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Abstract— The Silicon-on-Insulator (SOI) platform allows to
make ultra-compact photonic integrated circuits by means of
standard processes used for silicon CMOS. Basic properties of
SO1 waveguides and the coupling to fiber are briefly discussed.
Afterwards,  various  WDM-components  (filters  and
demultiplexers) based on high-contrast nanophotonic waveguides
in 501 are reported.

I. INTRODUCTION

The implementation of photonic ICs for Wavelength
Division Multiplexing (WDM) functions can be done by
means of a variety of material systems. For passive functions
such as filters and demultiplexers, Silica-based technologies
have been wvery successful to meet the demanding
requirements of WDM systems in terms of spectral behaviour
(bandwidth, crosstalk...) and losses. However the low
refractive index contrast in the Silica system results in large
dies, mainly because the waveguide bends have radii in the
millimeter range.

In contrast, a Silicon-on-Insulator (SOI) substrate offers the
possibility to make waveguides with very high refractive
index contrast of the order of 2 10 1 in all directions of
confinement. With such strong confinement the typical
dimensions of the Silicon core are 200 x 500 nm for single-
mode waveguides. These waveguides — often called photonic
wires - allow to reduce the bend radius down to a few
micrometer. For many types of photonic circuits this means
that the die size can be miniaturized by 10-1(KK) times. The
price paid for this dramatic reduction in size is the fact tha
the tolerances on the dimensions are also reduced. The
geometrical precision of the topological layoui needs 1o be of
the order of 10 nm or better, so as to achieve a prediciable and
reproducible effective refractive index as well as 1w reduce the
losses doe to roughness.
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Electron-beam lithography can meet these stringent
requirements and a variety of photonic functions has been
demonstrated in SOI by means of this technology [1-4]. One
of the major advantages however of SOI-based nanophotonic
circuits is the fact that they can be fabricated by means of
standard technologies normally used for the industrial
manufacturing of microelectronic 1Cs, such as deep-UV
lithography.

In this paper, a variety of wavelength-selective functions
implemented in 501 by means of 248 nm deep-UV
lithography are discussed. The fabrication technology has
been discussed in [5]. This technology has allowed to
reproducibly make waveguides with losses of the order of a
few dB/cm. In the next section, we briefly discuss the basic
waveguides and structures for coupling to fiber. Afierwards
the wavelength selective components are presented.

II. SOl WAVEGUIDES

A, Photonic wires

Our structures are made in SOI with a 220 nm thick Si top
layer and a 1 pm buried oxide. Pantern definition in resist is
done using deep UV (DUV) lithography with an illumination
wavelength of 248 nm. The Si layer is then fully etched using
a dry etching process. The resulting sirip waveguide is drawn
in fipure 1. The fabrication process is described in detail
elsewhere [5]. Optionally, a top cladding such as Si0» or
polymer can be applied. Resulting waveguides have both a
high lateral and vertical refractive index conirast and are also
called photonic wires. They are no wider than 600 nm in order
o keep them single mode. Earlier, we demonstrated
propagation losses as low as 2.4 dBfcm for a 500 nm wide
straight wire for TE-like polarisation [6]. These losses are due



Figure | : Basic SOI photonic wire waveguide structure with air top cladding
{left) and silica top cladding (right)

to substrate leakage and scattering at sidewall roughness. The
propagation losses for TM polarisation are much higher than
for TE polarisation. Therefore, in the remainder of the paper
only TE polarisation is considered.

It is possible to reduce the polarisation dependency of
siraight wires by making them more squared [7]. However,
obtaining polarisation independent functional circuits is very
difficult, if not impossible. A polarisation diversity approach
can be used to make polarizaton independent devices with
polarization dependent circuits. Such an approach requires
integrated polarization splitters and polarization converters.

B. Coupling 1o fiber

Coupling light efficiently between a SOI nanophotonic
waveguide and an optical fiber is an important issue. Some
kind of spot-size converter is needed to adapt the mode of a
sub-micrometer sized waveguide to thc mode of a single-
mode fiber. By using an inverted lateral combined with a
fiber-adapted polymer waveguide, a coupling loss below
0.5 dB has already been demonstrated [3,7]. However such a
structure requires a taper tip with a width below 100 nm.
Becanse this is very challenging to fabricate using our
standard deep-UV lithography, we have used grating couplers
as the interface between the integrated circuit and fibers.

An alternative is using grating couplers, consisting of a
rather shallow grating, etched in the top silicon layer, Grating
couplers are interesting structures for efficient coupling of
light into sub-micrometer waveguides. By using a grating
coupler, light can be injected anywhere in an optical circuit
and not only at the edges. So there is no need to polish facets
to couple light in and out. Standard single-mode fiber can be
used and also the semsitivity to alignment errors is better
compared to edge coupling. The grating coupler couples light
to a wide SOI waveguide, this wide waveguide is connected to
a photonic wire by a taper structure. This is illustrated in
fipure 2.

The couplers used to characterize the devices presented in
this paper. have a 610 nm period, 50 nm etch depth and 50%
duty cycle [6]. The transmission spectrum is approximately
Gaussian with a maximum transmission efficiency of 20% and
a 3dB bandwidth of 60 nm. It should be noted that this
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Figure 2 : Grating coupler for coupling between a 501 photonic wire and an
optical fiber.
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Figure 3 : Calculated coupling efficiency to fiber of an optimized grating
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efficiency can be improved dramatically by using more
optimized grating couplers. We have already measured 33%
on improved grating couplers. A further enhancement is the
use of non-uniform gratings and an optimized layer structure.
In [8]. we have presented simulation results on these
optimized grating couplers. The resulting efficiency versus
wavelength is shown in figure 3. It is possible to achieve more
than 90% efficiency when using SOI with an additional mirror
[9] under the waveguide. For standard SOI, the efficiency is
limited to approximately 60%.

These grating couplers are also polarization selective.
However, by extending the principle of the fiber coupling
gratings to 2-D gratings, a polarization splitter coupler can be
made [10] that couples light from the fiber to the fundamental
TE mode of two waveguides. That coupler can be used in 2
polarisation diversity configuration. However, more work 15
needed to improve the efficiency of those couplers.
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II1. RING RESONATORS

Microring resonators in SOI can be a building block for
densely integrated wavelength selective filters, which can be
used for WDM purposes and other applications. The 501
material system used here has both a very high lateral and
vertical index contrast. This enables fabrication of bend
waveguides with radii down to a few mictons with low
radiation loss. This in turn allows for very large free spectral
ranges (FSR) which is important for the fabrication of add-
drop filters. A large finesse and high extinction ratios are
important too. To achieve good add-drop filters, the line
shape of the microring still needs to be altered. This can be
done by using higher-order filters consisting of multiple rings
in series. However, the study of single ring filters is a first
step towards this goal.

Reliable fabrication of such devices i1s challenging
however. In most cases, electron-beam lithography is used to
define patterns in a resist. We present microring resonators in
SOT1 photonic wires fabricated wosing CMOS fabrication
technology, These wires are sirip-like waveguides with
submicron dimensions. The resonators have radii up to 8 pm
and are laterally coupled to two waveguides for coupling in
and out the resonator, We stodied different coupling
alternatives in order to achieve low crosstalk and high finesse
while maintaining a large free spectral range.

A, Circular ring resonators

The first devices fabricated are circular ring resonators
coupled to two straight waveguides. The gap between the ring
and the straight waveguide is limited ro approximately 200 nm
due to technological limitations. This makes coupling between
the ring and waveguides difficult. In Figure 4, the power
coupling coefficient is shown for different gap widths for a
5 pm radius ring. These are the results of simulations based
on coupled mode theory [11]. The coupling coefficient can be
increased by adding a top cladding with a higher refractive
index.

With a 5 pm radios ring, a FSR of 17 nm is obtained but
the drop efficiency is very low due 1o the low coupling. We
applied a BCB 1op cladding in order to enhance the coupling.
The BCE polymer has a slightly higher refractive index (1.5)
than the air cladding. The increase in the coupling coefficient
is clear from simulations (figure 4). Reduced waveguide
dispersion also leads to a net increase of the FSR to 18.5 nm.
The transmission spectra are shown in figure 5. This 15 the
fiber to fiber transmission and includes the losses of input and
output couplers. Due to the low coupling coefficient and the
high FSR, the finesse of this kind of ring resonator is high, up
to 120. However, for WDM purposes coupling should be
increased. Therefore, we looked at other ring resonator
configurations o enhance coupling between the cavity and the
waveguides.
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Figure 4: Simulation of the power coupling coefficient versus gap width

between ring and straight waveguide.
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Figure 5: Detail of transmission spectra of a ring resonator with Spm redius
with a BCE rop cladding

B. Racetrack resonators

One option is to include a straight coupling section, leading
to a racetrack form resonator (Fig. 6). We have fabricated
racetracks with radii of the bend section between 1 and 6 pm.
Transmission spectra of a racetrack with 1 pm radius are
shown in Fig. 6. With a 1 pm radivs, a Q of around 2100 is
obtained and the FSE is larger than 40 nm, but the drop
cfficiency is low. For larger radii, the ring losses decrease
quickly. With a 2 pm radius, the drop efficiency is already
much larger and Q factors in the range 3000-2000 are
obtained. We have also fabricated racetracks with 5 pm radios
and larger coupling section [12]. The larger coupling leads 1o
a high add-drop extinction ratio of -20dB and 50-70% drop
efficiency at () factors still larger than 3000, This is illustrated
in Fig. 7. Due to the larger resonator, the F5R is reduced to
approximately 12 nm.
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Figure 6 : Racetrack with 1 pm bend radius, SEM picrure (top) and
ransmission spectra (bottom)
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Figure 7 : Pass and drop transmission spectra of a racetrack resonator with a
bend radivs of 5 pm and a coupling section length of 3 pm .

C. Ring resonators coupled to bend waveguides.

While racetrack resonators can clearly enhance coupling,
their FSR is limited. Another option is coupling to bend
waveguides [13]. The topology is illustrated by Fig. 8. By
carefully choosing the widths of cavity and bus waveguides, a
good phase matching can be obtained and coupling can be
high without lowering the FSR as in the case of the racetrack
resonator. We fabricated bend-coupled resonators with 5 pm
and 8 pm radivus. The amount of coupling is varied by varying
the angle over which both waveguides are coupled. Coupling
is large enough to obtain a relatively high extinction ratio (-10
to -15dB) and high drop efficiency, although these first
devices not optimized vet.

Figure #: SEM picture and transmission spectra of 2 bend-coupled ring
resonator with 5 pm radius

The dimensions of these ring resonators are critical. The
gap of the directional coupler is typically 200-250 nm wide
and the coupling strength depends strongly on this value. The
width of the waveguide in the ring has a strong influence on
the resonance wavelength: a width change of 5 nm leads to a
shift of about 15 nm. This sensitivity calls for a thorough
optimisation of the design and fabrication process including
line bias effects and proximity corrections.

D. First order demultiplexer

We have fabricated a 4 channel add-drop filter with
racetrack resonators with different radius [14]. By varying the
radius, the resonance wavelength is changed and each cavity
is tuned to another set of dropped wavelengths. One musi
keep in mind that with this approach the FSR also varies.
Figure 9 shows the overlaid transmission spectra for 4
resonators with bend radius 6, 6.02, 6.04 and 6.08 pm. A
BCB 1op cladding was applied. We see that a large part of the
FSR can be reached by changing the radius over only 80 nm.
However, the resonance wavelength doesn’t increase linearly
with the radius. This is parily due the discretisation on the
mask, but other configurations will be smdied to avoid this
problem and achieve better control of the wavelength spacing.

118




trarsmission [4B]

k.

0
Figure 9: Overlaid transmission spectra of a 1-by-4 demux with 4 racetrack
resonators with varving bend radius (indicated)

IV. ARRAYED WAVEGUIDE GRATINGS

Generally arrayed waveguide grating (AWG) devices can
serve as multiplexers, demultiplexers, filters and add-drop
devices in WDM applications. Currently, Silica-on-silicon
AWGs are commercially available devices and have a
footprint of several cm”.

We have designed and fabricated an 8-channel AWG in
S0I. The device, shown in figure 10, has a footprint of
380 pm x 290 pm, or about 0.1 mm’. The on-chip insertion
loss is approximately 8 dB. The channel spacing is 3 nm, with
a free spectral range of 24 nm. However, the crosstalk is still
significant, between 6 dB and 9 dB [15]. The transfer from an
input port to the 8 output waveguides is also plotted in Figure
10. We believe the insertion loss is mainly caused by
reflections in the star coupler and can be reduced by adapting
the transition zone berween the grating arms and the star
coupler.

The main problem however is the high crosstalk level,
limited to values around =7 dB, which is clearly not sufficient
for practical applications. Also in [1] an AWG fabricated
using SOI-wires was presented. The authors optimized the
devices for compactness and demonstrated a 110 x 93 pm’
device with a 6 nm channel spacing and a 90 nm FSE.
However, also in this case, the crosstalk was limited to a few
dB.
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Fig. 10 Microscope image of the E-ch,u.nnr,l AWG and superimposed plot of
the # transmission spectra.

The high crosstalk may be cansed by several reasons such
as reflections or overspill in the star coupler. We believe the
crosstalk is mainly caused by phase errors in the grating arms
however. Due to the high refractive index contrast even the
very small roughness can lead to random phase fluctations
over the array arms and lead to the observed crosstalk level.

V. CASCADED MACH-ZEHNDER (CMZ) FILTERS

S01-wire based Cascaded Mach-Zehnder interferometers
have been demonstrated by several authors [16,17]. As
shown in figure 11, such filters consist of a series of Mach-
Zehnder interferometers with constant path-length difference
but with varying coupling ratio. The coupling ratios are
optimized to obtain the desired wavelength dependend
transmittance. A CMZ filter can be designed for Chebychev-
type filter behaviour with low sidelobe levels.

Figure 11 shows an example of a 5-stage CMZ, consisting
of 6 directional couplers and 5 delay sections. The isolated
waveguides have a width of 565 nm while the waveguides in
the coupling sections are only 535 nm wide due to optical
proximity effects. The gap width itself is 220 nm. Figure 12
shows the transmission characteristic of this component in
both the pass and the drop port, normalized to the
transmission of a simple straight waveguide. We can see a
well-defined filter characteristic with a bandwidth of 2.6 nm, a
free spectral range of 17 nm and a coupling efficiency of

gap width = 230mm
waveguide width = 535

waveguide width = BE5nm
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Fig. 11 Design of a 5-stage CMZ filter.
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Fig. 12 Transmission characteristic of the five-stage CMZ from figure 11.

almost 100%. The crosstalk of 10 dB is still relatively high
and caused by a non optimized choice of the coupling ratios
and by phase errors in the interferometers.

In [16], a similar device having a —12 dB crosstalk level
and a 80 nm spectral range was demonstrated. By cascading
three devices in series, the crosstalk could be increased to =30
dB. Also multiple wavelength add-drops were demonstrated.

V1. CONCLUSIONS

The results shown here demonstrate that a variety of
passive WDM-functions can be implemented on S01 by
means of CMOS-compatible processes.  While  the
performance of these first devices is promising, there is
certainly a lot of room for improvement by refining the
designs and optimising the technology. This should result in
predictable control of geometry at the nanometer level, as
needed for these nanophotonic circuits.
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