JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 31, NO. 11, JUNE 1, 2013

1821

Low-Polarization-Dependent Silica Waveguide
Monolithically Integrated on SOI Photonic Platform

Hidetaka Nishi, Member, OSA, Tai Tsuchizawa, Hiroyuki Shinojima, Toshifumi Watanabe, Sei-Ichi Itabashi,
Rai Kou, Member, IEEE, Hiroshi Fukuda, Member, IEEE, and Koji Yamada, Member, IEEE

Abstract—We developed a low-polarization-dependent silica-
based waveguide, which can be monolithically integrated with
a silicon (Si) waveguide device on a silicon-on-insulator (SOI)
substrate. For the monolithic integration, silica-based materials
must be deposited at low temperature in order not to damage
Si waveguide devices. Due to this low-temperature fabrication
method, however, the silica films exhibit high residual stress, re-
sulting in high material birefringence. In order to compensate for
this birefringence, we introduce a multi-layer core structure. First,
we design the structure taking the monolithic integration with the
Si waveguide devices into account. Then, the designed waveguides
and arrayed-waveguide gratings (AWGSs) are fabricated using
low-temperature fabrication processes. Next, we experimentally
confirm that the waveguide exhibits low waveguide birefringence.
In addition, we monolithically integrate the AWG and Si wave-
guide devices.

Index Terms—Birefringence, monolithic integation, polariza-
tion, Si photonics, SiO, waveguide.

I. INTRODUCTION

ILICON (Si) photonics technology has the potential
S to provide highly integrated and cost-effective pho-
tonic-electronic integrated devices. In this technology, photonic
waveguide devices are mainly composed of Si waveguides
fabricated on an Si-on-insulator (SOI) substrate. By utilizing
the strong optical confinement of Si waveguides with submi-
crometer dimensions, ultrasmall wavelength filters have been
developed [1], [2].

However, the strong optical confinement also has a harmful
effect. Namely, the effective refractive index of the Si wire
waveguide significantly changes due to the error of several
nanometers in the fabrication of the Si core. Therefore, a filter
device exhibits large polarization dependence even if the core
geometry is designed so that birefringence is eliminated. In
addition, Si wire waveguide devices exhibit higher propaga-
tion loss and temperature dependence than silica-based ones.
These issues are critical for the implementation of Si photonics
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devices to loss-, temperature-, and polarization-sensitive appli-
cations, such as in long-distance optical telecommunications
networks. To resolve these issues, instead of the Si wire wave-
guide, a Si waveguide with micrometer core dimensions [3] and
silicon-nitride (SiN) [4] and silicon-oxide (SiO,.) waveguides
[5]-[7] have been examined and successfully integrated on the
SOI photonic platform.

In particular, SiO, waveguides are promising because they
exhibit low propagation loss and a low thermo-optic coefficient.
For the monolithic integration, the SiO,, film must be deposited
at low temperature in order not to damage Si waveguide de-
vices. Recently, we have developed a low-loss SiO,. waveguide
that can be fabricated at low temperature [5]. However, the films
prepared by this low-temperature deposition method contain
compressive stress of several hundred mega-pascals. Conse-
quently, the SiO,. waveguide exhibits waveguide birefringence
on the order of 102, which is about ten times larger than that
of silica-based waveguides [8].

A lot of methods for reducing waveguide birefringence have
been reported, all of which are based on one of two strate-
gies. One is stress reduction, which involves the addition of
stress-releasing grooves [9], [10], making a ridge-shaped under-
cladding [8], and adjusting thermal expansion coefficient [11].
The other is the addition of inverse birefringence and compen-
sation, which involves adjustment of the aspect ratio of the core
geometry [12], deposition of a stress inducer [13], and insertion
of a high-index layer into the bottom of the core [14].

In this paper, we report an SiO,. waveguide with a multi-layer
core structure. First, we design the structure and confirm that
the large birefringence of the order of 10* can be compen-
sated. In addition, we optimize the structure taking the integra-
tion with the Si waveguide devices into account. Next, we actu-
ally fabricate the waveguides and arrayed-waveguide gratings
(AWGs) using low-temperature fabrication methods. The fab-
rication process is highly compatible with the complementary
metal-oxide semiconductor (CMOS) process. Then, we eval-
uate the fabricated devices, and confirm the feasibility and va-
lidity of the multi-layer core design to reduce the waveguide
birefringence. Finally, we monolithically integrate them with
the Si waveguide devices.

II. DESIGN

Fig. 1 is a schematic cross section of a multi-layer core struc-
ture. For the monolithic integration, a buried-oxide (BOX) layer
of an SOI substrate is used as an undercladding. The SiO,, core
and SiO- overcladding are fabricated on this BOX layer [5]. The
compressive stress in the fabricated film is higher in the hor-
izontal direction than in the vertical direction to the substrate

0733-8724/$31.00 © 2013 IEEE



1822

Overcladding (SiOs: n = n,)

Core (SiO,: n = ne¢)

high-n layer

h
(n =ng) core

Weore

Undercladding (SiOz: n = n,,)

Fig. 1. Schematic cross section of SiO, waveguide with a multi-layer core
structure.

plane, and makes the refractive index in the vertical direction,
Tiyers, higher than that of horizontal direction, ny,, [15]. Here,
we define material birefringence An as An = npor — Nvers-
As we noted above, An < 0. This negative An leads to a
higher effective refractive index for the transverse-magnectic
(TM) mode, nTn, than for the transverse-electric (TE) mode,
nte. Here, we define waveguide birefringence B as B = ntg—
ntM. In order to compenste B, in this work, a high-refrac-
tive-index (high-n) layer is inserted into the SiO,, core as shown
in Fig. 1. By the insertion of the high-n layer, the negative
Amn still remains in the SiO,, core and SiO5 overcladding, but
positive waveguide birefringence occurs due to the structural
asymmetry because the TE mode is easier to confine in a hori-
zontal high-n layer than the TM mode. Therefore, even though
negative An remains in the SiO,, layer, this positive structural
birefringence enables compensation of negative I3 of the wave-
guide.

In designing the multi-layer core structure, we use the fol-
lowing three parameters: the refractive index of the high-n layer
ngr, thickness of the high-n layer £z, and insertion position of
the high-n layer by, which are defined in Fig. 1. The other pa-
rameters were the same as in our developed waveguide design
[5]. Namely, Acore and weere, Which were both set to 3.0 pm,
and n,, n., and n,, which were set to 1.468, 1.505, and 1.444,
respectively. Before the design is started, An in the SiO,, core
and SiO2 overcladding should be understood. We estimate An
by the following procedure. First, we measured the polariza-
tion-dependent wavelength shift, PDA = Arg — Ay, of an
AWG based on SiO,, waveguides with a monolayer core. ATg
and Aty are center wavelengths of the AWG passband for each
polarization. The AWG in this work consists of SiO, waveg-
uides and has 16 channels with 200-GHz spacing. The number
of arrayed waveguides is 64. The waveguides have a minimum
bending radius of 500 pm and path-length difference of 55.4
pm. Focal length of the slab region is 1.75 mm. The measured
PDA is —4.39 nm. Next, we calculated B by substituting the
obtained PD X into following equation;

B
PD) = —\rg.
nNTE

(1

After that, we estimate An from the obtained B. We repeat-
edly calculate the nTg and nTy; with varying An so that the
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B becomes the value calculated above. Here, for the calcula-
tion, we use a commercial mode solver based on the film-mode-
matching method [16], [17] and assume that An is homoge-
neous and independent of thickness in the core and overcladding
layers. Finally, we find that An is —4.4 x 1073,

A. Refractive Index of the High-n Layer

We begin with the design of ng. For the calculation, the
wavelength is set to 1550 nm. Fig. 2 shows the calculated 7 de-
pendence of | B| for various ny ’s. Here, iy was set to 1.5 pm.
For simplification, we considered only the fundamental modes
for the both polarizations. As shown in Fig. 2, with ng of over
1.65, we can obtain |B| of less than 107°. As ny becomes
higher, optimum #z becomes smaller. Meanwhile, with ng of
1.61, we can not obtain | B| of less than 6.55 x 10~%. This is
due to the birefringence in the high-n layer. As the ny becomes
low, the required £z becomes large and the propagation mode
becomes more confined in the high-n layer. With this strong
confinement, the positive structural birefringence decreases and
becomes too small to compensate the negative An in the SiO,,
material. In addition, the effective indexes then significantly re-
flect the influence of An in the high-n layer. In this calculation,
we assume that An is negative and homogeneous in the whole
core and overcladding region. Hence, when we set ngy to 1.61,
the B can not be compensated. For a more accurate design with
ng of a relatively low value, a table of An in the high-n layer
may be required, which would vary depending on the n g value,
material, and fabrication method.

In contrast, with ny of a relatively high value, we do not
need to carefully consider the uncertainty of An in the high-n
layer. Therefore, in order to simply confirm the validity of the
multi-layer core structure, it is favorable to choose a high ng
material. In this work, we choose SiN as a high-n material. SiN
has a relatively high refractive index and can be fabricated at
low temperature by CMOS-compatible processes. The refrac-
tive index of the SiN we fabricated is 1.90, slightly low com-
pared with the commonly reported value of about 2.0 [18]-[20].
The difference occurs because of differences in the fabrication
methods. We will describe the detail of our SiN fabrication later
in the fabrication section.
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Fig. 3. Calculated i z dependence of substrate-leak loss for each polarization
(left axis). t 7 was set as the optimum value for each insertion position / p (right
axis). ngy was set to 1.90.

B. Thickness and Inserting Position of the High-n Layer

Next, we design ¢z and hy taking into account two issues
about loss performance. One is optical leakage to the Si bottom
substrate of the SOI wafer. Propagation modes of the SiO,
waveguide are confined more weakly and more sensitively to
substrate leakage than those of Si wire waveguides. In addition,
commercial SOI wafers for use in Si photonics often have a
BOX layer with a thickness of less than 3 ;sm, which is not
thick enough for an SiO, waveguide to isolate propagation
modes from substrate leakage. Therefore, substrate-leak loss
can easily increase. To cope with this issue, our approach is set
hgr as high as possible to separate the propagation mode from
the Si substrate.

To confirm the validity of this approach, we calculated the
substrate-leak loss with /g as a parameter using the mode
solver. For the substrate-leak loss calculation, we placed a thin
Si layer under the 3-pm-thick BOX layer and set a transparent
boundary condition at the bottom edge of the computation
window. The optimum ¢z to achieve birefringence compensa-
tion varies depending on iz . So, for each by, we calculated the
optimum %z in advance, and then calculated the substrate-leak
loss using each optimum 7.

Fig. 3 shows the calculated sz dependence of substrate-leak
loss for each polarization (left axis). The optimum 7 for each
hgr is also shown (right axis). The ng was set to 1.90. As we
expected, the substrate-leak loss decreases as Ay increases for
both polarizations. As a reference, the substrate-leak loss of the
Si0, waveguide without the high-n layer (what we call “the
monolayer-core waveguide” hereafter) is also shown. With hy
of over 1 pm, the substrate-leak loss becomes lower than that
of the monolayer-core waveguide for both polarizations. Owing
to the reduction of the substrate-leak loss, the polarization-de-
pendent loss (PDL) is also suppressed. Here, the PDL is defined
as the difference of the losses between polarizations. With /gy
of over 1 pum, the PDL per unit length becomes less than 0.1
dB/cm. We might slightly reduce the substrate-leak loss by set-
ting i gz more higher. Meahwhile, the setting /g too high seems
to have an adverse influence on the other issue: conversion loss
at a spot-size converter (SSC).
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Fig. 4. Calculated h ;4 dependence of SSC conversion loss.

From the viewpoint of monolithic integration with the Si
waveguide, the SSC is indispensable. In this work, we consider
an SSC consisting of an Si taper and the covering SiO,, core
[5]. With this SSC, conversion loss may change depending on
hg. Therefore, to develop a low-loss SSC, we calculate the
SSC conversion loss with hy as a parameter. Fig. 4 shows
the hz dependence of SSC conversion loss calculated by the
eigenmode-expansion method [17]. In each calculation, we set
the following dimensions in common: Si-taper tip width of 60
nm, which is expanded to 300 nm with a 300-pm-long taper
and connected to the Si-wire-waveguide core; and taper height
of 300 nm, which is consistent with the Si wire waveguide. The
ng was set to 1.90, and £ was set in the same way as that in
the substrate-leak-loss calculation. In Fig. 4, we also show the
conversion losses of an SSC consisting of the monolayer-core
waveguide as a reference.

First, we discuss the conversion loss for the TM mode, which
exhibits a higher value than the TE mode. In the SSC consisting
of the monolayer-core waveguide, this high TM loss originates
in mode mismatch at the interface between the SiO,, waveguide
and the Si taper tip. Because of the Si height of 300 nm, the TM
mode at the Si-taper tip is well confined in the Si. On the other
hand, by narrowing the Si-tip width, the TE mode is less con-
fined to the Si and leaks out to the covering SiO,, core. So, the
mode mismatch is small. Therefore, the PDL is as high as over
0.6 dB with the monolayer-core SiO, waveguide. One way to
reduce the loss for the TM mode and PDL is to decrease the
Si height. However, from the viewpoint of polarization depen-
dence in Si waveguide devices, it may happen that the Si height
must be set to the designed value and should not be lower. For
example, an Si variable optical attenuator must be fabricated
with a designed Si height to make it polarization independent
[21].

Fortunately, the high-n layer insertion helps to weaken this
strong confinement of the TM mode and decrease the mode mis-
match. As shown in Fig. 4, the SSC conversion loss for the TM
mode decreases as hy increases from 0.4 to 1.5 pm, and it be-
comes lower than that with the monolayer-core with i g of over
1 pm. This is because the mode mismatch decreases as g in-
creases, exhibiting the minimum value of 0.28 dB/SSC with A gy
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Fig. 5. Calculated mode-field profiles for both polarizations. (a) is for without
high-n layer and (b) is for with high-» layer. n g, h g, and t 5 are set to 1.90,
1.5 jem, and 45.5 nm, respectively.

of 1.5 ypm. Meanwhile, as /g increases from 1.5 4 to 2 f4m, the
SSC conversion loss increases. This also originates in the mode
mismatch. For the TE mode, on the other hand, the SSC conver-
sion loss is less than 0.1 dB with Az of 1.5 pm. The PDL is less
than 0.3 dB/SSC. Thus, taking the substrate-leak loss and the
SSC conversion loss into account, we concluded that iy of 1.5
pm is the best. With Ay of 1.5 um, the calculated optimum ¢
is 45.5 nm. Fig. 5 shows caclucated mode-field profiles for both
polarizations. Using the measurement results for the fabricated
device, we will finely adjust the 7z and optimize it to obtain the
minimum |B]|.

III. FABRICATION

First, on the 3-psm-thick SiO5 layer, we deposited SiO,, and
SiN layers with the designed thickness using a low-temperature
fabrication method based on plasma-enhanced chemical vapor
deposition (PECVD) technology with electron-cyclotron-reso-
nance (ECR) plasma [5], [22], [23]. The refractive index of the
Si0,, layer was adjusted to be 1.51 by changing the gas flow
ratio of SiHy and Os [5]. For the deposition of the SiN layer,
we used an SiH4 and N2 gas mixture. Owing to this fabrication
method, the SiN consists of Si, nitrogen, and hydrogen. During
the deposition, the N2 gas flow rate was high enough to saturate
the nitrogen content in the film. The obtained refractive index
is 1.90 at 1550 nm. As we mentioned in the design section, this
index is slightly lower than that of commonly reported SiN films
because of the fabrication method. In fact, similar low refractive
indexes have also been obtained by the low-temperature ECR
PECVD method [23]. Next, we defined the waveguide’s core
and AWG pattern using ultraviolet lithography and plasma re-
active-ion etching. Finally, we deposited the SiO, overcladding,
also using ECR PECVD. These fabrication processes were per-
formed at low temperature of less than 200 degrees Celsius. In
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addition, the processes mentioned above were introduced for
the monolithic integraton of an SiO,, AWG and Si variable op-
tical attenuators (VOASs), and we fabricated an AWG-VOA in-
tegrated device. The detailed integration process is reported in
[5], [24]. The fabricated chips were diced to couple the light
from the facet.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. SiO, Waveguide With the Multi-Layer Core

First, we measured propagation losses of fabricated wave-
guides with various Zz values. The propagation loss was esti-
mated from the slope of the relationship between transmittance
and waveguide length. The transmittance was obtained as fol-
lows: We measured the transmission spectra using a C-band am-
plified-spontaneous-emission (ASE) light source and an optical
spectrum analyzer (OSA). The light from the ASE source was
adjusted for optimum polarization using an in-line polarization
controller and put into a thermally-fused high-numerical-aper-
ture (high-NA) fiber with mode-field diameter of 4.1 um. The
high-NA fiber was butt-coupled to the facet of the fabricated
chip with index-matching oil. The output light was put into the
OSA in a similar way to the input. The measured transmitted
power spectrum was normalized by a fiber-to-fiber power spec-
trum. The transmittance was evaluated at 1530, 1550, and 1570
nm. At each wavelength, the transmittance was calculated from
the averaged value within each center wavelength +1 nm.

Fig. 6 shows the relationship between Zy and propagation
loss. For the monolayer-core waveguide, the propagation losses
at 1550 nm for the TE and TM modes were 0.67 and 0.66 dB/cm,
respectively. By the insertion of the high-» layer, additional loss
emerged. This additional loss increases as ¢z increases. With
tz of 50 nm, the propagation losses were 0.91 and 0.88 dB/cm
for the TE and TM modes, respectively. As the origin of addi-
tional loss, we consider absorption loss in the SiN layer. Hy-
drogen-containing SiN film has broad N-H absorption centered
at around 1500 nm [25]. Of course, the loss due to this N-H ab-
sorption loss increases as Zz increases. In addition, regarding
wavelength dependence under the same ¢z, the measured prop-
agation loss was higher at 1530 nm than at 1570 nm. This result
is consistent with the fact that the N-H absorption loss is higher
at 1530 nm than at 1570 nm due to the long absorption tail.
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Fig. 7. Spectra of fabricated AWGs. (a) and (b) correspond to ¢z of 0 and
40 nm, respectively.

Moreover, regarding polarization dependence under the same
tm, the propagation loss for the TE mode was higher than that
for the TM mode. This is also consistent with the fact that the
TE mode is more confined in the high-» layer than the TM mode
as we mentioned in the design section. Therefore, we concluded
that the additional loss occurred because of absorption loss at the
SiN layer. Unfortunately, the effect of the high-» layer insertion
to suppress the substrate-leak loss was not observed explicitly
because the N-H absorption loss was too high to confirm that
in the C-band. A promising way to avoid this additional loss is
to use hydrogen-free SiN film. For example, we could fabricate
such a film by Si sputtering in Ny atmosphere [26] instead of
the PECVD deposition used in this work.

B. AWG Based on SiO,, Waveguide With Multi-Layer Core

Next, we confirm birefringence compensation through AWGs
measurements. Fig. 7 shows measured spectra for fabricated
SiO0, AWGs. The AWG with the monolayer-core waveguide
(tz = 0 nm), shown in Fig. 7(a), exhibits large PDX of —4.39
nm on average. On the other hand, we obtained PDA of —0.31
nm from the AWG with ¢z of 40 nm, as shown in Fig. 7(b).
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Here, birefringence compensation by insertion of the high-n
layer is clearly confirmed. Fig. 8 shows the calculated and mea-
sured relationships between ¢z and B. As ty increases, B in-
creases and changes from negative to positive betweentz = 40
and 50 nm. The experimental results exhibit the same tendency
and well agree with the calculation. The error between the ex-
perimental and calculated value is relatively big with £z of 100
nm. We guess this is due to the assumption in the calculation as
we mentioned in the design section. In addition, the estimated
An in the SiO,, and SiO layer might be varied by the insertion
of the high-n layer, and this effect might become apparent with
large £z . The obtained minimum B was 3.0 x 10~* when i g
was 40 nm. A further decrease of | B| will be achieved by pre-
cise control of 5.

Here, we discuss the PDL of the AWGs. As shown in
Fig. 7(b), the PDL was less than 0.9 dB for all channels even
though a 40-nm SiN layer was inserted. Of this PDL, 0.6
dB originates from additional loss of the multi-layer core
Si0, waveguide. This PDL will be reduced by using the hy-
drogen-free SiN as we mentioned above. Residual PDL of 0.3
dB may occur at the fiber coupling. In fact, with the insertion of
high-n layer, the mode mismatch at the interface between the
high-NA fiber and SiO, waveguide increases. We guess that
this mode mismatch leads to the PDL at the fiber coupling. As
future work, we will further decrease the PDL by introducing a
specific design for the fiber coupling [27].

C. Monolithic Integration of SiO,, Waveguide With
Multi-Layer Core and Si VOAs Using SSC

Finally, we monolithically integrated this multi-layer core
Si0, waveguide and the Si-wire-waveguide device. Fig. 9 is
a top-view image of a fabricated device. An SiO,, AWG is inte-
grated with Si VOAs using SSCs. The details of the integration
structure are described in [5] and [24]. The Si VOA is based on a
Si wire waveguide with a p-i-n carrier-injection structure and is
designed for polarization-independent operation [21]. The SiN
layer was fabricated with £z of 42 nm. This value was obtained
from interpolation of the experimental results on the Fig. 8 so
that B became zero.

The transmission spectra of a single channel of a fabricated
device are shown in Fig. 10(a). In order to obtain this spectra,
we input constant optical power and applied bias voltage to
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attenuation of the VOA. (b) The VOA attenuation dependence of the PDL (left
axis) and the PDA (right axis).

the Si VOA in three levels to obtain attenuation of 0, 10, 20
dB. On each attenuation level, the applied bias was the same
for the TE and TM modes. We confirmed that the fabricated
AWG and VOA operated well. The multi-layer core SiO,, wave-
guide was successfully integrated without thermal damage to
the Si waveguide devices. In addition, apparently, the polariza-
tion dependence of the fabricated AWG-VOA device is low.
Fig. 10(b) shows VOA-attenuation dependence of the PDL and
PDA. PDA is less than 0.1 nm regardless of the VOA attenua-
tion. This result demonstrates the validity of the multi-layer core
Si0,, waveguide. In addition, the precise control of £z enables
us to obtain significantly low PDA.

Another issue is the PDL, which is 1.6 dB without the VOA
attenuation. The PDL was estimated at the wavelength of
1564.53 nm. Of this PDL, 0.8 dB originates from the propaga-
tion loss of the multi-layer core SiO, waveguide. The measured
propagation losses of the integrated SiO, waveguide for the
TE and TM modes were 1.5 and 1.1 dB/cm, respectively. In
comparison with the stand-alone waveguide, the propagation
loss evidently increases. The high propagation loss leads to the
high PDL of the SiO, waveguide. We guess this is due not to
the multi-layer core structure but to the monolithic-integration
process for the Si VOAs. We will decrease the propagation loss
and the PDL by improving the integration process. Besides,
the PDL at the SSC was estimated to be only about 0.1 dB. We
confirmed that the multi-layer core structure does not degrade
the PDL at the SSC. The residual PDL of about 0.8 dB occurred
at the Si waveguide, diffraction in the AWG, and the fiber
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coupling. Among them, the fiber coupling is the main PDL
source. The PDL was 0.5 dB. This value differs 0.2 dB from
the stand-alone AWG measurement. We guess the difference
emerges because of measurement error. In order to decrease the
PDL at the fiber coupling, the careful design of the waveguide
structure at the fiber-interface is promising as we mentioned
about the stand-alone SiO, AWG.

V. CONCLUSION

We developed an SiO, waveguide with low birefringence
using a multi-layer core structure. The SiO, waveguide can
be fabricated at low temperature and monolithically integrated
with Si waveguide devices on the SOI photonic platform. To-
wards implementation of the Si photonics devices for applica-
tions such as telecommunications that require low-loss, thermal
stability, and polarization insensitivity, the SiO,, waveguide pro-
vides leverage.
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