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Abstract: BOOM is a photonic integration concept that aims to develop compact, cost-effective and power
efficient silicon photonic components for high capacity routing functionalities. To accomplish this, flip-chip
bonding and heterogeneous wafer scale fabrication techniques are employed that enable Si manufacturing with
I1I-IV material processing. We present in this paper the second generation of BOOM devices that perform all-

optical wavelength conversion, label processing and switching on SOI nano-wire boards.

I.INTRODUCTION

The huge amount of information that is being stored
and exchanged for broadband applications has created
real pressures in modern data centers [1]. The
incorporation and interconnection of new electronic
equipment for additional bandwidth and switching
capability, has increased dramatically power
consumption, heat dissipation and complexity. Given
these limitations the penetration of photonic
technology in routing industry has been
unquestionable [2]. So far the main integration efforts
for the development of chip-scale processing systems
have been either monolithic or hybrid. With InP
monolithic integration, the interconnection of the
different active opto-electronic components has been
feasible employing one manufacturing process but
with yielding issues [3]. On the other hand with hybrid
integration, the combination of both III-V and silicon-
based integration can be performed on a common
platform scaling down size and cost [4].

In this article we present all the devices that have been
fabricated within BOOM project [5] using the hybrid
approach. To blend the cost-effectiveness and
integration potential of silicon with the high
bandwidth and processing power of InP, we apply a
flip-chip  bonding  technique for  mounting
semiconductor optical amplifiers (SOAs) and Electro-
absorption Modulated Lasers (EMLs) on SOI boards

as well as an heterogeneous integration for wafer scale
integration of PIN detectors on SOI substrates.
Furthermore, we explain the fundamental operation of
each component in the final high-capacity BOOM
routing platform.

1. BOOM PHOTONIC ROUTING CONCEPT

The BOOM high-capacity — wavelength-routing
platform incorporates hybrid 160 Gb/s wavelength
converters, dual EML transmitters, UDWDM
photodetectors and a 4x4 wavelength cross connect.
The UDWDM photodetector is used to filter out the
optical labels which are transmitted together with the
data signals. Specifically, the array of photodetectors
is employed to transform the optically filtered signals
into electrical signals. The electrical signals are
subsequently delivered to the electronic sample and
hold (S&H) circuit for further electronic processing.
The S&H circuit is used to implement a burst-mode,
electronic latching operation by extending the duration
of the electrical pulse exiting the photodetector, to
match the duration of the corresponding optical data
burst. The electrical burst-length signal is used to gate
one of the EAMs of the EML transmitter. As such the
EML transmitter performs E/O conversion by
transforming the electrical pulse to an optical CW
envelope signal. The optical CW signal is used to feed
the integrated wavelength converter to change the
wavelength of the incoming data and assist the
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Figure 1: BOOM 4x4 optical switch detailed architecture

wavelength routing process. In the end the 4x4
wavelength cross connect is used as a switching
matrix to forward packets at different output ports.
Figure 1 shows all the required components for the
final high capacity routing platform. Below we present
the fabricated devices.

I1I. FLIP-CHIP ADAPTED SOAS

For the flip-chip adapted SOA, a buried
heterostructure architecture with pn current blocking
layers has been chosen. The active layer stack of the
SOA yields operation in the 1550nm wavelength
region: A 50nm tensile-strained ternary bulk structure
embedded between 100nm quaternary material
(A=1.2pm) was used for active layers and a laterally
tapered active waveguide was integrated on both input
and output facets to serve as spot-size converter. The
tensile strain value in the ternary layer was set to -
0.22%. The total SOA length is 1250pm. For the
horizontal alignment to the board waveguide dry
etched trenches were implemented in the SOA chips
as counterparts to board stand-offs.

SOA chips as depicted in Figure 2 exhibit a saturation
power of 10dBm, a noise figure of 7dB, an internal
single pass gain of 22dB (maximum value 25dB) and
polarization sensitivity lower than 1.5dB. The ASE
peak wavelength shifts from 1540nm to 1500nm for
driving currents of 50mA and 150mA, respectively.
The spot size converter targets at the expansion of the
optical mode to result in a circle-shaped far field with
an FWHM-angle of 18deg.
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Figure 2: SEM picture of a SOA chip compatible with flip-chip
mounting, after dicing.

IV. HYBRID ALL-OPTICAL WAVELENGTH CONVERTERS

The BOOM all-optical wavelength converter consists
of flip-chip adaptable SOA and two subsequent MZIs
for chirp filtering and polarity inversion. The mask
layout with the appropriate SOA integration zone is
depicted in Figure 3. The SOA bonding technique that
has been chosen is AuSn sputter technology where
vertical and horizontal adjustment is performed by
stand-offs and edge guides. These are fabricated on
the SOI board together with suitable stand-off
counterparts on the SOA chip, respectively. A pit
etched into the SOI board accommodates the SOA
chip so as to provide enough room for the bumps to
mount. It is fabricated independently fiom etching the
alignment features, as the necessary deep etching
cannot be performed with the required precision
sufficient for optical alignment, since in-situ control is
not possible.
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Figure 3: All-Optical Wavelength Converter Mask layout

SOAIntepiation zone

Bump ball height after reflow is determined by the
volume of the deposited Au/Sn perform and the
footprint, to which the bump perform is contacting
during reflow, forming a half-spherical bump ball.
Together with the Au/Sn sputter thickness, an
important parameter is also the relevant geometry of
the processing masks laid down on the SOI board.
Fabricated bump ball height of course has to be
adjusted to the etch pit depth within a well defined
process window, in order to assure reliable mechanical



Figure 4: SEM image demonstrating the SOA flip-chip bonded in
the SOI board

bonding and electrical contact. Figure 4 demonstrates
the SOA flip-chip bonded in the SOI board using the
Au/Sn sputtering method and the high quality of the
bumps.

V. TRIPLEX AND SOI RING STRUCTURES

Fig. 5 depicts a TriPleX™ chip that features four
independent line structures, each comprising of a 2™
order micro-ring resonator (MRR) for chirp-filtering,
followed by a delay interferometer (DI) for signal
polarity inversion. The total footprint of the chip is
8.75mm’ and it includes integrated heating clements
that are used to spectrally adjust the MRRs and DlIs.
Besides its small footprint, the chip allows for the
independent tuning of the spectral responses of each
element in the integrated array of MMRs and DIs so
that WDM-functionalities required in a routing matrix
are accommodated on a single chip. Additionally the
sequential MRR and DI arrayed integration on a single
chip avoids pigtailing and reduces circuit losses so
that no amplification is required between the MRR
and the DI, resulting in a truly compact circuit. Figure
5 illustrates the mask design of the circuit.

Figure 5: Mask design of the TriPleX photonic chip

The chip has been fabricated using stoichiometric
silicon nitride (Si3Ng) technology. Low-pressure
chemical vapour deposition (LPCVD) processing is
widely used in integrated optics because of its large
refractive index (n~2.0) that enables very compact
devices. By combining an additional material having a
large compressive stress, such as LPCVD silicon
dioxide (Si0;), the total stress of the composite layer
stack is strongly reduced. This alternating LPCVD
layer stack concept can result in a rectangular channel
waveguide structure with outstanding waveguiding
characteristics and strong polarizing effects. This
waveguide structure is formed by a cross-section of

silicon nitride (Si;N,) filled with and encapsulated by
Si0,. The channel geometry approximates a “hollow
core” system, since it consists of a low index “inner
core” of Si0Q, “cladded” with the high index “outer
core™ of Si;Ny. Modal characteristics depend only
upon the geometry of the structure, as all composing
materials are LPCVD end products with very
reproducible characteristics. The whole process is
CMOS-compatible, very cost-effective since only one
photo-lithographical step is required, and guarantees a
propagation loss of <0.1dB/cm.

The SOI micro ring resonator structures can be
realized in SOI technology using electron beam
lithography (EBL). A reliable fabrication process
enforces an exact control about the lateral dimension
of the ring resonator and the coupling distance
between the resonator and the waveguides. The EBL
processes used to fabricate the resonator devices are
based on the use of hydrogen silsesquioxane (HSQ) as
a negative tone resist material. An optimized high
contrast development process with a steep resist
profile and a smooth resist surface allows for a reliable
pattern transfer by reactive ion etching. Thus, even
challenging narrow gaps in the order of 90 nm
between SOI waveguides and micro-rings can be
fabricated with small tolerances (< 10%) in a
reproducible manner. This enables already a 160 Gb/s
operation for 3" order racetracks without active
tuning. However, MRRs of 3 order are more
sensitive to fabrication tolerances and require an
additional active resonance tuning with heating
elements on top of each SOI MRR. A SEM image of a
3" order MRR is depicted in Figure 6.

Figure 6: SEM image of a 3 order micro-ring resonator

VI. EML TRANSMITTER

Figure 7 depicts a SEM image of the BOOM EML
chip that incorporates a passive spot-size expander.
The electrically inactive flip-chip pads for an
enhancement of adhesion are aligned in rows of six
elements along the chip edges parallel to the
waveguide stripe. The electrical contacts to the DFB
laser and the EAM are also visible. There are five p-
pads and one n-pad for the laser dc bias contacts. A
large F-shaped metal area represents the surface n-
contact common for all device sections. The EAM is
on-chip accessible by a suitable RF probehead with
two n- and one p-contact pads in GSG configuration,



Figure 7: SEM view of a BOOM EML chip

delivering both dc bias and RF modulation signal.
Two generations have already been fabricated. The
first one is with pn-blocking layers and the second one
with Fe-doped semi-insul (SI) InP blocking layers,
both used for the waveguide cladding regrowth to
achieve electrical confinement. The latter one reduces
the capacitiy and allows higher bandwidth. After
cleavage the EML chips are AR coated on the front
facet (output waveguide with taper), while the back
facet (laser waveguide) is kept as cleaved. Figure 8
illustrates a clear eye-diagram for an EML with pn-
blocking at 10 Gb/s modulation driven by a PRBS 2°'-
1 signal, fulfilling the conditions of the STM
64/0C192-standard.
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Figure 8: Experimental demonstration of EML with p-n blocking

VII.SOI COMPATIBLE ELECTRONIC DRIVERS

A SOI specific driver has been fabricated for EML
transmitters. The driver chip has been designed for
nominal 2Vpp output swing, and rise/fall time of
better than 30ps. The driver has two main blocks: a)
an input stage (three emitter-follower stages) acting as
buffer and b) an output stage (a cascode differential
pair). An on-chip spiral inductor is used to increase
the bandwidth at the output node. The adjustable tail
current source in the differential pair determines the
output swing whereas the DC level (average output
voltage) can be adjusted separately by changing a
current source. The DC bias point can be adjusted in
1V range. The output voltage can change in 3V range
for different settings. To avoid voltage breakdown in
transistors, an adaptive biasing mechanism controls
the base voltage of the output transistor such that the
collector-emitter voltage always remains in the safe
operation region. The designed driver was fabricated
in SiGe 0.25um BiCMOS process that provides HBT
devices with a cutoff frequency (f7) of 120GHz and

breakdown voltage of Vego=2.3V. Figure 9 (a) shows
the fabricated die. To check the basic functionality of
the driver, on wafer measurements were performed. A
PRBS generator generates the input signals for the
driver and and the output pin is directly connected to a
sampling oscilloscope. At target 10Gbps, the circuit
works with an open eye diagram at voltage swings
from 1V up to 2.4V. Figure 9 (b) shows an example of
the output eye diagram. The S-parameters of the
modulator were also measured with Network Analyzer
and input S11 better that -20dB was observed. Power
consumption of the driver is a function of output
swing and DC level. Power consumption in the case
similar to that of real application (EML load for
driver) would be close to 0.5W.
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Figure 9: a) Die of SiGe Driver, b) Measured eye- diagram

VIII. UDWDM PHOTODETECTOR

Figure 10 illustrates a cross-section of the fabricated
PIN detectors. The size of the Si waveguide is
3umx220nm. The I1I-V layer structure consists of an
i-In0.53Ga0.47As layer sandwiched between a p-InP
layer and an n-InP layer. All of the three layers are
100nm thick. The thicknesses of these three layers are
optimized to achieve the phase matching condition for
the Oth order modes as discussed above. On top of the
p-InP layer, there is a 50nm-thick, highly doped p-
In0.53Ga0.47As layer in order to form a good ohmic
contact with the p-metal sitting above. The p-contact
layers (including the p-metal and p-InGaAs layers) are
only located on two sides of the SOI waveguide, in
order to avoid their detrimental optical absorption of
the detector mode.

Figure 10: Top view before final metallisation

The length of the photodetectors under test was 40pm.
The measured dark current under zero and 0.5V bias is
around 3pA and 10pA, respectively. With higher
reverse bias voltages, the dark current increases
gradually but is still less than 150pA even at a reverse



bias of 10V. This value is several orders of magnitude
lower than either Ge or AlGalnAs on silicon
photodetectors. For the measurement of the
photoresponse, TE-polarized light was coupled into
the input SOl waveguides via grating couplers. The
input light power varies from 6.22nW to 62.2uW in
steps of 10dB. The responsivity is around 1.1A/W
(corresponding to a quantum efficiency of 88%) and
remains stable for a reverse bias ranging from 0V to
10V. This measured high responsivity indicates an
efficient evanescent coupling between the SOI
waveguide and the III-V detector layers, a negligible
detrimental absorption by the p-InGaAs and p-metal
layers, and a sufficient light absorption for a 40pm-
long photodetector. The responsivity remains also
almost constant for a power range of 40dB, indicating
a good linearity and dynamic range of the
photoresponse. A new generation of demultiplexers
has also been designed and fabricated focused
exclusively on second order ring resonators and is
depicted in Figure 11. The passive devices have been
fabricated using wafer scale CMOS compatible
processing. The latest device under development is the
integration of the novel photodetectors on top of the
demultiplexer and processing of heaters on top of the
rings for fine alignment.

Figure 11: Mask design for demux circuits

IX. 4x4 WAVELENGTH CROSS-CONNECT

The final BOOM objective is to design a fully
reconfigurable and ultra compact wavelength cross-
connect based on two dimensional grids of micro-ring
resonators. Figure 12 shows the mask design of the
wavelength cross connect.

| i
Figure 12: Core component of wavelength cross connect

One of the assets of TriPleX technology is its high
fiber-to-chip coupling efficiency while in parallel, SOI
technology provides strong optical confinement inside
the waveguides due to the high refractive index
contrast between Si and Si0O,. By combining the two

technologies the best of both sides can be merged
together with advanced performance with respect to
insertion losses, bandwidth, and footprint. The
coupling of light between an optical fiber with a mode
field diameter (MFD) of 10.4 micron and a SOI
waveguide with a width of 450 nm and a thickness of
220 nm experiences a loss of approximately 19 dB. By
using a TripleX interposer chip that matches the MFD
of the fiber on one end of the chip, and matches the
MFD of the SOI chip on the other side, coupling
losses can be reduced. However, a TripleX chip
cannot fully bridge the gap between the MFD of the
fiber and that of the proposed SOI chip. The main
boundaries are formed in keeping the TripleX
waveguide in the single-mode regime and by the
losses to the substrate of the SOI chip that occur when
this geometry is altered. Figure 13 illustrates the
TriPleX structure for coupling the SOI wavelength
cross-connect.

Figure 13: Scheme of a TriPleX interposer chip for adjusting the
mode profile between a standard fiber and the SOI chip.

X. CONCLUSION

ICT-BOOM project provides a silicon photonic
integration technology that enables the development
of scalable, high-capacity photonic routers. A key
objective is the development of a new generation of
all-optical components that perform network
functionalities at ultra fast line-rates up to 160Gb/s
consuming less power. In this paper we have
presented the second generation of devices that have
been fabricated using the hybrid integration approach
and we have shown how all these photonic circuits are
interconnected in the final routing platform.
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