being used for the devices reported in this paper. The compensating structure alters the birefringence of the slab
waveguide as compared to the unmodified slab waveguide. The compensating region is shaped so that the
wavefronts corresponding to TM and TE slab modes both have the same tilt in the output coupler, thus converging
to the same position at the focal line. This condition results in the following formula that defines the compensator
boundary5:
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where di  is the distance between the end of the array waveguide i and the point where the compensator boundary
intersects a line joining the end of waveguide i and the beginning of the central output waveguide. The locus of these
intersection points defines the boundary between the etched and the non-etched part of the output coupler; d0 =
di(i=0); m is the AWG order; ∆λ = λTM - λTE  is the wavelength shift between the TM and TE spectra to be
compensated; ∆ns = ns,TM – ns,TE and ∆nc = nc,TM – nc,TE are the effective index birefringence of the original slab
waveguide (with no compensating structure) and the compensating region, respectively.

Figure 2  SOI AWG with SOS compensators in the input and output combiners.

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

∆nc = ∆ns –  ∆λ / 335.6    [∆λ in nm] , (2)

as shown in figure 3, curve a, for ∆λ ranging from 0 to 1 nm. This corresponds to a compensator strength4 of γ =
0.76, the latter being the combined strength of two compensators placed in the input and output combiners. For
comparison, ridge waveguide birefringence, ∆nridge ~ n ∆λ /λ, and slab waveguides birefringence are shown by
curves b and c, respectively.

The most important advantage of the SOS compensator as compared to the previously reported etched
compensators4,5 is the improved mode matching at the compensator boundary. In the etched compensators,
difference between waveguide core thickness of etched and non-etched parts of the slab introduces a polarization
dependent loss penalty at the compensator boundary. In SOS compensator, waveguides core thickness is identical
for both the compensator and the complementary part of the coupler, which significantly improves mode matching
between the two regions. This observation is evident from figure 4, showing calculated loss at the boundary of the
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SOS (curves a1 and a2) and etched (curves b1 and b2) compensators. Loss was calculated as an overlap integral
between the fundamental mode intensity profiles in the compensator and original slab waveguide. We assumed
refractive index and thickness of the buried oxide layer of 1.5 and 100 Å, respectively. Refractive index of the a-Si
overlayer was assumed 3.47. The compensator birefringence was varied by changing a-Si thickness from 0 to 2.5
µm in increments of 0.1 µm. The resulting compensator birefringence ranges from 0.002 to 0.005, allowing us to
compensate polarization dependent wavelength shifts up to 1 nm (see also figure 3, curve a). For the etched
compensator, the calculated birefringence is varied by changing etch depth in the compensating region, from 0 to 0.66
µm.

Figure 3  Compensator birefringence required to reduce polarization dispersion ∆λ to zero (curve a), the ridge waveguide
birefringence (curve b), and slab waveguide birefringence (curve c).

Figure 4  Calculated loss at the boundary of silicon-oxide-silicon (SOS) compensator for TE (curve a1) and  TM (curve a2)
polarization; and at the etched compensator boundary (TE, curve b1; TM, curve b2). Note that in contrast to the birefringence
sign convention adopted in this paper (∆n=nTM – nTE), the compensator birefringence in this figure is given as ∆nc=nc,TE – nc,TM .
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The superior performance of the SOS compensator compared to the etched compensator is evident from figure 4.
The loss of the former is decreasing with increasing compensator strength (curves a1 and a2) up to ∆nc ~ 0.0035,
while it is increasing for the latter (curves b1 and b2). For ∆nc ~ 0.0035, the mode coupling loss of SOS
compensator is insignificant (better than 0.2 dB) for both TE and TM polarization, with a PDL of less than 0.2 dB.
For the etched compensator of an equivalent strength, the TE and TM loss approach 3 dB, and PDL is larger than for
the SOS compensator over most of the range. For the geometry assumed in figure 4, ∆nc ~ 0.0035 is an optimum
birefringence yielding best SOS compensator performance.

Increasing SOS compensator strength further up to the saturation near ∆nc ~ 0.005, the TM loss (curve a2) is
insignificant while the TE loss (curve a1) is slowly increasing, the latter still being more than 2 dB lower than that
of the etched compensator. In this range, PDL for SOS and etched compensator have opposite signs, and in principle
a PDL-free operation can be achieved in this compensating range by combining the two compensators. Another
advantage of the SOS compensator, not evident from figure 4, is that the optimum birefringence (~ 0.0035 in this
figure) can be adjusted by changing design and fabrication parameters, so that it is near to the value required for
compensating ∆λ measured for a given device. This can be done for example by changing the thickness of the
buried oxide layer, or of the a-Si refractive index. Finally, there is a 1.6 dB loss at the compensator boundary of both
SOS and etched compensators, for zero a-Si thickness and zero etch depth, respectively. This is due to mode
mismatch caused by the window in the oxide cladding, which also provides a small amount of polarization
compensation. The calculated birefringence change due to the masking oxide window is ~ 7⋅10-5 (for an oxide of
refractive index 1.5 and thickness > 0.2 µm), which compensates approximately for 0.02 nm of the polarization
dependent wavelength shift.

Figure 5  The calculated a-Si layer thickness required for full compensation of polarization dependent wavelength shift ∆λ, for
different a-Si refractive indices n and thickness d of the buried oxide layer. Curve a: n = 3.476, d = 200 Å; Curve b: n = 3.476, d
= 400 Å; Curve c: n = 3.4, d = 200 Å; Curve d: n = 3.3, d = 200 Å. 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 and index of a-Si layer and/or the buried oxide
layer. The a-Si refractive index will depend on deposition and processing conditions. Figure 5 shows the a-Si layer
thickness required to compensate polarization dependent wavelength shifts ∆λ ranging from 0 to 0.5 nm, for several
different buried oxide thicknesses and refractive indices of the a-Si layer. Thinner a-Si layers are preferred, to avoid
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unwanted waveguiding that can take place in thicker films. It can be observed that a-Si thickness required to
compensate a given ∆λ is significantly decreased by reducing buried oxide thickness, e.g. from 400 Å (curve b) to
200 Å (curve a). It has also been shown that optimum oxide spacer thickness that gives maximum compensator
strength is approximately 150 Å, which slightly increases for decreasing a-Si refractive index.

An important observation from figure 5 is that maximum compensatable ∆λ (maximum compensator strength) is
limited by maximum refractive index of a-Si overlayer, na-Si . For na-Si ~ 3.476 (bulk monocrystalline silicon near
1550 nm), there is no compensation limit for ∆λ range shown in figure 5. However, reducing na-Si below 3.476 may
significantly reduce the compensator strength, limiting maximum compensatable ∆λ to ~ 0.23 nm for na-Si of 3.4
(curve c) and further to ~ 0.11 nm for na-Si of 3.3 (curve d). For compensating larger wavelength shifts, it is thus
important to assure that the refractive index of a-Si overlayer is high enough, preferentially above 3.4.

3. EXPERIMENTAL RESULTS

Our AWG demultiplexer (see figure 2) has nine input and nine output ridge waveguides, with input and output
combiner slab waveguide section with polarization compensators. The array consisted of 100 ridge waveguides with
a grating order of m = 49. Minimum separation between the arrayed waveguides was 4 µm at both ends of the
phased array. Two types of devices were fabricated, with nominal ridge widths in the array of 1.5 and 2 µm,
respectively, tapered out to 3 µm at the ends of the array. The separation between the output waveguides at the
output coupler focus located at Rowland circle mount13,14 was 8.8 µm, the focal length of the combiner (coupler)
slab regions r = 1.5 mm. This design gives a 200 GHz channel spacing, corresponding to a wavelength spacing of
∆λ = 1.6 nm at 1550 nm. Minimum radius of curvature of the waveguides was 400 µm, and overall chip size was
approximately 5×5 mm.

We used SOI wafers made on Si (100) substrates. The buried oxide layer was 0.37 µm thick, and the Si layer was
2.22 µm thick. The initial layer of approximately 0.2 µm of Si was formed by the SIMOX process, and the rest was
grown by epitaxy. Two methods were used to etch the waveguides and the grating sections. One set of devices was
etched using inductively coupled plasma (ICP) reactive ion etching (RIE), producing smooth vertical side-walls.
Another set of devices was made using wet etching. The Si layer was etched in a potassium-hydroxide mixture with
water and isopropyl alcohol at 40°C. The etch was an anisotropic, and the width of a curved waveguide varied
depending on the angle between that section of the waveguide to major crystal planes. Plasma enhanced chemical
vapor deposition (PECVD) was used to deposit approximately 1 µm of SiO2 as the top cladding layer. The refractive
index of this layer was n ~ 1.5, as measured by ellipsometry at 633 nm. For the compensator structure, the SiO2 and
a-Si layers were also deposited with PECVD. The buried oxide layer had an index of n = 1.47 at 633 nm. The
optical constants of the a-Si film, shown in figure 6, were measured using a spectroscopic ellipsometer.

We used our SOS compensating technique in several devices, both wet and ICP etched. We found that wavelength
shifts about 2 nm are readily achievable. This range is more than sufficient for ∆λ compensation in practical SOI
AWG devices. It should be noted that the measured wavelength shifts are actually larger than those predicted by the
theory for the measured refractive index and thickness of our a-Si films. We believe that this extra compensating
strength is caused by stress due to a-Si layer on the ridge waveguides in the phase array, as in our experiments a-Si
was deposited over the entire sample. Figures 7 and 8 show images of a-Si film overlaying the ridge waveguide, for
wet and ICP etched devices, respectively.

We found that the compensator strength is consistent with that calculated for measured a-Si index and thickness only
if the stress induced birefringence in the ridge waveguide is in the range from 0.003 to 0.006, depending on a
particular waveguide geometry. We attribute this stress birefringence to the a-Si layer on the ridge waveguides in the
phase array region. The experiments are ongoing to examine the stress influence, but the results we report suggest
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that the stress-induced birefringence in the phase array, or in a section of thereof, may be another useful technique
for making polarization independent SOI arrayed waveguide grating devices.

Figure  6   Refractive index (n) and extinction coefficient (k) of a 1.026 µm thick a-Si film deposited by PECVD on a 1200 Å
thick SiO2 film on a Si substrate, as measured by spectroscopic ellipsometry. The measured a-Si refractive index is 3.45 at 1550
nm.
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Figure 7  Cross-section of a wet etched SOI
waveguide with a-Si overlayer.

Figure 8   Cross-section of an ICP etched SOI
waveguide with a-Si overlayer.
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5. SUMMARY

In this paper we report theoretical and experimental results on compensating polarization dispersion (∆λ) in compact
silicon-on-insulator AWG demultiplexers. The compensator structure consists of a buried low index layer, in this
case SiO2 sandwiched between the Si waveguide layer and another Si cap layer. The compensating regions have
prism-like shape and are located in input and output couplers (slab waveguides) of the AWG demultiplexer. Given
the compensator is made in a slab waveguide, it can be used for compensating polarization dispersion in any devices
containing the latter, including echelle grating devices. The main advantages of our silicon-oxide-silicon (SOS)
compensator as compared to the other techniques, particularly to the etched compensator, are its low loss and PDL
over a large range of ∆λ. The compensator is simple to fabricate by standard oxide and a-Si or polysilicon
deposition techniques. In our preliminary experiments, we demonstrated inducing polarization dependent
wavelength shifts of about 2 nm. Our results suggest that the stress induced by a-Si overlayer on the ridge
waveguides in the phase array may significantly contribute to the measured wavelength shifts.
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