Main results of the HELIOS project

The HELIOS project was a large and successful project in silicon photonics. The development of
building blocks le to results exceeding the original specifications and moreover positioning the
laboratories at the leadireglge of the state of the art in the fidien ifit has been challenging to
assemble these buildings blocks to fabricate demonstrators as the technology was more complex
advanced transceivers have been obtained. Three different ways of integratibottrecpdevices

with electronic devices on a wafer to wafer basis were pushed with some success. With the work on
innovative devices, amorphous silicon modulator exhibited performances far beyond the original
expectations. Eveif lasing with Si nanocryska has not been achieved, guided electroluminescence
from slot waveguideand micrering resonators has been observed. CMO®patible 2.5D IHV/Si
VCSELs were highlyefficient opticallypumped and lasing with electrical pumping will be soon
demonstratedMoreover experimental demonstration of optical coupling of these VCSEL with
silicon microguides has been achieved.

Design environment

The implementation of a complete design flow, integrating both silicon photonics device design and
electronic/photonicsystem design using these devices in an EbDMpatible framework was
demonstrated. The flow distinguishes between the major use models (device design and system
design) and by offering a clear interface in the form of model libraries, allows cooperatimutwi
significantly upsetting traditional design techniques specific to each domain. The flow not only
allows simulation of an electronics/photonics system but also design space exploration (thus going
beyond initial plans). We examined several possiblpragches to address the synthesis of a
wavelengthselective optical link reference case considering various types of model and design
strategies:
1 Library and model generation
0 Generation of a component library of passive photonic devices sweeping critical
geometric parameters and temperature, in the form-roftsix files for Verilog
simulation
o Point generation of specific component using an analytical model
o Performance model generation using a specific design of experiments strategy (here
exhaustive, basean the library sweep) and interpolation from the nearest models in
the library to the specified performance requirements
1 System simulation and exploration
o Exploring exhaustively feasible combinations of building blocks with the Component
Matching Search nikod
o Exploring feasible design space using optimization based methods
The results of this design flow were shown to arrive at a complete design with performance metrics
as specified by requirements.

Hybrid laser activity

FP hybrid laser

During the yeaa 1 & 2, a first generation of this device (GEN1), based on F&eanpt design, was
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devices and this resulted in laser operation. Both molecular bonded sateplesd€d by CEA) and



BCB bonded samples (delivered lmec) were processed. The device consists of a central gain

section (light in [I}V), a taper for coupling the light to the silicon (at both sides) and a short piece of
silicon waveguide (at both sigle Some results are shown in the pictures below (CW operation). The
minimum threshold was 50mA and the output varied from 1.5mW (for 500um long device) to 3mW

(for 1100um long devices).

Hybrid laser spectrum L-I-V courve for stage temperature of 20 °C
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Figure 1: (Left) Optical spectrum of the laser driven at 55mA (Right) Laser power as a function of drive current (L-
| curve) under CW operation at 20°C
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Single mode hybrid lasers

With GEN2, the introduction of different designs with an optimized InP process conducted to various
devices with inparticular wavelength selective elemeligure 2 shows the principle of the laser.

The gain section (purple) is fabricated in aMllayer stack integrated on top of silicon waveguides
using wafer bonding approaches. Lightc@upled to the underlying silicon waveguides through
adiabatic tapers at the front and back. The laser cavity is formed by two DBR mirrors etched in the
silicon waveguides and contains a ring resonator to ensure single longitudinal mode operation.
Figure2b shows the LI curves at different environmental temperatufég threshold current for

this device at RT is 35mA and the output power is beyond 4mWEven at 60C we still reach an
output power of almost 1mWEigure 3a shows the spectrum of the laser, when the ring resonator is
thermally tuned (tuning power is indicated in graph). First of all we see a clear single mode
operation, with SMSR certainly better than 30dB. Further we observe a broag tange over
several nanometer.
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Figure 2 (a) Laser concept. (b) LI curves
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Figure 3 (a) Super-imposed laser spectra for several values of the heating power (b) laser wavelength as a
function of the power dissipated in the heater, at 20°C and a laser injection current of 80 mA.

New laser devices

Using the same amplifier as the basic building block, several types of devicedgd&##& multi
wavelength lasers using intracavity AWG or ring demlétiprs as the filter element, tunable lasers
using new type of retro reflectors ¢é) have be¢
results are as follows:

1 Demonstration of a 4channel AWG-based multirwavelength laser. Threshold

current <35mA, output power > -3dBm.

1 Demonstration of a 4channel multi-wavelength laser based on a ring resonator
demultiplexer (presented at ACP 2012 as postdeadline paper)
Demonstration of symmetric and asymmetric DFBlasers
Demonstration of new type of evanescentlyotipled active DBR laser(presented
at OFC 2013)

T
T

The fact that all these devices could be realized in a single fabrication run prove the versatility of the
proposed hybrid IV silicon integration process.

Robustness tests

3SP carried out extensive rolmsss tests on Fiype 111-V on silicon lasers fabricated in the project.
This hybrid lasers exhibited agood stability (compared to standard InP lasersfor Threshold
current & Vf. It was observed a favourable increase of power, meaning that for a tenger
qualification (& fabrication) of such lasers, a stabilization process will be needed.

Carrier depletion Si modulators

Two technologies of silicon carrier depletion modulators have been developed during the project.
The first one is a selligned PNjunction base on a thin SOI (200nm thickness). With this
technology, MZI, Ring, and slow wave modulators were demonstrated. The second one is based on a
thick SOI (400nm thickness) with a PIPIN junction. MZI, Ring, Interdigitated modulators are
reported.



Thick modulator (UPS-CNRS):
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Figure 4: Active region cross-section of the optimized phase shifter. RC cut-off frequency is 35 GHz (40 Gbit/s
optical modulator)

The typical phase shifting crasgction is illustrated oRigure4. The 40 Gbit/s modulator has been
designed and fabricated using a sdijnment method that has been developed to fabricate the
PIPIN active region with a very good localisation of the central P doped region in the miduée of t
diode.

This structure was integrated in a 50 pum radius ring resonator, showing low optical loss and a 4.4 dB
extinction ratio.

In addition, a new electrical structure to obtain intensity modulation has been demonstrated, based
on interdigitated PN dites. A ring modulator showing 4 dB extinction ratio at 10Gbit/s has been
obtained.

The main result is thedemonstratiorof a 40 Gbit/s MZI modulator using a PIPIN diode showing
simultaneously 6.6 dB extinction ratio and optical loss of 6 dBs shown irFigure5.
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Figure 5: Optical eye diagrams at 40Gbit/s from the 0.95 mm-long phase shifter (left) and 4.7 mm long phase
shifter (right).

Thin modulator (University of Southampton):
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Figure 6 : Thin modulator cross-section

With thin Si design (PN diodeprocessing of thicker electrodes has resulted in a reduction in the
electrode RF loss and the demonstration of 10Gbit/s modulation from devices of the first fabrication
batch. Deices from the second fabrication batch have been characterised. 40Gbit/s modulation with
a 10dB extinction ratio has been demonstrated from a 3.5mm long MZI although with a normalised
optical loss of 15dB. 40Gbit/s modulation has also been demonstratadafrlmm MZI with a
modulation depth of 3.5dB and normalised optical loss of 5dB.

An MZI with Imm phase shifters was testad 50Gbit/s. An open eye diagram was achieved and
the extinction ratio (once the noise of the EDFA is accounted for) was calculatetd be
approximately 3dB, with the device biased with 3.2dB o&dditional loss giving a total loss of
7.4dB.

20Gbit/s
20Gbit/s — imm M2l \V W

30Gbit/s

O oA
Bl Rate( ). 20.5.60/s. 20,5 Gb/s. . 20.6.Go/s

ninion  gaxion  iolal neas
208 2.1 68 Setp

if
Ext.ratin(fd) I.70 d8 43

Bif Rale(i4) 50.0Gbis  43.7 Gbds .0 Ghis 4 Yl

Figure 717 Optical eye diagram at 50Gbit/s (left) and eye diagrams at 20Gbit/s and 30Gbit/s with low loss (right)

The DC and high speed performance of a ring resonator version of the device was tested. High speed
operation up to 40Gbit/s was demonstrated.

Slow wave modulator (UPVLC):

The proposed slow wave structure consista deepetched laterally corrugated weaguidewith

circular holes patterned onto its wide sectidime addition of this perturbation in the periodic
structure enables tailoring the dispersion relation in order to obtain a nearly flat band, i.e., a region
inside the Brillouin zone where the g index is constant over a determined frequency range.
Nearly constant group index as high as 13.5 over a wavelength ranyé nin was experimentally
demonstrated in a 50 um long waveguideslow wave based thin modulator exhibited alV
~1.27V-cm fa a group index of 11 and as low as ~0.45V-cm when the group index increased up to
~22. Slow |Iight enhancement was exploited for
um? footprint).
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Figure 8- (a) Schematic of the slow wave modulator and SEM pictures of (b) the travelling wave coplanar
electrodes, (c) the corrugated waveguide and (d) the contacting AlCu pads. (e) Effective index change versus
reverse bias for group index values of ~4.4 (fast light, red) and ~8 (slow light, blue). Modulation efficiencies V- L-
are pointed by the arrows.

A high contrast 40 Gbit/s operation in a compact device was demonstrated with an-ghip
insertion loss of only 6 dBincluding the 1 dB loss of the two MMI structures.

With low drive voltages, transmission rates from 5 Ghitith 1 Vpp up t@5 Gbit/s with 3 Vpp

with an insertion loss of ~12 dBwvere achieved ona 1mnilong slowlight modulator.

A very efficient method of generating mixing products in the digit modulator has also been
investigated. Minimum transmissioroipt (MITB) was used to successfully demonstrate up
conversion from 1 GHz to 10.25 GHz with very low conversion losses ~7 dB and excellent
quality of the received I/Q modulated QPSK signal with an error vector magnitude (EVM) of
around 8%.

Passive devices

A large set of passive devices have been developed or optimized for the use in the different
demonstrators.

1 A transition between rib/strip waveguides has been designed and fabricated with less the
0.2dB measured losses.

1 With respect to grating couplergiree techniques have been developeihigcto improve
directionality and thus coupling efficiency: a bottom DBR mirror, a silicon overlay and non
uniform gratings. Out of these methods, the highest efficiency gratings that has been
experimentally demastrated showed 69% efficiencyl(6dB loss). This has been the case for
gratings with a bottom mirror and also for gratings with a silicon overlay. The low loss
(<2dB) bandwidth is similar in both case3Q0nm). Plarization independent demultiplexing
using AWGs and a novel approach to reduce the PDL below 1dB by incorporating a phase
section in one of the arms of the circuit has been demonstraieteby 2D grating couplers
with raised silicon overlay were developed but a higher than expected 16d8 oupling
efficiency) was measuredJPVLC fabricated and characterized the compact polarization
splitters based on MMI structure. Extinction ratios better than 20dB were obtained for a
13.5um long deviceimec also developed a polarization rotatmaised onusing symmetry
breaking of an almost square waveguide. A polarization conversion efficier@ypdB over
a wavelength range of 80nm around 1550nm was measured.

1 With respect to inverted taper based couplers, coupling losses below 1dB for a broad
bandwidh of 100nm were demonstrated for the inverted taper approach embedded in a SiO



rib waveguide. The coupler was optimised @A for coupling to standard single mode
fibers by increasing the crosgction of the SiQrib waveguide. Coupling efficiency of 3%

(-2.6 dB) was demonstrated for a taper length of 200 um. The direct butt coupling between a
lensed fibre inserted in a-§roove etched in a silicon submount including a special notch
allowing free space and epoxy free focusing of light from the fibte the inverted taper of

a silicon wire waveguide was first demonstrated. Fibre to fibre insertion loss is in the range of
i7dB. Thermal cycling (10x) betweeind0°C and +85°C gave 1dB of insertion loss
variations.

1 Two generations of AWG based demultiplexewith variations in channel spacings and
number of channels have been fabricated and testechdry For the 8 channel 400GHz
device, crosstalk better than 20dB and losses lower than 1.5dB was demonstrated. For the 16
channel 200GHz device, losses oband 4dB for the central channel and crosstalk better
than 15dB was demonstrated.

1 A microring demultiplexer filter has been fabricated and characterised by UPVLC.
Experimental results confirmed simulation results and demonstrated the target filtering
performance of two optical carriers separated by 60GHz with extinction ratios above 20dB
and insertion losses below 3dB.

Photodetection

Photodetector activity has been addressed either with the hybrid approach (bonded devices) or
monolithic one (pure Ge).

The InGaAs MSMdetectors integrated on silicon waveguides integrated on vertically emitting
grating couplers showed high responsivity (1A/W) and low dark current (<100nA at room
temperature). The bandwidth is more than 10 GHz.

Vertical and lateral pipure germanium photodetectors exhibited low dark current (below 100nA@
1V), high responsivit (between 0.8 and 1A/W) and high bandwidths: 42GHz undirfor the
vertical pin diode and higher than 130GHz for the lateral diode have been obtained. A 40&8Bit/s
transmission without bias voltage was demonstrated.

Electronic/Photonic convergence

As the current developments on electrgpimtonic assembly are based on die to wafer solutions
(wire bonding, flipchip or copper pillars), the alternative waysdséd in the project are based on
wafer solutions in order to get a more collective fabrication. One is a combined fabrication where
electronic and photonic processing steps are combined for the production of a péletcinamic
integrated circuit (PEIT The two other solutions are based on wafer to wafer bonding either on the
front side of the electronic wafer, either on the backside.

Front Side Integration: CEA

This front side integration is based on the direct bonding of a front end photonic wé&feaifhe

front side on the electronic wafer (EIC) in order to get a photleictronic wafer (PEIC).

On wafers delivered by austriamicrosystems which were stopped after structuring of tofCiAtal,

has performed a piigonding process such as covenmith thick SiO2 the top metal, planarization of

the surface with CMP. For assessing the technology, with one CMOS wafer and with a trial photonic



wafer, we performed successfully the wafer bonding and the substrate removal down frigurex (
9).

Figure 9: Photonic layer bonded on the top of a CMOS circuitry

For the PIC demonstrator , a receiver with Ge photodiodes was designed and fabriC&advah

a 2D surface grating coupler, two identical @M 16 channel AWGSs, and 16 Ge photodiodes. The
tests were performed on a 200mm wafer prober and good results were obtained such ~8dB coupling
losses) at 1550nm with a 3dB bandwidth of 55nm for 2D grating coupler. The 16 channels AWG
with 200GHz showed aragsstalk levels of15 dB, and a minimum centehannel insertion losses
around 2.8 dB. The Ge photodiode sensitivity is ~ 0.8 A/W with a dark current of the order of 100nA
(-0.5V)

Figure 10: 16 channel receiver with Ge photodiode

After fabrication of EIC and PIC with planarized surface of oxide, the wafer to wafer bonding has
been achieved. The remaining strain on the photonic wafer leads to incomplete bonding on the edges,
but most of the surface has been ¢farred.

Front Side Integration: imec

3D integration route followed by imec involved fabrication of Cu/Sn mirmps at the backside of

the photonic wafer (imec) and upside of bottom wafer (electronic wafer, made at ams). During
assembly, these bumps laon each other and are then fused together through transient liquid phase
bonding

For a first demonstration, IV photodetectors, were integrated on a 1 x 8 AWG, fabricated in a
standard waveguide process. The response showigane 11 includes the losses of the grating
couplers at the input and the detector.
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Figure 11: IlI-V photodetector on silicon grating and response of photodetectors integrated on top of 1x8 AWG,
including losses from input grating coupler
To achieve the bonding, a process flow was conceived which basically included three steps:
1. Deposit blanket layer of a dielectric on the wafers.
2. Etch holes of same size and s habomeps @hidh ove
connecttodmmy TSVs) and abumps which@an@ett électnonics devices
of wafer with functional TSVs).
3. Fabricate micrdoumps on these holes through plating.

Back Side Integration: ams and CEA

This back side integration is based on the direct bondirgfaint end photonic wafer (PIC) at the

back side on the electronic wafer (EIC). Then formation of 250um deep and 100um diameter TSVs
was realized in order to get an assembled photleitironic wafer (PEIC). The demonstrator was
consisted of a thermaltyneable ring resonator connected to the electronic wafer.

The photonic wafer is based on 220nm SOI with fibre coupler, waveguides, 10um radius ring
resonators and 250nm Ti/TiN heater. Bonding of the two wafers, TSV and top metal processing have
been pedrmed by ams.

Below are the images of the results with front side and back side processed wafer, front side pads,
back side with photonic layer, and ring resonator.
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Figure 12: Images of the front side (TSV) and back side processed wafer (RR with heater)

The wafer has been diced in small samples and mounted on a PCB with holes for connecting the
front side and testing the back side. The PCB was mounted on an optical bench with tilted fibers for
injecting the light via the surfacgrating couplers. The FSR of the ring resonator is 7.7nm and the
heater connected to the PCB by the front side has a tuning efficiency of 0.06nm/mW.



Integration with TIA: TUW

austriamicrosystems delivered two multi product wafer lots with the TIA dedipy TUW for

10G operation for InGaAs or Ge photodetectors. The design demonstrates successful 10 Gbps date
transmission even at low input currenidJW constructed the measurement setups, characterised
three 8channel optical receivers experimentallpdaverified that heterogeneously integrated
receivers can reach a sensitivity -@6dBm. CEA and IMEC provided 8old arrays of the Ge
photodetector, respectively of the InP/InGaAs, photodeteanginally designed for heterogeneous
integration on top fothe CMOS wafer- with bond pads for conventional wire bonding. To
characterise the CMOS chip these two photodiode types and a vertical Ge photodetector array,
designed for wire bonding, were conventionally wire bonded to a receiver version equipped with
external bond pads. Therefore three different receiver/photodiode combinations were available for
characterisation.

The performance of the different receiver/photodiode combinations was determined by measuring
the frequency response, the rise and fall $iraed the bit error rate using an optical PRBS31 data
signal with a data rate of 10 Gbps. The two receiver versions with the wire bonded GePD and the
InP/InGaAs photodiode arrays reachedstivities of-12.65 dBm (CEA\, respectively-12.60 dBm

(IMEC). These sensitivities are the result of wire bonding photodiodes which were originally
designed for heterogeneous integration on one hand and the de¢sgtonsivities of 0.15 A/W

(CEA) and 0.14 A/W (IMEC) on the other hand.
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Figure 13: 8-channel receivers with 10Gb/s TIAs and 10E1 Ge photodiode array (left) and InP/InGaAs photodiode
array (right) used for verification measurements

The receiver with the wirbonded vertical Ge photodiode (R=0.5A/W) showed a measured
sensitivity d -20dBm. Simulations showed that the heterogeneous integration of the photodiodes
would increase the sensitivity by arour8ldBm due to the smaller parasitic capacitances between
photodiode and amplifier input. Therefore sensitivities of aro@6ddBm BER = 10°) could be
achieved by using heterogeneously integrated photodetectors with responsivities of around 1 A/W.
It can be concluded that the heterogeneous integration of the photonic chip on top of the
CMOS chip is a promising way to improve the perbrmance of optical receivers.

Modulator demonstrator with SiGe driver

Photonic SOI substrates as used to large extent in HELIOS are unfit for frontend of -line co
integration of photonics with BICMOS (i.e. realization of photonics and electronics neztclo e
other on the same substrate). This is mainly for 2 reasons: incompatibility with collector fabrication
and the higher thermal resistance compared to the bulk Si substrates normally used-for high
performance BICMOS or bipolar processes. To reconciledifierent substrate requirements for



photonic and electronic devices, IHP developed theafled localSOI approach for a novel
photonic BICMOS process. In this process, the electronics part used a SiGe bulk technology aside
from a photonic part with a.@n buried oxide.

TUW has designed modules of a >10Gb/s modulator driver in IHP SG25H3 technology by circuit
simulation, layout and postlayout simulation. Each amplifier cell consists of a comoaea
feedback circuit so that the amplifier works in an appiate operation poiniThe driver uses two
supply voltages to deal with the low collecemitter breakdown voltage (2.3V) of HFansistors (f

max 110GHz).. The modulator driver has a power consumption of about 650mW.

A standalone modulator based @he thin modulator design was fabricated first and characterized.
With the SiGe baclend technology, thelectrode performances were sufficient to support 10Gbit/s
and even 20Gb/s over the lengths used for the final demonstrator désiggh.efficiencybelow
2V.cm was achieved with a total insertion loss from input fibre to output fibre, via 2 lensed fibre
connected to grating couplers of 30dB.

A full combined modulator and SiGe driver (in SG25H3) demonstrator fabrication run was
completed at the IHP foung The left part ofFigure 14 of the dual drive modulator shows the two
parallel coplanar electrodes with the two output RF tapers (top of the chip) and SiGe driver part at
the bottom of the chip.
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Figure 14: Microscope image of driver / modulator pair (left), eye diagram at 10Gb/s (right)

First test results obtained at University of Southampton of FEOL integrated modulators + driver
devices indicate functional behaviour of the-iotegrated dewies up to 10Gb/s with dynamic
extinction ratio of 5.5dBKigure 14). This is the first demonstration of full electronicphotonic
integration in high-performance BiCMOS.

16 x 10Gb/s transceivers

Integration of 16x10 Gbit/s receiver

The objective of this task was to realize polarization independent 16x10GBit/s receiver PIC, by
combining silicon AWG based demultiplexer with integrated photodetectors. Polarization
independence is obtained through a polarization diversity approachth& detectors we chose
heterogeneously integrated InGaAs detectors, bonded on top of silicon grating couplers. The
rationale for this choice was twofold:

1 Thisis a low temperature process (<400C) compatible with CMOS backend processing



1 These detectorfionded on IHV grating couplers are compatible with a thick bonding layer
and hence put less restrictions on this bonding layer

The AWG based demultiplexer exhibited a low polarization dependant loss as sEgjurais,
reachng a low PDL. However the yield for the InGasAs photodetectors was low despite a
satisfactorybandwidth and sensitivity. The staiéthe-art an Gephotodetectors such as CkEAes

has improved a lot over the course of the HELIOS project. Thereforesapahit it seemed no
longer relevant to put effort in process development towards improving the yield of the grating
coupled IIFV detectors. However for application operating in other wavelength ranges (and in
particular beyond 1600nm), {W bonded photdetectors are still extremely relevant and the only
practical choice available for the moment.

Figure 15: spectral response of the 16 channels 200GHz polarization diversity wavelength de-multiplexer circuit
for two orthogonal polarizations.

Single channel I1I-V/SOI Tx at 10 Gbit/s

Singlechannel 11}V/SOI Tx design, fabrication and characterization were completed during the
fourth year of the projectrigure 16 shows a schematic vieweft) and a picture (right) of the
integrated tunable lasérMachZehnder modulator (ITLMZ)The ITLMZ chip consists of a single
mode hybrid [I}V/silicon laser, a silicon MZM and an optical output coupler. The singide

hybrid laser includes an InP wayéde providing light amplification, and a ring resonator (RR)
allowing single mode operation. Two Bragg reflectors etched on silicon waveguides close the laser
cavity. The MZM allows modulation of the output light emitted by the hybrid laser.

Figure 16: Schematic view (left), and picture (right) of the ITLMZ chip

The RR based hybrid laser exhibits a CW threshold current around 41 mA at 20°C and the output
power coupled to the silicon waveguide is around 2.5 mW for an injeatiwant of 100 mA. The



