
5G-PHOS ï D4.3  1/72  

 

 

 
5G integrated Fiber - Wireless networks exploiting 

existing photonic technologies for high - density 
SDN programmable network architectures  

 

 

 

 

Deliverable D4 .3   

Report on 2 nd  generation of optical 

devices  
 

 
 

 
 

 

Programme:   H2020 - ICT-2016 -2 

Project number:   761989  

Project acronym:  5G-PHOS  

Start/End date:  01/09/2017 ï 31/08/2020  

 

Deliverable type:  Report  

Deliverable reference number:  761989 / D4. 3/ Final | V.1  

Deliverable title:  Report on 2nd generation of optical 

devices  

WP contributing to the deliverable:  WP3 

Responsible Editor:  III -V lab  

Due date:  30/ 08 /201 9  

Actual submission date:  20/ 12 /2019  

 

Dissemination level:  Public  

Revision:  FINAL  

  



 Deliverable D4.3   

 

 

5G-PHOS ï D4.3  2/72  

 

 

Author List :  

Organization  Author  

III - V lab  Christophe Caillaud , Giancarlo Cerulo  

LioniX International  

Ruud Oldenbeuving, Paul van Dijk, Chris Roeloffzen, Roelof 

B. Timens, Robert Grootjans, Ilka Visscher, Caterina 

Taddei, Lennart Wevers  

AUTH  

C. Vagionas, L. Georgiadis , G. Kalfas, A. Mesodiakaki, N. 

Karagiorgos, N. Terzenidis, M. Gatz ianas, N. Pleros, M. 

Gatzianas , K. Siozios  

Fraunhofer IZM  Hermann Oppermann, Juliane Fröhlich  

 

 

 

 

 

 

 

 

 

  



 Deliverable D4.3   

 

 

5G-PHOS ï D4.3  3/72  

 

 

Abstract:  5G-PHOS aims to develop and evaluate a converged Fiber Wireless (FiWi) 5G 

broadband fronthaul/backhaul network for highly dense use cases based, where the 
mmWave radio signal will be loaded directly on optical Intermediate Frequencies over 

Fiber (IFoF), to be transported through fiber to long distances , levera ging spectrally 

efficient, highly -performing and low -cost integrated photonic technologies.  

This deliverable reports on the 2nd  generation of optical devices, including the InP optical 

transceivers for the electro -optic and opto -electronic conversion, as well as the TriPle X 
chips for the Optical Beamforming Networks and the Reconfigurable Add Drop 

Multiplexers. Finally, using the an early test structure of an Externally Modulated Laser, a 
multi -band Fiber Wireless V -band/IFoF fronthaul link was demonstrate d across 7km of 

single mode fiber and m V -band distance, showcasing world record capacity for multi -
band 5G fronthaul links. The deliverable focuses on the design process and technology 

associated with th e optical chips.  

 

 

Keywords:  Photonic Integrated Chi ps, InP Externally Modulated Lasers, Photodiodes, 

TriPle X Si3N4, Optical Beamforming Network, Reconfigurable Optical Add Drop 

Multiplexer, Fiber Wireless transmission   
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Disclaimer:  The information, documentation and figures available in this deliverable 

are written by the 5G -PHOS Consortium partners under EC co - financing (project H2020 -

ICT-761989) and do not necessarily reflect the view of the European Commission. The 
information in  this document is provided ñas isò, and no guarantee or warranty is given 

that the information is fit for any particular purpose. The reader uses the information at 
his/her sole risk and liability.  
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DSP Digital Signal Processing 

EAM Electro Absorption Modulator 

eMBB Enhanced Mobile Broadband  

EML externally modulated laser 
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IFoF Intermediate Frequencies over Fiber 
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IM/DD Intensity Modulation Direct Detection 

InP Indium Phosphide 

KPI Key Performance Indicators  

MFD Mode Field Diameter 

MIMO multi input multi output 

MRR Micro Ring Resonator 

MUX multiplexer 

MZI Mach Zehnder Interferometer 

NRZ Non-Return to Zero 

OBFN Optical Beam Forming Network 

OOK On Off Keying 

ORR Optical Ring Resonator 

OSBF Optical Side Band Filter 

PCB printed circuit board 



 Deliverable D4.3   

 

 

5G-PHOS ï D4.3  8/72  

 

PD Photodiode 

PDL Polarization dependence losses 
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RF Radio Frequency 
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RX receive 
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SMF Single Mode Fiber 
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1  Executive Summary 

This document covers the design and i nitial measurements of the second  generation of 

optical chips for the 5G PHOS project. The optical assemblies contain two general types 

of optical chips, namely active (InP based) chips and passive (TriPleX based) chips. The 
assemblies will  be used to beam - form the RF signals received and transmitted by the 

antenna array.  

The InP based chips are Lasers, Detectors and Modulators, which are critical components 

in electro -optic and opto -electric conversion. The TriPleX (Si3N4/SiO2) chips are p assive 
waveguides that provide processing of the RF signal in the optical domain.  

The types of InP  chips  designed and described in Section 4 are:  

-  Lasers (light source)  

-  Fast Photodiodes (10 GHz  and 60 GHz , for opto -electrical conversion)  

-  Modulators (for electro -optical conversion)  

-  SOAs (for optical amplification)  

 

The types of TriPleX chips , as described in section 5, are  :  

-  1x8 Optical Beam Forming Network (OBFN) for transmit , 

-  1x8 OBFN for receiver  

-  1x8 splitter  

-  1x4 multi -wavelength OBFN fo r transmit  

-  Reconfigurable Optical Add Drop Multiplexer (ROADM)  

-  Fully packaged OBFNs  

 

Finally,  in section 6, the development of the assembly process of the optical devices is 

discussed while section 7 presents the performance of the proposed analog  Fiber Wireless 
link  in a series of 5G system level experiments , including the 5G -PHOS optical 

technologies . 
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2  Introduction  

2.1  Purpose of this document  
 

The objective of this deliverable is to describe the second generation of optical chips and 

their assembly, both in InP and in the Tri PleX platform.  

Regarding the InP chips developed by 3 -5 lab, d ue to fabrication delays, the 

characterization of the 1 st  generation of InP chips which where not describe d in D4.2  
(because they were in fabrication)  will be described in this deliverable. Concerning the 

2nd  generation of optical chips, we will report its advancement and their measurement 

will be reported in the last deliverable of this workpackage (D4.4).  

The second generation of the SiN TriPleX chips is reported in this deliverable. Concerning 

the design of the second generation of optical chips, as  a large part of the design 
parameters and choices made in this  second generation of optical chips are equal to 

those described in D4.2,  providing feedback to this second generation development. T his 
document emphases  the differences between the new designs and the previous designs. 

For the exact parameter choices, the reader is referred to D4.2.  Fully -packaged and fully -
functional standalone TriPleX chips are also being developed and reported.  

Moreover, the assembly p rocesses and development of PCBs for III -V/TriPleX co -

integration is presented.  

Finally, Fiber Wireless transmissions and  reconfigurable fronthaul links with record 

capacities and beamsteering functionalities using the developed 5G -PHOS optical 
technologi es are being also reported, validating the high performance of the underlying 

photonic technologies.     

 

 

2.2  Document structure  
First, we will present a short system overview to remind how the optical components will 
be used in section 3. Secondly, InP optic al chips will be described in section 4, and 

TripleX signal processing chips (OBFN and  ROADM) in section 5. Finally, assembly 
process are addressed in section 6, while s ystem experiments will be reported in section 

7. 

 

2.3  Audience  
This document is public .  
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3  System overview 

The 5G -PHOS project aims to develop and exploit integrated optical technologies towards 

enhancing Fiber -Wireless (FiWi) convergence and realizing cost -effective and energy -

efficient 5G network solutions for high density use cases. The proje cts is thus developing 
highly performing, spectrally efficient and low -cost integrated photonics solutions, in 

order to architect 5G networks for dense, ultra -dense case, supporting multiple parallel 
Fiber Wireless links, as well as FiWi links with interle aved multi -wavelength 

reconfigurable optical add/drop multiplexing (ROADM) and optical beamforming 
functionalities for the hotspot cases as shown in Figure 3-1. The basic PHY components of 

the envisioned a -RoF FH of the 5G -PHOS project include:  

a) InP photonic integration technologies to develop 25 Gb/s transceivers capable of 

carrying multi - format wireless signals  

b) low - loss, high - index contrast TriPle X technologies to develop broadband optical 
beamformers  

c) ring - resonator -based mini -Reconfigurable Optical Add/Drop Multiplexers (mini -
ROADMs).  

 

 

Figure 3 - 1  5G - PHOS use cases and network scenarios of increasing density.  

 

3.1  High - linear External Modulated Lasers (EMLs)  

Considering the large available spectrum of NR systems, a -RoF t echniques allow 
spectrally effi cient fronthauling of a mmWave channel, by loading it on a low optical IF 

with simple Intensity Modulation/Dire ct Detection schemes without occupying excess 

spectrum, while multiple IFs can be synthesized on a single aggregate electrical signal of 
a few GHz bandwidth. However, the linearity of the a -RoF link will play a pivotal role in 

the overall sy stem performance and thus a -RoF transmitters have mainly relied on costly 
Mach -Zehnder Modulators (MZMs), owing to their high linearity and chirp - free operation 

to alleviate the impact of  the fiber chromatic dispersion. To wards circumventing the 
associated  costs when considering network densification deploying conventional chirp -

free modulators with external laser source, EMLs exploiting a Distributed Feedback Laser 
and an Electro -absorption Modulator (EAM) as shown in Figure 3-2 for m more cost -

effective solution,  but have been primarily used in digital communications and advanced 

modulation format transmissions with DSP techniques recovering the non -perfec t 
linearity. However, joint optimizations of the Fiber -Wireless links have been scarce and 
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constrained to the use of MZMs, few -channels or low bandwidths, and only very recently 

EMLs were shown to support multiple IF channels with user - rates >1Gb/s and agg rega te 
capacities beyond 10Gb/s , satisfying the respective KPIs for multi -user 5G network 

environments. In order to achieve this, EMLs need to operate in the linear region of their 
transfer function, with a steep curv e between two voltage values , for low s ignal distortion 

recoverable by simple DSP technique allowing to directly transfer the aggregate electrical 

analog IF signals to an a -RoF optical carrier with low signal distortion.   

3.2  Optical beamformers  

Beamformers comprise specialized circuitry that prov ides the delays required by the 

antenna elements in order to transmit/receive wireless signals to/from the desired  

direction by means of construc tive and destructive waveform interference, a function 
known as beamsteering, and exist in three main types: Di gital,  Analog and hybrid beam -

formers . Digital beamformers utilize digital baseband processing with both amplitude and 
phase modulating RF chain dedicated per antenna element  at a high -power consumption 

and cost. Analog beamformers employ simple architectu res with multiple analog phase 
shifters (PS) shared between different antenna elements, towards less expensive 

hardware but with lower system performance and antenna gains. Hybrid beamformers 
are an intermediate solution with multiple analog sub -arrays of PSs shared among groups 

of antenna elements offering good compromise between system performance, cost and 

complexity.  On the contrary, optical beamformers so far rely on integrated photonic 
networks of phase shifting or True  Time Delay (TTD) elements only . The most typical 

configuration of an OBFN relies on tree -based networks  of 1x2 splitters with interleav ed 
Optical Ring Resonator (ORR) -based TTD elements. The group delay re -sponse of the 

ORR is exploited by thermo -optically tuning its resonance frequency , while tuning the 
coupling coefficient between the bus and the ring waveguide changes the TTD. 

Implementing analog beamforming exclusively in the optical domain allows sea mlessly 
interfacing with the en visioned optical fr onthaul network, as shown in Figure 3-2, to 

release broad instantaneous bandwidth of tens of GHz, large tunable delays of hundreds 

of ps, cost - reduct ion and low energy consumption .  

 

3.3  Opt ical Add/Drop Multiplexers  

Optical Add/Drop Multiplexers (OADMs) have been widely deployed in WDM optical 

networks for their wavelength multiplexing and selective routing capabilities. OADMs can 

serve two operations either to ñAddò, i.e. insert a new optical wavelength -channel to an 
existing WDM light -stream or ñDropò, i.e. remove one wavelength channel and re-route it 

towards a different spatial output. The two functionalities are schematically shown in 
Figure 3-2, where an 3 -channel WDM -stream of Ȉ1-3 is fed from the Input (In) port at 

the left side. Two wavelengths -channels of Ȉ2 and 3 are ñDroppedò towards the Output 
ports at the bottom side, allowing for Ȉ1 wavelength to continue its propagation through 

the Common (Com) port to the rest of the network. Respectively, one new wavelength, 
the Ȉ4, is ñAddedò to the WDM stream of the Com port. In order to achieve this, OADMs 

consist of an optical demultiplexer at the input, an optical multiplexer at the output and 

an intermediate w avelength -selective device that configures each lightpath connectivity. 
When the latter relies on static wavele ngth filtering devices, e.g. Fiber Brag Gratings, 

fr eespace grating optics, Pla nar Lightwave Circuits, OADMs are consider fixed with 
predefined lightpaths and when it re - lies on tunable devices traditionally based on Mi -cro -

Electro -Mechanical Systems (MEMS ), Liquid Crystals on Silicon (LCoS) or Thermo -Optic 
PLCs, OADMs are considered Reconfigurable. Lately, integrated S ilicon Photonics (SiPho) 
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ROADMs, based on cascaded micro -meter thermo -optic or electro -optic Add/Drop rings, 

have attracted intense interest , as they support small footprint, low power consumption, 
fast reconfiguration times with CMOS -compatibility for reduced fabrication costs and 

recently a lso polarization insensitive op eration. A possible architecture of a SiPho ROADM 
that implements the pr eviousl y described Fixed OADM operation . Introducing ROADMs in 

FH networks allows migrating from the currently fixed PtP links between the RRH and the 

BBU towards a point - to -multipoint switched infrastructure with reduced hardware and 
increased gains stemm ing fr om statistical multi plexing of user traffic.  

 

Figure 3 - 2  End - to - end communication of the analog Fiber Wireless link using an 
EML, an Optical Beamformer and a Silicon Photonic ROADM . 

 

Table 1  Key features of 5G - PHOS Optical Technologies for 5G Fronthaul 

netowrks   

 Novelty  Specifications  Advantages  Disadvantages  

E
M

L
 

Introduced in analog 
communication to 

transmit native wireless 

signals adopting  DSP 
techniques known in  

digital communications.  

Bitrates up to 

25Gb/s, eg. 6 IFs of 
QAM16, Energy 

consumption <150 
mW  

Cost effective (low 
bandwidth), 

spectrally efficient  

Dual sideband 

modulation,  prone 
to chirp and 

dispersion, not 
perfectly linear  

O
B

F
N

 

Optical steering/shaping  

Low loss Si 3N4 

OBFNs less than 
<0.1dB/cm, true 

time delay >1ns or 

30cm propagation  

Broad bandwidth, 
spurious free, low -

optical losses, cost 
effective  

Thermooptic, low 

steer speed, 
polarization 

sensitive , lower 
flexibility than 

digital beamforming  

R
O

A
D

M
 Reconfigurable fronthaul 

network , migrating from 

fixed point - to -point 
RRH-BBU links to 

switched networks  

1x4 SiPho -ROADMs 

with low insertion 
losses <1dB, channel 

spacing 100GHz, 
energy consumption 

<0.2W/ ring  

No tavaillable in 

mobile FH 
networks, cost -

effe ctive 
reallocation of 

resources  

Polarization 

dependent, losses 
increase with 

number of 
wavelengths, 

temperature control  
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4  III-V active components  

4.1  InP transmitter (EML  &  EAM - SOA)  

In P transmitters will be implemented both in the OBFN -Rx and in the flexboxes. The 

differe nt device configurations , which will be used are the following:  

¶ OBFN-Rx:  

o DFB lasers.  

o SOA-EAM arrays.  

¶ Flexbox:  

o EML-SOAs.  

o EML-SOA multi - lambda arrays.  

Due to several complication in the fabrication process (equipment failure, additional 

process complexity due to the adaptation for flip chip assembly with TripleX), the 1 st  

fabrication run is typical array configurations of the different building block for  InP 
transmitters are shown in Figure 4-1. Further details on  component configuration s can be 

found in D4.2. All those components are fabricated on a si ngle wafer, from the 
integration and the combination of the different building blocks. In this deliverable we 

shall describe the first fabrication run  which is at its last fabrication step 
(interconnection). We will also report after the progress of the 2 nd fabrication run which 

has been set up.  

 

   

(a) DFB array (b)  EAM-SOA array (c) EML-SOA array 

Figure 4 - 1  Typical array configurations for InP transmitter. In (a) a multi -

wavelength array of DFB + SSC emitters; in (b) an array of EAM SOA 
transmittive devices; in (c) a multi - wavelength array of EML - SOA - SSC emitters.  
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Figure 4-1 shows the layout of the different InP based transmitter which are processed in 

5G-PHOS project. We have DFB lasers to feed the OBFN of Lionix, EAM -SOA a rrays to 
convert the radio data  fr om the antennas to an optical signal to be sent to the flexbox 

and EML SOA to  sent the data from the flexbox  to the antenna.  InP transmitters are 
based on waveguides fabricated by means of a semi - insulating buried heterostructure 

(SI -BH), providing key advantages on device performance: high bandwidth for the EAM; 

good electrical and thermal performance for laser and SOA section; low - loss circular 
modes.  

Moreover, t he SI -BH technology provides  sufficient flexibility and robustness on 
waveguide definition to realise spot -size converters (SSC). The latter  are of fundamental 

importance to increase coupling tolerance with passive components (see D4.1). Typical 
SSCs are based on tapered waveguides, which should allow to reach output mode 

diameters of 2µm.  

4.1.1  Proc ess Overview  

The SI -BH fabrication process for InP transmitters is based on 5 epitaxial growths, 

performed using both gas source molecular beam epitaxy (GS -MBE) steps and metal -
organic vapour phase epitaxy (MOVPE):  

1.  Initial epitaxial  growth for the EAM stack.  

2.  Epitaxial regrowth for laser/SOA stack (butt - joint integration).  

3.  Epitaxial  regrowth for DFB grating with optimized  doping profile.  

4.  Epitaxial  regrowth of later SI -BH InP blocking layer.  

5.  Epitaxial  regrowth of top InP cladding with optimized  doping profile.  

Tha main fabrication steps of the  SI -BH technology used for InP transmitters are 

summarised in Figure 4-2. Each of those steps is crucial to m eet component specification. 

Three fabrication runs have been launched so far: 1A, 1B and 1C. Each of those steps is 
crucial to meet component specification.  

 

(a) Waveguide Etching.  

 

(b) SI -BH regrowth . 

 

(c) Top contact regrowth.  

 

(d)  

n-InPsubstrate n-InPsubstrate

n-InPsubstrate

P- dopedInP
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Figure 4 - 2  Main fabrication steps for SI - BH InP transmitter: (a) waveguide 

etching; (b) SI - BH regrowth; (c) p - InP contact regrowth. In (d) a SEM 
micrograph showing a cross - sectional view of a typical SI - BH waveguide . 

 

¶ The run 1A  has  been affected by major issues on main epitaxy equipment  during 

laser regrowth: a poor doping level was measured, with a possible prohibitive 

degradation of the injection on the laser/SOA section . This run has been interrupted 

and put in s tand -by, i n order to start a new run (1B) . 

¶ For the run 1B ,  third party epitaxy facilities have been validated for laser and  

grating regrowth . A major  problem during the SI -BH regrowth step, made the 

processed wafers unusable and the run has been stopped  (march 2019) . 

¶ The run 1A has been resumed  in April 2019. An alternative approach for the 

regrowth of the pInP cladding layer been adopted to compensate for lower doping 

level within the laser/SOA sections: the different doping elements  used on this 

altern ative approach  sho uld favour diffusion toward deeper layer s wit h lower doping 

levels. On the other hand, excessive doping diffusion might have detri mental effects 

on the EAM performance.  

In order to meet requirements for butt -coupling  with passive circuits, as well as 

compatibility with flip -chip integration (cf. D4.2), the standard process has been 

modified. With this first fabrication run the required adaptation step s of the technology 

process  can be tested and validated. This run sh ould allow to deliver a first generation 

of devices for January 2020.  

¶ The run 1C has been started in April 2019 . The process has progressed very 

slowly due to a maj or failure of our primary  epitaxy  equipment. A major maintenance 

action has been conducted from May 2019 to Oct 2019.  

 

In order to progress with the fabrication run, a new third party solution  has been 
validated  and  successfully applied  for laser/SOA regrowth . This has allowed to obtain 

high quality laser structures. The grating regrowth has been performed on the III -V LAB 
primary epitaxy  facility  at the end of the maintenance period, in November 2019. This 

fabrication run should be finalised for the end of April 2020.  

 

 

4.1.2  Technology Adaptation for 1 st  fabrication run  

As mentioned ab ove , two ma in elements have driven the adaptation of the standard 

technology process for InP transmitters:  

¶ SSC optimization . 

¶ Flip -chip compatible contact configuration.  

For the SSC, the selected configuration is based on a tapered waveguide, with waveguide 

width redu ction from 1.5µm to 0.5µm. Two different configurations have been tested for 
the SSC (cf. D4.2):  straight and 7° tilted. For the 7° tilted configuration a curved 

waveguide is necessary to transition  from the 0° oriented active waveguide to the 7° 
output.  

a b
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Figure 4 - 3  Photos of a InP trasmitter wafer, currenlty in fabricaton. In (a) EAM -

SOA arrays with the optimised spot - sie  converter (7° tilted taper configuration) 

are shown. In (b) the details of the G - S- G configuration for the EAM electrical 
connections are shown, with the common via to connect the ground to the n -

InP layer.  

 

In order  to fabricate  taper tips as narrow as 0 .5µm , a specific electron -beam lithography 
step was introduced and validated. The etching + SI -BH regrowth resulted in a smooth 

morphology without apparent deviations from the standard photolithography process 
adopted for larger taper tips.  The fabricated tapered SSC can be observed in Figure 4-3. 

The other critical step is the realisation of metal vias to bring the n -contact metal pad at 

the same height as the laser and modulator contacts. For this purpose dielectric pads are 
used to control the height and deposition conformity of both dielectric and metal layers is 

necessary to guarantee the continuity of the metal contact , as shown in Figure 4-4. Both  
the vias and the dielectric pad  have been realised , as shown in Figure 4-3. Three more 

metallisation steps have to be performed, in order to finalise the fabrication:  heater, top 
metal pad and back contact.  

 

 

Figure 4 - 4  A cross - sectional view of the metal routing from the bottom of the 

via n to the top of the dielectric pads for flip - chip mounting.  

 

4.2  III - V photodiode  

4.2.1  Introduction  

The photodiode are based on a planar multimode structure represented in Figure 4-5 and 
Figure 4-6 show a simulation of the propagatio n of the light inside the structure. The 

operation principle of the multimode photodiode and its optimization to obtain 
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simultaneously a high responsivity and a large bandwidth was fully described in D4.2. In 

this deliverable, we will describe the results of the 1 st  fabrication run of the photodiodes 
and show the advancement of the 2 nd  fabrication run whi ch is currently under process.  

 

 

Figure 4 - 5 : Schematic view of the 

waveguide UTC photodiode.

 

Figure 4 - 6 : Optic al simulation of the 
photodiode

 

4.2.2  1 st  fabrication run  

For the first fabrication run, due to a failure of our epitaxy reactor, we use an existing 
wafer with a non -optimal  epitaxy which is limited to 50 GHz bandwidth  under low input 

optical power. This is due to a constant doping profile in the InGaAs absorbing layer 
which imply a pure diffusive process for the motion of electrons in the absorption layer. 

Therefore,  the bandwidth of this structure is limited by the transit time inside the 
absorption layer.  Figure 4-7 shows the simulation of the responsivity of the photodiode 

as a function of the position of the fiber relatively t o the surface of the photodiode and 

Figure 4-8 a photograph of the wafer after fabricat ion. The process was specially 
optimized to have 5.5  µm between the top of the metallization and the optimum light 

injection point in order to have a proper alignment between the InP chips and the Triplex 
chips. This require to  rem ove planarization polymer  like BCB or polyimide and to use 

thick dielectric (SiO2, SiNx) for a proper height alignment . 

 

Figure 4 - 7 : Simulation of the 

responsivity of the photodiode of the 
first run  

 

Figure 4 - 8 : photograph of the first 

fabrication run  

The process  required to do the proper pad alignment for flip chip assembly has an impact 

on the et ching of the input facet . To mitigate the risk , we cleaved the 2 inch wafer into 2 
pieces. On the 1 st  half wafer, despite preliminary test, we observe lot s of defect on the 

input facet  (Figure 4-9)  after etching  which result in a large dispersion of the photodiodes 
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responsivity  (0.56 to 0.77 A/W for 5×25 µm² PD) . These photodiodes was sent to IZM 

for mechanical assembly and preliminary testing. Therefore, after additional process 
optimization, we etched the second half wafer with very low defect ( Figure 4-10 ).  

 

 

Figure 4 - 9 : SEM image of the input 

facet of  photodiode of the 1 st  ½ 

wafer  

 

Figure 4 - 10 : SEM image of the input 

facet of a photodiode of the 2 nd  ½ 

wafer  

On the second ½ wafer we obtain very good responsivity with very low dispersion, as we 

can see in Table 4-1. We achie ve a high responsivity from 0.4  A/W for very short 
photodiode (10  µm length) to 0.83  A/W for 50  µm long photodiode. We observe a rapid 

increase of the responsivity between 10 and 20  µm length because the absorption is 
length limited for 10 and 15  µm PD. For longer diodes, the increase of responsivity  with 

increasing length  is moderate because most of the light has already been absorbed. The 
width has a small effect because the light is  efficiently focused by the integrated lens. 

The PDL is moderate for 10 and 15 µm photodiode  (1 -2 dB range)  and very low (<0.5 

dB) for  PD length above 25 µm.  These photodiodes were sent to IZM for assembly with 
LioniX OBFN.   
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PD size (L×W)  Rmean  (A/W)  Stan dard deviation  PDL mean  (dB)  

4×10 µm²  0.41  A/W  0.05  2 dB  

4×15 µm²  0.58  A/W  0.03  1. 4 dB 

4×20 µm²  0.67 A/W  0.05  0.8 dB  

4×25 µm²  0.7 1 A/W  0.06  0.1  dB 

5×15 µm²  0.63 A/W  0.05  1.1  dB 

5×25 µm²  0.75  A/W  0.02  0.4 dB  

5×30 µm²  0.76  A/W  0.02  0.3 dB  

5×50 µm²  0.78  A/W  0.07  0.1  dB 

6×50 µm²  0.83  A/W  0.03  0.1 dB  

7×25 µm²  0.81 A/W  0.01  0.5  dB 

Table 4 - 1 : responsivity of the 1st run of 5G - PHOS photodiodes  

 

Figure 4-11  shows the influence of the wavelength on photodiode responsivity for 2 

photodiodes. As we can see, the variation is very low (a few %), close to the precision of 
measurement equipment. Therefo re, we can confirm that photodiode present a wide 

optical bandwidth with neglictible performance variation over the full C -band.  

Figure 4-11  

Figure 4 - 11 : Typical variation of responsivity with the wavelength  

 

The photodiodes present a 3 -dB bandwidth above 10  GHz for each diode size. We 
observe a low frequency roll off which is due to a process issue which make the InP 

subst rate conductive as it will be explain in the next section. As expected, the bandwidth 
decrease with the increase of the photodiode area due to the RC time constant . 
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Figure 4 - 12 : frequency response measurem ent of UTC photodiode  

 

The S parameters of the photodiode was measured with a Vector Network Analyser 
(VNA) to ext ract the equivalent circuit of the photodiodes. Figure 4-13  shows the 

measurement of the S parameter of a 5G -PHOS photodiode and the result of its 
simulation with the equivalent circuit described below the Smith chart. We can see that 

there are losses at low frequency which can be explained by the conductive behaviour of 
the substrate. This create additional RC losses. This behaviour is due to an issue during 

the etching of the etching of the N contact of the photodiode, which transform the semi -
insulat ing substrate in a conductive substrate and will be corrected in the second 

fabrication run.  
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Figure 4 - 13 : S parameter measurement of 5G - PHOS PD and equivalent circuit 

analysis  

 

To optimize photodiode geometry and check design hypothesis for run 2 design and 
performance analysis, it is important to extract the intrinsic capacitance and resistance of 

the photodiode. Therefore, we report  in Table 4-2 the junction capacitance, the series 

resistance and the associated theoretical RC bandwidth of the different size of diodes we 
have designed in run 1. It is worth noting that the final bandwidth of a photodiode will be 

lower  than the RC limited bandwidth because of the transit time limitation ( f tr  around 50 -
60 GHz on run 1 and expected >100 GHz on run 2) and potential parasitic.  

We can see from Table 4-2 that all size of diodes are compatible  with 10  GHz applications  
(4×15 µm² PD was not reported due to an issue with their electrodes) . Therefore, we can 

plan to use long photodiode ( 5×30 µm² ,5×50 µm , 6×50 µm² ) for this 10G photodiode in 
run 2 fabrication. For 60 GHz applications, we should target close to 100 GHz RC 

bandwidth. Therefore, we focus on 4×10 and 4×15 µm² PD for this particular application.  

 

Diode size 

(W×L)  

Capacitance 

(fF)  

Series resistance 

(Ý) 

RC limited 

bandwidth  

4×10 µm²  17  30.1  117 GHz  

4×20 µm²  30.7  14.4  80 GHz  

5×15 µm²  25  25.8  84 GHz  

5×25 µm²  39.3  11.6  65  GHz 

5×30 µm²  51.3  9.2  52  GHz 

5×50 µm²  81.3  6.2  34  GHz 

6×50 µm²  95.5  5.4  30 GHz  

7×25 µm²  56  8.3  48 GHz  

Table 4 - 2 : junction capacitance and series resistance oft he 1st run of UTC 

photodiode  

 

4.2.3  2 nd  fabrication run  

The second fabrication run is based on new wafers made by MOVPE epitaxy specifically 

designed for 5G -PHOS project. We first optimize the absorbing section of t he photodiode 



 Deliverable D4.3   

 

 

5G-PHOS ï D4.3  23 /72  

 

to improve its bandwidth by implementing a gradient in the doping profile of the InGaAs 

absorbing layer  to improve electron transit time in the absorbing section (band structure 
described in Figure 4-14 ). For the multimode waveguide, we implement 3 different 

structures : 2 of them (Structure A&B) used aluminium based material (AlGaInAs) for the  
multimode  waveguide as it is the reference material in our MOVPE reactor. Structure A is 

based on our standard structure and structure B is a more risky optimized structure. The 

simulation of this 2 structures are described in D4.2. The last structure (structure C)  is 
based on InGaAsP waveguides and is optically equivalent to structure A.  

 

Figure 4 - 14 : band structure of a UTC photodiode  

We first realize a fast process on 1 wafer of each structure to validate the opti cal 
performances (responsivity) of the photodiodes. Structure C was validated with very 

good responsivity varying from 0.65 A/W for 15 µm photodiode  (minimum length in this 
test photomask)  to 0.81 A/W for 30  µm photodiode  (maximum length available in this 

test photomask) .   

However, we discover that deep etch of AlGaInAs alloys creates cylindric shape which 
prevent efficient coupling of light from an optical fiber or a SiN waveguide. Therefore, we 

launch the process of 2 nd  wafer of structure C which are sch eduled for end Q1 2020.  

 

Diode length 15 µm 20 µm 25 µm 30 µm 

Responsivity 0.65A/W 0.71 A/W 0.71A/W 0.81A/W 

Table 4 - 3 : responsivity of structure C  
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Figure 4 - 15 : SEM image of an input facet of structure B PD  

 


