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1.1 Introduction.
!

High.speed! wireless! data! connection! for! indoor! and! short.range! communications!
provides!data! transfers!at!very!high! rate!between!electronic!devices!up! to!1Gbit/s! for!
WiMedia!wireless!standard![1]!and!7Gbit/s!for!WiGig!wireless!standard![2].!This!allows!
for!the!use!of!wireless!connection!instead!of!relying!on!cables!for!high.speed!interface.!
One! goal! is! in! the! use! of! this! wireless! connection! to! transfer! uncompressed! high!
definition!video! signals!between!a!high!definition! (HD)!media!player!and!a!HD!TV!set!
where!high.speed!interfaces!and!cables!such!as!HDMI!cables!are!needed!to!support!the!
required!data!rates.!
!
Several!high.speed!wireless!interfaces!have!been!studied!and!proposed!to!address!very!
high.speed! short.range! wireless! connections.! One! of! the! studies! is! focused! on! Ultra.
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Wideband! technology! (UWB)! using! Multiband! Orthogonal! Frequency! Division!
Multiplexing! (MB.OFDM).! In! this! radio! interface,! UWB! signals! are! defined! to! have! a!
bandwidth!of!at!least!500!MHz!or!more!than!20%!of!the!center!frequency.!This!is!one!of!
the! basis! for! IEEE! 802.15.3a! [3]! standard! for! wireless! broadband! communications!
where!a!high!communication!speed! from!110!Mbps!up!to!480!Mbps! is!proposed.! !The!
coverage! distances! are! limited! due! to! the! low!power! emission! standards! required! for!
UWB!radios! (FCC!Mask!Rules),!3.1.10.6!GHz!and!very! low!Effective! Isotropic!Radiated!
Power!(EIRP).!The!coverage!distance!of!110!Mbps!bit!rate!is!about!10!meters!and!even!
shorter!for!the!higher!data!rates.!!!
!
Another! approach! is! the! use! of! higher! carrier! frequencies! such! as! 60! GHz.! At! this!
frequency,! the! devices! are!mostly! connected! via! line! of! sight!wireless! communication!
and!the!range!is!at!most!10!meters.!!In!this!range!two!wireless!standards!and!protocols!
that!are!developed.!WirelessHD,!which!operates!at!60!GHz,!and!is!designed!to!be!used!as!
video! transport! method.! This! standard! can! achieve! data! rates! in! the! range! of! 10.28!
Gbit/s! range! [4].! This! allows! for! the! simultaneous! transmission! of! uncompressed! HD!
video!and!multi.channel!audio!and!data.!!
!
In!2012,!IEEE!adopted!the!WiGig!to!be!used!in!the!IEEE!802.11.ad!standard.! !The!IEEE!
802.11.ad!standard!is!a!Wi.Fi!compatible!system!that!uses!2.4,!5!and!60!GHz!bands.!In!
the!60GHz!band,! the! channel! is! divided! into! four!2.16!GHz!wide! channels.! It! supports!
data!rates!of!up!to!7!Gbits/s!and!a!single!channel!version!for!low!power!operation!that!
can! deliver! a! speed! of! up! to! 4.6! Gbit/s! [5].! At! these! data! rates,! ! the! following! can! be!
performed.!
!

• Transfer! 1000! photos! between! laptop! computers! in! 5! seconds! (versus! ~1.5!
minutes!with!IEEE!802.11n)!

• Download!a!single!1080p!movie! to!a! tablet! in!3!minutes! (versus!~1!hour!with!
IEEE!802.11n)!

• Upload! a! 2.minute!HD! clip! from! a! camcorder! in! 3! seconds! (versus!~1!minute!
with!IEEE!802.11n)!

!
The! 3.10! meter! line! of! sight! operating! range! of! these! wireless! systems;! UWB! (FCC!
standard),!Wireless!HD,!60!GHz!band!of!the!IEEE!802.11ad!can!be!increased!with!the!use!
of! Radio! over! Fiber! technologies.! There! have! been! several! demonstrations! in! the!
transmission!of!UWB!signals!over!fiber![6].[9]!!
!
In!this!chapter,! the!different!applications!and!implementations!of!the!Radio!over!Fiber!
(RoF)!technology!will!be!discussed.!It!will!be!followed!by!the!introduction!of!the!ORIGIN!
project.! This! project! is! a! French! nationally! funded! project! (Fonds! Unique!
Interministériel! .FUI).!Wherein,! several! groups! from! the! academe! and! industry! work!
towards! an!Optical!Radio! Infrastructure! for!Gigabit! Indoor!Network! (ORIGIN)!project.!
This! project! covers! a! wide! range! of! research! activities! in! the! development! of! a! RoF!
infrastructure! for! 60GHz! radio! systems! such! as! the! ECMA! 387,! WirelessHD! and! the!
60GHz!band!of!the!802.11ad.!One!particular!research!aspect!of!this!project!is!focused!on!
low!cost!photonic!components!such!as!optical!sources!and!photodetectors!that!could!be!
used!in!the!implementation!of!RoF!systems.!Finally,!the!last!section!of!this!chapter!will!
focus!on!photodetectors! that! are!used! for!RoF! systems! and! that!will! be! reviewed!and!
analyzed.!
!
!
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1.2 Radio.over.Fiber.Systems.and.applications.
!
Radio!over!Fiber!technologies!–!its!architectures!and!its!main!applications,!are!analyzed!
in!this!section.!Using!multimode!fibers!for!RoF!application!will!be!discussed!in!detail.!In!
recent! years,! RoF! has! proven! to! be! an! effective! solution! to! provide! high.speed! data!
transfers.! This! is! attributed! to! the! optical! fiber’s! inherently! large! bandwidth!
characteristics.! The! combination! of! wireless! distribution! into! a! fiber! infrastructure!
offers! a! possibility! of! a! long! reach,! high! data! rate! wireless! mobile! communication!
systems.!It!is!used!to!increase!wireless!access!coverage,!network!capacity!and!mobility!
and!to!minimize!the!cost!of!an!access!network.!!
!
RoF!is!a!technology!where!complex!electrical!signals!(i.e.!wireless!services:!GSM,!UMTS,!
Wi.Fi,! Internet,! and! Satellite)! are!modulated! into! an! optical! carrier! for! transport! and!
distribution! over! a! fiber! link! or! network,! and! eventually! to! a! wireless! emitter.! RoF!
techniques! are! used! in! military! applications! such! as! antenna! remoting! and! in! radar!
installations.!RoF!based!systems!are!also!used! in! large!commercial!environments!such!
as!airports![10]![11]!stadiums,!hotels!and!shopping!malls![12],![13]!to!provide!wireless!
coverage.! Currently,! there! are! studies! on! RoF! technologies! in! home! area! networks!
(HAN)![8]![14],![15]!!
!

!
Figure.1.1.Basic.Radio.over.Fiber.configuration.

The!general!RoF!system! implementation! is! shown! in!Figure!1.1! [16].!A! central! station!
(CS)!is!connected!to!one!or!more!remote!stations!(RS)!via!two!optical!fibers!for!duplex!
operation.!The!RSs!have!wireless!connections!to!end!units!(EU).!Depending!on!the!RoF!
system! application,! the! EUs! could! be! space! satellites,! tower! antennas! or! personal!
wireless! devices.! The! CS! connects! the! RS! and! it! could! be! connected! to! an! external!
network.!A!simplest!RoF!implementation!could!be!composed!of!a!CS,!one!RS!and!one!EU.!
In!a!RoF!network,!the!radio!signal!that!is!transported!in!the!optical!fiber!is!near!its!final!
format! for! wireless! transmissions.! This! means,! that! the! radio! signal! is! already!
modulated! and! carrying! information! following! the! different! format! used! for! different!
wireless!services!and!applications.!The!radio!signal!could!be!transported!from!a!CS!to!a!
RS!and!finally!to!an!end!unit.!The!RS!receives!and!converts!the!modulated!optical!signal!
to! RF! and! performs! wireless! transmission! via! an! antenna.! All! the! modulation! and!
complex!processing!are!done! in! the!CS.!The!CS!and!RS!configuration!analogy!could!be!
extended!to!the!different!wireless!applications!and!services.!!
!
An!early!application!of!RoF!concept!in!a!mobile!communication!application!is!described!
in! Figure! 1.2! [17].! It! was! implemented! by! using! one! channel! of! a! second.generation!
cordless! telephone! standard! ! (CT2)! to! modulate! the! intensity! of! a! 1330nm! multi.
longitudinal!mode!laser.!A!0.5!km!single!mode!fiber!served!as!the!fiber!link!and!the!RoF!
signal!was!detected!using!a!PIN!photodiode! ! (PIN!PD)!and!amplifier!combination.!The!
CT2! telephony!system!uses!a! frequency!division!multiple!access! (FDMA)! time!division!
duplex! (TDD)! scheme! to!provide!up! to!40! telephony! channels!of!40! frequencies.!Each!
channel!is!100!kHz!wide!and!is!located!in!the!frequency!band!of!864.868MHz.!
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!
Figure.1.2.Implementation.of.a.RoF..Link.a.single.channel.cordless.telephone.access.optical.system.

[17]..

1.2.1 Intensity.Modulated.Radio.over.Fiber.
!
In!intensity!modulation!RoF!links,!the!complex!electrical!signal!is!used!to!modulate!the!
intensity!of! the!optical!carrier.!There!are!several!methods! to! implement! this,!and! they!
are!categorized!as!either!direct!or!external!modulation!methods.! !The!optical!links!will!
be! characterized! in! terms! of! different! Radio! Frequency! figures! of!merit! such! as! gain,!
noise! figure! and! Spurious.free! dynamic! range! (SFDR).! Wireless! communications!
standards! impose!different!minimum!SFDR!requirements!that!should!be!considered! in!
the!design!of!RoF!links.!!
!
An!intensity.modulation!direct!detection!(IM.DD)!analog!optical!link!is!defined!in!Figure!
1.3.!The!wireless!signal!centered!at!!!!" !will!modulate!the!intensity!of!the!optical!source!
with! a! center! frequency! of!!!"# ,! which! is! the! frequency! associated! with! the! optical!
wavelength.!This!will!result!in!mixing!of!the!two!frequencies,!thus!resulting!to!an!optical!
signal! centered! at!!!"#with! two! sidebands! centered! at! the! frequency! of!!!"# ± !!!" .!
The! photodetector! performs! the! detection! and! demodulation! of! the! RoF! signal! .!
resulting!in!the!extraction!of!the!electrical!signal!that!is!centered!at!!!" !
!

!
Figure.1.3.An..intensityHmodulated.direct.detection.(IMHDD).analog.optical.link.[18].

1.2.1.1 Direct*Modulation*

!
A!direct.modulation! link! is! implemented!using!a!semiconductor! laser! to!directly!add!a!
small! signal! modulation! around! a! bias! point! set! by! a! DC! current! of! the! laser,!
corresponding! to!a! small! signal!modulation!of! the! intensity!of! the!photons!emitted!by!
the! laser.! A! single! device! serves! as! both! the! optical! source! and! the! RF/Optical!

!

!!
!
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modulator.! Referring! to! Figure! 1.3,! the! laser! is! both! the! optical! source! and! the!
RF/Optical! modulator! too.! Direct!modulation! of! a! laser!means! adding! a! time! varying!
current,!which!results!in!output!optical!intensity!tracking!the!changes!in!the!current.!!
!!
Direct! modulation! of! up! to! about! 30! GHz! is! possible! [19].! ! However,! one! of! the!
disadvantages! of! this! scheme! is! chirp,! i.e.,! the! optical! frequency! is! inadvertently!
modulated.!Operating!the! laser! in!continuous!mode!and!modulating! it!externally!could!
avoid!the!chirp!in!directly!modulated!RoF!links.!There!is!also!the!oscillation!frequency!of!
the!laser! limiting!the!upper!value!of!the!RF!modulated!frequency.!Other!disadvantages!
can!occur!with! low.level! signals! such!as!RIN!and!non.linearity! at! the!high! level! signal!
including!distortions!on!the!transmitted!data.!

1.2.1.2 External*Modulation*

!
In!an!external!modulation!link,!different!devices!are!needed!to!act!as!the!optical!source!
and!RF/Optical!modulator.!The!optical!source!could!be!a!semiconductor!laser!designed!
for! high! power! output! or! a! solid.state! laser.! Solid.state! lasers! exhibit! better! noise!
characteristics! compared! to!semiconductor! lasers.!However,! they!are!much! larger!and!
typically!more!expensive.!The!chirp,!caused!by!very!high!frequency!direct!modulation!of!
laser! is! eliminated! if! the! laser! operates! in! continuous!mode,! The! external!modulators!
provide!the!intensity!modulated!optical!output.!!These!external!modulators!are!typically!
voltage!driven!devices!and!have!modulation!bandwidths!beyond!100!GHz! for!polymer!
based!devices![20].!Using!external!modulators!could!also!provide!phase!and!frequency!
modulations.!However,!detection!of!phase!and!frequency!modulation!requires!coherent!
photo.receivers! using! local! oscillator! lasers.! Coherent! detection! offers! improved!
sensitivity.!It!is!more!complex!to!implement!than!direct!modulation.!!
!
A!commonly!used!external!modulator!in!RoF!Links!is!the!Mach.Zender!Interferometric!
(MZI)! modulator.! Lithium! Niodabate! is! one! of! the! common! materials! used! for! MZI!
modulators.! It! offers! low!optical! loss! and!a! sufficiently! strong! electro!optic! tensor.!An!
alternative! to! the!MZI!modulator! is! the!electro.absorption!(EA)!modulator.!An!applied!
electric!field!affects!the!output!intensity!by!shifting!the!optical!absorption!band!edge!in!a!
semiconductor!via!either!the!Franz.Keldysh!effect!or!the!quantum!confined!Stark!effect.!
Using! these! two! effects,! it! is! possible! to! fabricate! an! EA! modulator! with! a! transfer!
function! yielding! a! better! linearity! than! that! of! a! standard! MZI! modulator! [21].! The!
interest! in! EA!Modulators! is! its! potential! for! low! cost! integration!with! semiconductor!
laser!source![22]! .! !Externally!modulated!lasers!(EML)!products!are!currently!available!
commercially![23].!
!
The! different! RoF! links! are! categorized! depending! on! the! center! frequency! of! the!
modulating!wireless!signal!are!shown!next.!

1.2.1.3 Radio*Frequency*(RF)*over*Fiber*

!
Radio!Frequency!over!fiber!could!be!considered!as!the!simplest!scheme!for!transporting!
radio!signals!over!an!optical!fiber!link!or!network.!It!involves!the!direct!transport!of!the!
radio! signals! at! its! designated! carrier! frequency.! This! radio! signal! at! its! carrier!
frequency!is!used!to!modulate!an!optical!source.!!
!
The!modulated!optical!signal!is!the!detected!one!at!the!remote!station!by!a!high.speed!
photodetector.! The! RS! does! not! require! any! frequency! translation.! This! offers! the!
advantage! of! implementing! simple! RS! and! additional! benefits! of! centralized! control,!
independence! for! air.interface! and! the! possibility! of! multi.! wireless! band! operation.!
However,! this! scheme! requires! high.speed! modulation! techniques! that! need!
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optoelectronic! components! with! good! analog! performance! over! the! bandwidth! and!
frequency! band! of! the! radio! signal! being! transported.! It! also! requires! high.speed!
photodetection! schemes,! which! convert! the! modulated! optical! signals! back! to! the!
original!radio!signals.!!
!
An!implementation!of!the!RF.over.Fiber!scheme!is!shown!in!Figure!1.4.!For!single!mode!
fibers,!the!carrier!frequency!will!be!limited!by!the!chromatic!dispersion!and!the!O/E!and!
E/O!bandwidths.! The! chromatic! dispersion!depends!both!upon! the! length! of! the! fiber!
and!the!RF!carrier,!for!short!distances!it!could!be!neglected!at!low!RF.!
!

!
Figure.1.4.RFHover.–Fiber.representation.(one.way).

1.2.1.4 Intermediate*Frequency*over*Fiber*

!
In!this!scheme,!an!intermediate!frequency!(IF)!of!the!RF!signal!is!generated!or!initially!
available!in!the!central!station!CS.!It!is!then!transmitted!to!the!fiber!link,!In!the!RS!side,!
the!detected!signal!of!the!photodetector!is!frequency!translated!to!the!RF!using!a!mixer!
and!a!local!oscillator.!!
!
An!implementation!of!the!IF!over!fiber!is!shown!in!Figure!1.5.!In!an!IF!over!fiber!scheme,!
the! frequency! limitations! of! the! components! used! in! the!RoF! link! are! taken! cared! off.!
The! requirements! on! the! optoelectronic! devices! are! relaxed.! Lower! speed! and! lower!
cost!optoelectronics!devices!could!be!used!in!the!fiber!optic!link.!As!mentioned!earlier,!
the!presence!of!the!high!frequency!mixer!and!stable!local!oscillator!(LO)!in!the!remote!
unit! side!presents!an! increase!of! complexity! in! the!RS!side.!This! scheme!also!presents!
some!possible!limitations!on!its!upgradability!of!reconfigurability!as!may!be!dictated!by!
future!revisions!in!the!wireless!network.!!
!

!
Figure.1.5.IF.over.Fiber.(one.way).

Low!cost!multimode!fiber!(MMF)!can!be!used!for!the!transmission!of!optical!signals!!in!
IF!over!Fiber!scheme.!Several!commercial!RoF!products!are!based!on!the!distribution!of!
radio! signals! over!MMF! since!many! buildings! have! legacy! optical! fiber! infrastructure!
networks!based!on!MMFs.![24]!

1.2.1.5 Baseband*over*Fiber*

!
The!third!scheme!transports!the!wireless!signal!as!a!baseband!(BB)!signal!over!the!fiber!
link! or! network.! ! The! received! optical! signal! is! detected! and! then! upconverted! to! the!
required! radio! frequency! in! the! RS.! This! scheme! has! the! advantage! of! using! mature!
digital!and!electronic!circuitry!for!signal!processing!at!the!RS.!Low.speed!optoelectronic!
devices! are! used! within! the! RS.! Like! IF! over! Fiber,! the! effects! of! fiber! chromatic!
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dispersion!are!also!greatly!reduced.!However,!the!need!for!frequency!conversion!at!the!
remote! station! complicates! its! architecture! design! as! the! air! interface! frequency!
increases.! The! additional! LO! source! and! extensive! signal! processing! hardware! in! the!
antenna!BS!may!also!limit!the!upgradeability!of!the!overall!fiber!radio!system.!Using!the!
BB!over!fiber!scheme,!the!BB!spectrum!cannot!be!allocated!to!the!application!on!the!RoF!
Link.!Remote!delivery!of!the!LO!signal!from!the!central!office!can!also!be!implemented!in!
this! scheme.! Figure! 1.6! shows! a! schematic! representation! of! a! baseband! over! fiber!
implementation!of!a!RoF!link.!
!

!
Figure.1.6.Baseband.over.Fiber.(BBHRoF).

1.2.2 Radio.over.Single.Mode.Fiber.
!
Most! implementations!of!RoF!applications!utilize!single!mode!optical! fiber! (SMF)! ! this!
allows! for! long! span! RoF! links.! This! is! important! in! remote! antennas! for! satellite!
communications! and! RoF! repeater! based! systems! for! outdoor! environments.! One!
limitation!of!SMF!is! the!chromatic!dispersion.! !Figure!1.7(a)!shows!the!RF! losses! in!an!
intensity!modulated!RoF!link!with!a!80!km!fiber!length![25].!It!suffers!from!destructive!
interferences!of!the!sidebands,!which!will!lead!to!null!at!certain!RF!carrier!frequencies.!
Figure! 1.7(b)! shows! the! topographical! map! showing! the! optical! losses! due! to! the!
chromatic!dispersion!as! a! function!of! the! fiber! length!and! carrier! frequency.!A! carrier!
frequency!of!10!GHz!with!a!fiber!length!of!maximum!10!km!will!have!a!0dB!chromatic!
dispersion!loss.!However,!for!a!carrier!Frequency!of!60!GHz,!it!will!have!a!20dB!optical!
loss! at! around! 800! meters.! Fiber! links! with! 60! GHz! RF! carriers! should! be! at! the!
maximum! 800!meters!while! employing! very! high! bandwidth! electro.optical! (EO)! and!
optoelectronic!!(OE)!components.!
!

!
a)! ! ! ! ! ! b)!

Figure.1.7.(a).Effects.of.chromatic.dispersions.on.the.loss.of.optical.fiber.as.a.function.of.modulating.

frequency.[25]..(b)..Topographical.map.showing.the.effect.after.optical.losses.due.to.chromatic.

dispersion.

1.2.3 Radio.over.Multimode.Fiber.
!
A! multimode! fiber! (MMF)! is! designed! to! allow! numerous! modes! of! light! to! be!
transmitted! simultaneously! as! opposed! to! SMF,! which! is! designed! to! carry! one!
propagation!mode!of! light.!Physically,! the!main!difference!of! the! two! types!of! fibers! is!
the!diameter!of!the!core!of!the!fiber.!A!typical!SMF!will!have!a!core!of!5μm!or!9μm!and!a!
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cladding!of!125µm.!!A!typical!MMF!will!have!a!62.5µm!!!core!and!a!cladding!of!125µm.!
Having! a! larger! core! size! simplifies! the! connections! allowing! the! use! of! lower! cost!
optoelectronic! components! such! as! light! emitting! diodes! (LEDs)! to! be! used! as! optical!
sources.!However,!modal! dispersion! limits! the! performance! on! a!MMF! compared! to! a!
SMF.! A! MMF! has! higher! pulse! spreading! rates! than! a! SMF.! This! limits! the! MMF’s!
information!transmission!capacity.!SMF!are! therefore!better!at!retaining! the! fidelity!of!
each! light! pulse! over! longer! distances! than!MMF.!With! this! property,! most! of! optical!
fibers! for! very! long! distances! use! SMF.! MMF! is! mostly! used! for! communication! over!
short! distances,! such! as!within! a! building! or! on! a! campus.! It! supports! links!with!data!
rates! of! 10! Mbit/s! to! 10! Gbit/s! over! link! lengths! of! up! to! 600! meters! (300!m! for!
10!Gbit/s).!This!is!sufficient!for!the!majority!of!in!building!applications.!MMF!generally!
is! used! for! backbone! applications! in! buildings.! The! modal! characteristic! of! the! MMF!
limits! the! system!bandwidth! and!RF! carrier! frequency! that! can!be!used! in! a!RoF! link.!
Figure! 1.8! shows! a! summary! of! the! different! optical! fibers! that! are! installed! in! a!
building.!It!highlights!that!in!premises!MMF!dominates!over!SMF!for!link!lengths!up!to!
300m![26].This!trend!continues!even!for!new!installations!due!to!the!improvements!in!
MMF!manufacturing!to!enable!the!requirements!of!higher!speed!Ethernet!systems.!

!
Figure.1.8.In.premises.optical.fiber.install.base.analysis.to.2007.[26].

The!different!optical!fibers!using!ISO!classifications!of!a!Corning!branded!MMF!fibers!is!
shown!in!!
Table!1.1.!These!classifications!are!used!for!Ethernet!based!systems.!It!summarizes!the!
different! bandwidths! of! different! MMF! fiber! categories! at! 850m! and! 1310nm.! This!
shows!that!an!optical!multi.mode!2!(OM2)!fiber!and!using!850nm!wavelength!will!have!
an! attenuation! of! 2.3dB/km! and! its! bandwidth! is! 500MHz·km! under! overfill! launch!
conditions!(OFL)!and!enhanced!modal!bandwidth!(EMB)!of!510!MHz·km.!If!a!link!is!500!
meters!of!OM2!MMF!it!will!have!a!3!dB!bandwidth!of!1.0!GHz!
!
Table.1.1.Summary.of.Glass.multimode.fiber.properties.

ISO. Core/Cladding.
Diameter.(μm).

850nm.
(dB/km).

1300nm.
(dB/km).

OFL.
850nm.

(MHz$km).

OFL.
1300nm.
(MHz$km).

EMB.
850nm.

(MHz$km).
OM1. 62.5/125! 2.9! 0.6! 200! 500! 385!
OM1. 62.5/125! 2.9! 0.6! 200! 500! 220!
OM2. 50/125! 2.3! 0.6! 500! 500! 510!
OM3. 50/125! 2.3! 0.6! 1500! 500! 2000!
OM4. 50/125! 2.3! 0.6! 1500! 500! 4700!
!
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The!3dB!modal!band!of!the!MMF!limits!its!use!for!short!fiber!links.!There!are!techniques!
like! offset! launch! and! restricted! mode! excitations,! used! to! overcome! the! limit! of! the!
modal!bandwidth!of!the!MMF.!This!requires!precision!in!the!coupling!of!the!light!source!
to! the!MMF.! In! situations!where! the! optical! source,! i.e.! VCSEL,! is! coupled! to! the!MMF!
fiber!or! it! is! a! commercial!off! the! shelf! (COTS)!Receiver!Optical! Sub.Assembly! (ROSA)!
where!the!launching!conditions!could!not!be!controlled.!!
!
Subcarrier!multiplexing!of!wired!LAN!data!signals!with!VCSELs!is!another!solution!that!
offers! viable! data! transmission! at! carrier! frequencies! that! is! 20! times! above! the! 3dB!
modal! bandwidth! of! the! MMF[27].! This! is! possible! due! to! the! high! frequency!
components!of!the!impulse!response!of!a!MMF.!!
!

!
a)!! ! ! ! ! b)!

Figure.1.9...Frequency.response.of:.a).1kmHlength..62.um.core.MMF.[27].b)500m.62.5um.core.MMF.

at.850nm.[28].

Figure! 1.9(a)! shows! the! frequency! response! of! a! 1km.length! 62.5µm! core! fiber.! This!
measurement! used! a! research! grade! vertical! cavity! surface! emitting! laser! (VCSEL)! is!
used! as! a! source.! The! low! frequency! response! gives! a! 3dB!bandwidth!of! 180MHz·km.!
However,! at! higher! frequencies,! there! is! a! relatively! flat! response! with! a! level! .7dB!
below!the!low!frequency!region.!This!area!is!a!suitable!band!for!communications.!!Figure!
1.9(b)! is! a! similar! plot,! but! shows! a! response! of! a! 500m! length! of! MMF! fiber.! The!
subcarrier!modulation!(SCM)! is!somewhat!similar! to!a!RoF!signal!with!a!carrier! in! the!
low!GHz!range.!!!
!
Another! demonstration! shows! how! MMF! could! be! used! for! RoF! Distributed! antenna!
Systems!(DAS)!applications![29].!They!showed!that!a!2GHz!carrier!signals!which!carry!
complex!modulation! scheme! (32! QAM)! of! 10!Mbps! could! be! transmitted! over! a! 2km!
OM2! fiber! (500MHzkm)! using! a! 1310nm!distributed! feedback! (DFB)! laser!with! a! low!
degradation!in!the!received!constellation!diagram!and!an!error!vector!magnitude!(EVM)!
in! the! range! of! 3.5%.! Figure! 1.10! shows! comparison! of! the! constellation! and! eye!
diagram!for!a!coaxial!cable!and!a!radio!over!link!using!an!MMF!fiber.!
!

!
a)! ! ! b)!

Figure.1.10.Constellation.and.eye.diagrams.for.a.32HQAM.showing.a).coaxial.cable.b).1km.MMF.

transmission.[29]..
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Studies! in! optical! links! using! a! butt! coupled! VCSEL! to! a! 300m.length! and! 50µm.core!
MMF! (2000MHz·km)! and! a! commercial! PD! with! 0.4! A/W! responsivity! followed! by!
1000Ω!!transimpedance!amplifier!(TIA)!and!wideband!amplifiers!showed!that!spurious!
free!dynamic!range!of!SFDR!of!97dbHz2/3!was!achieved.! !This!demonstrates!that!MMF,!
already! installed! in!most! buildings! used! as! short! indoor! RoF! links! have! performance!
comparable! to! short! SMF! links! without! the! need! for! new! SMF! installations.! MMF!
operation! in! the! low!gigahertz! ranges! allows! for! the! implementation!of! a!RF! intensity!
modulated.direct! detection! (RF! IM.DD)! RoF! based! systems! using! lower! cost!
optoelectronic! components.! RF! IM.DD! results! in! the! lower! overall! system! cost! and!
reduced!link!complexity!because!the!need!to!make!an!IF!IM.DD!fitting!the!bandwidth!of!
the!MMF!is!removed.!
!
Several! aspects! of! the!MMF!RoF! systems!were! studied! to! verify! its! performance!with!
respect!to!the!ones!required!by!different!wireless!standards.!!Some!research!focused!on!
its! performance,! depending! upon! the! optical! sources:! DFB! sources! [30]! [31],! ! as!
compared!to!VCSELs![32],![33]![34],![35].!However!as!VCSELs!continue!to!improve!their!
performances!and!lower!their!costs,!more!RoF!over!MMF!are!studied!using!VCSELS.!
!
The! performances! of! the! RoF! MMF! over! different! samples! and! different! lengths! of!
multimode!fiber!are!of!particular!interest! in!several!studies.![36],![35]![37]! ![38].!They!
focused!on!low!and!high!modal!bandwidth!MMF!and!lengths!of!100,!300,!500!and!600!
meters.!The!performance!of!different!wireless!standards!that!will!use!RoF!over!MMF!as!
a! transport! medium! should! be! studied.! Different! standards! such! as! Cellular! systems!
AMPS! and! GSM! [35]! [39]! WCDMA! UMTS! [34]! [39]wireless! LAN! 2.4GHz[33]! ,! [30]!
,[35],[40]![39]!and!5!GHz[33],[30],[37].!!UWB!impulse![41]![40]and!MB.OFDM!UWB[42].!
were!studied!as!individual!standards!transporter!over!the!MMF!RoF!link.!and!also!as!a!
combination!of!different!standards!when!they!are!co.distributed.!They!verified!different!
figures!of!merit!such!as!link!gain[32],!SFDR[32],![36],!!EVM![33]!,![35],![39]!throughput,!
and!signal!to!noise!ratio[30]!
!
MMF!fiber!with!enhanced!modal!bandwidth!(EMB)!greater!than!1400!MHz·km!!!is!used!
with! less! signal!degradation! for!WLAN!2.4GHz!and!5GHz!RoF! remote!antenna! feeding!!
for! fiber! length! from! 300.500!meters! [37],[33]! [35].! Figure! 1.11! shows! the! results! of!
bandwidth!measurements! of! a! VNA! and!VSCEL!with! different! samples! of! 62.5μm! and!
50μm!core!MMF!fiber!with!a!length!of!300!meters.!It!shows!that!the!50μm!fibers!have!a!
bandwidth!that!is!>4.5GHz!for!the!300m!lengths!that!are!used!in!the!measurement.!The!
measured!EVM!of!different!IEEE!802.11(x)!signals!over!MMF!shows!that!at!1Km!an!EVM!
of!10.12%!could!be!achieved![33]!!!!![38]!
!

!
a)! ! ! ! ! b)!

Figure.1.11.Bandwidth..measurements.of.different.fibers.with.the.VCSEL.used.for.WLAN.

transmission.a).62.5um.fibers,.b).50um.fibers.[37].

Several! research! groups! demonstrated! actual! RF! signal! propagation! over! MMF! fiber.!
Transmission! experiments! on! uncooled! DFB! lasers! on! the! RoF! MMF! transmission! of!
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802.11a/b! signals! results!with! low! penalty! at! 70°C! [30].! A! video! transmission! link! of!
1Mb/s! on! 1km.long! worst! case! MMF! fiber! was! used.! The! co.distribution! of! different!
standards!WLAN!and!impulse!UWB!along!cable!television!(CATV)!based!RF!signals!for!in!
building!distribution!over!500m!MMF!achieved!acceptable!!SNR!and!EVM!for!successful!
transmission! of! the! different! signals[40],! [43].! A! set! of! distributed! antennas! from! a!
single!access!point!showed!the! improved!coverage!and!reduction!of! the!total!emission!
power![44].! !A!throughput!of! !20Mb/s!was!demonstrated!for!this!setup.!A!pico.cellular!
WLAN!using!radio!over!MMF!was!demonstrated![45].It!is!composed!of!14!picocells!with!
cells!of!4m!radius.!At!the!2.4GHz!bandwidth,!each!picocell!is!associated!with!a!different!
access!point.!RF! ID! and!Zigbee!was! also! inserted! in! the! system!and!with! the! fiber! fed!
WLAN! still! provided! 20Mb/s! throughput! and! hand.off! between! picocells! was!
implemented.!Figure!1.12!shows!the!schematic!of!the!system!architecture.!

!
Figure.1.12.General.schematic.of.the.picoHcellular.WLAN.using.radio.over..MMF.[45].

Another! application! of! Radio! over! MMF! is! the! distribution! of! ultrawideband! (UWB)!
radio!signals.!This!is!of!particular!interest!because!UWB!signals!offer!over!short!range!of!
distance,!high!data!rates!at! the!expense!of!occupying!a! large!bandwidth.! Impulse!UWB!
modulated! on! VCSELs! and! MMF! was! demonstrated! in! [41],! [46]! using! a! commercial!
product!Wisair®!to!generate!the!multiband!orthogonal!frequency!division!multiplexing!
MB.OFDM!signal!through!a!MMF!RoF!system.!!Data!rates!of!480!Mbps!are!achieved!over!
400!metes!in!length![42].!!
!
The!possibility! of! transmitting!MB.OFDM!UWB! signal!with! a! data! rate! of! 1.92!Gbits/s!
over!a!500m!OM2!MMF!at!850!nm!was!demonstrated!in![47].!A!BER!of!10.8!in!the!(3.1.
4.7)!GHz!range!and!10.6!in!the!(6.7.6)!GHz!range!was!achieved!with!a!use!of!transmitter!
optical! sub.assembly! (TOSA)/! receiver! optical! sub.assembly! (ROSA)! components! in! a!
point! to! point! topology.! A! multipoint! topology! was! also! demonstrated! for! the!
distribution!of!UWB!MB.OFDM!signal!over!MMF!with!low!cost!devices![8].!

1.3 ORIGIN.PROJECT.
!
The! Optical.Radio! Infrastructure! for! Gibabits/s! Indoor! Networks! (ORIGIN)! is! a!
collaborative! project! funded! by! DGCIS! (Direction! Générale! de! la! Compétitivité,! de!
l’Industrie!et!des!Services),!a!unit!of!the!French!minister!of!the!Economy,!Industry!and!
Employment).! ! It! is! in! collaboration!with! the! industry:!Orange!Labs!/!France!Télécom!
ACOME,! Niji! and! SIRADEL! –! and! academic! institutions! .! ESYCOM! ,! Télécom!Bretagne,!
and!IREENA!(joined!IETR!in!2012).This!project!aims!to! improve!indoor!very!high!data!
rate! radio! coverage! using! RoF.! The! goal! is! to! produce! a! prototype! of! a! Home! Area!
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Network!using!!a!RoF!architecture!composed!of!RoF!transducers,!domestic!cabling!and!a!
central!node.!!
!
The!expected!results!of!the!project!are!the!following:!

• Analysis!of!the!market!and!its!players,!
• Identification!of!service!scenarios,!
• System!specifications,!
• RoF!transducers!prototyping,!
• Performances!measurement!and!validation,!
• Simulation!of!the!complete!system!to!write!engineering!rules,!
• Pre.industrial!demonstration!platform, 
• Business!plan. 

!
The!project!is!divided!into!seven!Sub!Projects!as!illustrated!in!Figure!1.13!

!
Figure.1.13.The.ORIGIN.Project.structure.and.subdivision.

ESYCOM! is! in! charge!of!Work!Package!4! (SP4),! focused!on! the! implementation!of! low!
cost! photonic! components.! ! The! main! tracks! of! this! research! component! are! the!
following:! Silicon! Germanium! HPTs,! VCSELs,! and! Hybrid! microwave.photonic!
integration!on!Siilcon.!!
!
This! thesis! involves! research!on!SiGe!HPTs.!SiGe!HPTs!are!used!because! it! affords! the!
potential!of!direct! integration!of! the!detector!and!amplification!circuits,! towards!opto.
electronic! monolithic! microwave! integrated! circuits! (OE.MMIC).! Initial! research!
suggests! promising! linearity.! This! photodetector! structure! offers! amplification! and!
matching! properties! at! the! same! time! allowing! for! direct! integration!with! high! speed!
SiGe.based!circuits.!!

1.3.1 System.Block.Diagram.
!
The! ORIGIN! project! aims! to! develop! new! infrastructures! in! building! allowing!
communications! at! high! data! rates! between! a! domestic! bridge! and! different! wireless!
devices! operating! at! 60GHz! carrier! frequencies! in! all! different! areas! of! a! house.! RoF!
technology!is!used!as!the!main!infrastructure!of!the!system!implementation.!Multimode!
Fiber! is!chosen!as! the!optical!medium!to!connect! the!different!Transceiver!Radio!over!
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Fiber! (TRoF)!modules.! !Direct!Modulation! IF!over!MMF! fiber! is! chosen! to!be! the!main!
architecture!of!the!system.! !A!simplified!implementation!of!the!RoF!channel!to!connect!
two!rooms!to!one!another!is!presented!in!Figure!1.14.!

!
Figure.1.14.Simplified.schematic.representation.of.the.IFHRoF..channel.that.is.used.to.connect.two.

rooms..

A!60!GHz!transmitting!(TX)!radio!device!is!placed!in!room!1!while!in!room!2!a!60!GHz!
receiving!device.!They!are!both!separated!such! that! the!receiver!could!not! receive! the!
signal!from!the!transmitter.!!The!initial!hop!from!the!radio!TX!is!a!receiving!antenna!at!
60!GHz.!This!is!then!amplified!and!down!converted!to!an!intermediate!frequency.!!This!
signal! is! then! used! to! directly! modulate! a! VCSEL.! The! modulated! optical! beam! is!
transported!through!a!multimode!fiber,!where!a!PD!receives!this!signal!and!converts!it!
to!an!electrical!one.!These!signals!are!then!amplified!and!upconverted!to!60!GHz.!A!60!
GHz!transmitting!antenna!radiates!the!wireless!signal!to!the!radio!receiver.!
!
Different!implementations!of!the!ORIGIN!system!are!developed!to:!

1. provide!verification!of!the!system!functionality!and!performances.,!!
2. improve!performances!of!the!systems,!and!
3. use!low!cost!photonic!component!for!the!implementation!of!the!system.!

1.4 Photodetectors.
!
This!section!targets!to!provide!a!state.of.the.art!on!photodetectors!with!a!focus!on!low!
cost!technologies.!Photodetectors!are!devices,!which!convert!optical!signals!to!electrical!
signals.! Discrete! type,! high! speed! photodetectors! are! typically! used! in! the!
implementation!of!RoF!links.!This!means!that!a!single!device!such!as!a!photodiode!that!
is! packaged! to! have! an! access! for! optical! coupling! and! electrical! access! via! RF! or!
microwave!connectors.!Another!form!will!be!of!a!photodiode!and!an!amplifying!stage!via!
the! use! of! a! transimpedance! amplifier! (TIA).! These! components! are! hybrid! packaged!
together!and!provided!with!an!access! for!optical!coupling!to!the!photodetector!and!an!
electrical!access!to!the!output!of!the!amplifying!stage.!
!
In! the! succeeding! sections,!we!will! give! a! brief! review!of! the! figures! of!merit! that! are!
used! to!measure! the! performances! of! different! photodetectors.! The! different! discrete!
high.speed! photodetector! implementations! and! how! they! are! optimized! for! the!
wavelength! and! speed! of! their! operation! will! be! discussed.! The! different! discrete!
photodetector! performances! at! 850nm! are! then! summarized.! The! different! research!
efforts! to! implement!optoelectronic! integrated! circuits! (OEIC)! front! ends! composed!of!
photodetectors!and! initial!amplifying!stages!on! the!same!die!or!processing! technology!
are! then! reviewed.! Photodetectors! implemented! in! silicon! based! processing!
technologies!are!analyzed.!Heterojunction!bipolar!phototransistors!(HPT)!implemented!
using!a!SiGe!Bipolar!process!technology!are!assessed.!
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1.4.1 Photodetector.Figures.of.merit.

1.4.1.1 Quantum*efficiency*

!
Quantum! efficiency! is! defined! as! the! probability! that! a! single! photon! incident! on! a!
detector!generates!an!electron.hole!pair.!The!internal!quantum!efficiency!is!given!by!the!
Eq.!1.1!
!
! !!"# =

!"#$%&!!"!! − ℎ!!"#$%!!"#"$%&"'
!"#$%&!!"!!"#!$%"&!!ℎ!"!#$ ≤ 1! . Eq..1.1.

!
The!external!quantum!efficiency!is!due!to!number!of!collected!electron!hole!pairs!due!to!
the!number!of!photons! that!are! incident! in! the!semiconductor!material.!Eq.!1.2! shows!
the!external!quantum!efficiency.! It! can!also!be!described! from!measureable!quantities!
such! as! the! photo! generated! current!!!! ,! the! optical! power! that! is! incident! on! the!
material!!!"#!and!the!wavelength!of!the!optical!signal!!λ!as!presented!in!Eq.!1.3!
!
! !!"# =

!"#$%&!!"!!"##$!%$&!! − ℎ!!"#$%!
!!"#$%&!!"!!"#!$%"&!!ℎ!"!#$ ! . Eq..1.2.

!
!

!!"# =
!!! !

!
!!!"# ℎ!

= 1.24
! !" ∙ !!! !

!!"#
! . Eq..1.3.

!
If!the!external!quantum!efficiency!is!greater!than!1,!it!signifies!that!the!photo!generated!
current! is! amplified! and! that! the!photodetector!processes! a! gain!mechanism.!External!
quantum!efficiency!as!a!function!of!the!internal!quantum!efficiency!is!presented!below.!
!
! !!"# = !!"# ∙ 1 − ! ∙ 1 − !!∝! ! . Eq..1.4.

!
where!!!is!the!absorption!coefficient!of!the!material!at!the!wavelength!of!operation!!and!
!!is!the!coefficient!of!reflection!onto!the!photodetector!surface!and!!!is!the!width!of!the!
absorption!region.!

1.4.1.2 Responsivity**

!
Responsivity! is! a!measure! of! light.to.current! conversion! efficiency! of! the! detector.! ! A!
high!detector!responsivity!improves!the!signal!to!noise!ratio!of!the!receiver!system.!It!is!
possible!to!have!gain!in!photodetectors!(as!in!avalanche!photodetectors)!due!to!impact!
ionization! and! avalanche! multiplication! that! can! lead! to! high! responsivity.! But! these!
mechanisms!are!usually!accompanied!by!a!penalty!in!bandwidth!and!noise!performance.!
Mathematically,!the!responsivity!of!a!detector!R!is!defined!as!!
!
! ! = !!!

!!"#
! . Eq..1.5.

!
where!!!!!is! the! photocurrent! and,! !!!"# !is! the! incident! optical! power,!!!is! sometimes!
defined! as! external! quantum! efficiency! representing! the! fraction! of! incident! photons!
leading! to!!!! .! In! reverse! bias! junction! photodiodes!where! the! depletion! region! (high!
field!region)!constitutes!the!bulk!of!the!absorption!region,!it!can!be!approximated!by!
!
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! ! = !!"# 1 − ! (1 − ! !!!"
1 + !!!

)! . Eq..1.6.

!
where!!!! is! the! optical! reflectivity! between! the! air! and! the! semiconductor,!!!is! the!
absorption!coefficient!of!the!intrinsic!region,!d!is!the!depletion!region!thickness!and!!!"#!!
is!the!internal!quantum!efficiency!defined!as!the!ration!of!the!number!of!!electron!hole!
pairs!created!to!the!number!of!absorbed!protons.!In!pure!materials,!!!"#!is!almost!unity.!
!!!is!the!minority!carrier!diffusion!length,!i.e.!for!electrons!in!the!p.type!substrate.!In!the!
absence! of! a! diffusive! transport,! the! term!!!!!is! missing! in! Eq.! 1.6! and!(1 − !!!" !)!
represents!the!fraction!of!light!absorbed!in!the!depletion!width!of!the!detecting!junction.!
Note!!! = !!!! !where!!! !is! the! diffusion! constant! and!!!!is! the! minority! carrier!
lifetime.!!!
!
Because! the! quantum! mechanical! process! of! absorption! transforms! a! photon! to! an!
electron–hole! pair! regardless! of! the! energy! of! the! absorbed! photon,! the! maximum!
possible!responsivity!varies!with!photon!energy.!For!example,!at!a!wavelength!of!850nm!
(1.45eV)!the!maximum!possible!responsivity!(in!a!material!with!100%!absorption!and 
is!0.69A/W,!while!at!a!wavelength!of!1550nm!(0.79eV),!responsivity!can!be!as!large!as!
1.25A/W.![48] 
!

1.4.1.3 3dB*Bandwidth*

!
The!bandwidth!of! a!photodetector! is!defined!as! the!modulated!RF! frequency!at!which!
the! responsivity! of! the! detector! has! fallen! by! 3dB! from! its! low! frequency! value.! It! is!
mainly! limited! by! carrier! transit! time,! RC! time! constant,! diffusion! time! by!
photogenerated! carriers! outside! the! depletion! region.! Carrier! transit! time! is! the! time!
taken!by!the!photogenerated!carriers!to!travel!across!the!high.field!region.!It!is!usually!
dominated! by! a! hole! transit! time! as! holes! typically! have! lower! drift! velocity! than!
electrons! in! common!photodetector!materials.!The!RC! time!constant! is!determined!by!
the! equivalent! circuit! parameters! of! the! photodiode! and! the! load! circuit.! Diode! series!
resistance! (due! to! ohmic! contacts! and! bulk! resistances),! load! impedance! and! the!
junction! and! parasitic! capacitances! contribute! to! the!RC! time! constant.! Diffusion! time!
becomes! important! when! the! photocurrent! due! to! carriers! absorbed! in! the! p! and! n!
contact! regions!within! about! one! diffusion! length! of! the! edge! of! the! depletion! region!
becomes!comparable!to!the!current!arising!from!the!photo!generated!carriers!within!the!
depletion!region.!
!

!
Figure.1.15.Representation.of.the.3dB.bandwidth.of.the.photodetector.



Chapter!1!State!of!The!Art!
!

Study!of!SiGe!HPT!for!Radio!over!Fiber!applications!! 16!

1.4.2 High.Speed.Photodetectors.
!
Discrete!high.speed!photodetectors!are! implemented!to!reach!high!performances!with!
regards! to!maximum! detection! and! speed.! Since! these! devices! are! discrete! in! nature,!
they!are!not!limited!to!constraints!such!as!process!compatibility!to!electronic!circuits,!in!
processing!or!supply!voltage!levels.!Indeed,!most!optical!receiver!modules!are!packaged!
as! a! hybrid! device.! This! is! shown! in! Figure! 1.16!where! an! optical! receiver!module! is!
composed!of!a!means! to!couple! the! light! to! the!detector!and! it! is!wafer!bonded! to! the!
first!stage!of!an!electronic!circuit.!
!

. !
a!)! ! ! ! ! ! b)!

Figure.1.16..Example.OE.receiver.module.that.is.composed.of.hybrid.packaged.discrete.

photodetector.and.amplifiers.[49].

In! order! to! achieve! good! performances,! these! photodetectors! use! direct! band! gap!
materials! like! GaAs! for! example! that! are! matched! to! the! particular! wavelength! of!
application.!!The!detection!layers!and!area!are!optimized!form!to!achieve!a!good!balance!
between!detection!and! speed.! !The! speed!of! the!photodetector! is! primarily! limited!by!
the!diffusion!parameters!and!the!RC!delays.!
!
High.speed!photodetectors!are!used!in!the!different!radio!over!fiber!implementations!as!
discussed! in! the! previous! section.! These! devices! are! required! for! telecommunications!
systems! and! for! high! capacity! optical! based! networks.!Different!materials! are! used! in!
the!implementation!of!these!detectors!as!well!as!photodetector!structures.!!Non.!direct!
band!gap!materials!such!as!Silicon!are!commonly!used!to!implement!photodetectors!for!
wavelengths! from! 400nm! up! to! 1000nm! and! another! indirect! bandgap! material!
Germanium!is!used!at! long!wavelengths!up!to!1800nm.!Due!to!the!indirect!bandgap!of!
silicon! and! germanium! at! these! wavelengths,! they! have! relatively! small! bandwidth!
efficiency! products.! Direct! bandgap! materials! such! as! III.V! semiconductors! are! more!
adapted!for!high.speed!operation.!GaAs!has!as!cutoff!wavelength!of!around!900nm!and!
is! ideal! for! visible! and! near! infrared! operation! of! the! telecom!wavelength! of! 850nm.!
Alloys! of! GaInAs! ternary! semiconductors! with! a! cutoff! wavelength! of! 1650nm! are!
specially!useful!for!the!telecommunication!photodetectors!at!1310nm!and!1550nm.!
!
The! use! of! the!materials! that! are!matched! to! a! specific!wavelength! and! optimized! for!
high.speed! operation! is! a! key! activity! in! the! research! for! very! high! speed! discrete!
photodetectors.! ! This! is! specially! the! case! in! telecoms! applications! where! the!
performance!is!the!primary!criteria.!However,!silicon!is!abundant!and!has!the!relatively!
lower!cost!related!processing.!!There!has!been!a!lot!of!research!activity!to!develop!high.
speed! photodetectors! that! are! based! on! silicon.! This! offers! the! availability! of!
monolithically! integrating! these! detectors!with! high.speed! electronic! circuits! that! are!
needed! for! the! processing! of! the! detected! optical! signals.! One! aspect! of! this! research!
involves!extending!the!spectral!response!of!silicon.based!detectors!so!that!it!can!be!used!
in! the! telecoms!wavelength! such!as!1310nm.!This! involves! the!use!of! germanium!and!
silicon!as!a!platform! for!Ge!based!photodetectors.!Heterojunction!such!as!SiGe! is!used!
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with!Silicon! in!order! to! increase! the! spectral! response!and! to! improve! its!high.! speed!
operation.! ! Another! approach! is! to! push! for! higher! frequencies! of! operation!which! is!
achieved! by! using! novel! photodetector! structures,! i.e.,! heterojunction! and! ! SOI!
technologies.! ! These! researches! focus! on! the! fact! that! the! photodetectors! should! be!
processed!to!be!compatible!to!silicon!based!processing!technologies!such!as!Silicon/SiGe!!
CMOS,! Bipolar! and! BiCMOS! which! will! help! in! its! future! monolithic! integration! with!
silicon! based! electronic! circuits.! Lastly,! there! is! a! lot! or! research! activities,!which! are!
focused! on! implementing! high.speed! photodetectors! directly! on! commercial! silicon,!
based! processing! technologies! with! little! or! no! modification! in! the! mask! set! and!
processing!steps.!This!assures! that! these!devices!are!process!compatible!and!could!be!
easily! included! as! part! of! list! of! available! devices! for! these! silicon! based! process!
technologies.!
!
In! the! following! section!we!will! discuss! two! primary! implementations! of! ! high.speed!
photodetectors;!photodiodes!and!phototransistors.!Photodiodes!are! the!most! common!
high.speed! photodetectors.! These! photodiodes! could! be! classified! according! to! their!
structure;!PIN!photodiode,!MSM!photodiode,!Avalanche!photodiode!(APD),!!
!

1.4.2.1 PIN*Photodiode.*

!
A! PIN!photodiode! is! a! variation! of! a! simple!PN! junction!photodiode.!This! PN! junction!
photodiode!is!reversed!biased!to!obtain!a!large!space!charge!region!(SCR)!or!a!depleted!
zone! to!accommodate! the!photodetection.! In!PIN!photodiode,! the!absorption! region! is!
augmented! by! the! insertion! of! an! intrinsic! layer! in! between! the! p.type! and! n.type!
semiconductor.!This!intrinsic!layer!is!undoped!or!could!be!lightly!doped.!This!is!used!to!
artificially!augment!the!space!charge!region.!It!can!be!said!the!depletion!region!is!almost!
entirely!contained!in!the!intrinsic!region.!This!helps!increase!the!optical!absorption.!In!
this!type!of!photodiode,!the!light!absorbed!in!the!semiconductor!produces!electron!hole!
pairs.!The!electric!field!in!the!depletion!region!causes!the!separation!of!the!electron!hole!
pairs,!which!leads!to!the!flow!of!current!in!the!external!circuit.!The!frequency!response!
of!this!PD!is!limited!by!the!transit!time,!which!is!the!time!it!takes!to!for!the!carriers!to!
cross!the!depletion!region!and!the!RC!time!constant!effects!due!to!the!photodiode!bulk!
resistance!and!contact!resistances.!The!photodiode!capacitance!is!due!to!the!separation!
of! charge! at! the! depletion! region.! The! tradeoff! for! speed! versus! sensitivity! is! very!
evident!in!a!surface!illuminated!PIN!PD.!!In!order!to!increase!the!frequency!response!of!a!
vertically! illuminated! PIN! PD! the! sensitivity! is! always! sacrificed.! The! decrease! in! the!
length! of! the! depletion! region! will! reduce! the! transit! time! of! the! carriers! which! will!
increase!the!bandwidth!of!the!photodiode.!However!this!will!result!in!the!decrease!of!its!
quantum!efficiency.!A! simple! representation!of! the!PIN!PD! is! shown! in!Figure!1.17.! It!
shows!an!illumination!that!is!perpendicular!to!the!PIN!structure.!
!

!
a)! ! !! ! b)!

Figure.1.17.example.pHiHn.photodiode..(a).diode.structure.(b).electric.field.profile[50],.[51] 

!
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For!a!PIN!PD,!its!quantum!efficiency!can!be!expressed!by!the!following!equation.!
!
! !!"# = !!!"# ∙ (1 − !) ∙ (1 − !∝!)! . Eq..1.7.

!
Where!! !is! the! reflection! coefficient,!! !is! the! absorption! coefficient! and!! !is! the!
thickness!of!the!intrinsic!layer.!It!is!considered!that!!!!"# !≈ 1,!! ! ∙! ≪ 1!!
!
The! PIN! PD! bandwidth! is! limited! by! the! transit! time! and! RC! time! constant! of! the!
equivalent!circuit!of!the!PIN!PD![52],![53],![54],![51]!.!
!
! 1

!!!"!
= 1
!!!

+ 1
!!"!

! ; !!!" = !
2!"
3.5!

!
+ 2!!!!!!"

!
! !!!

!

!

. Eq..1.8.

!
Where!
!

1
!! != !

1
2×

1
!!!
+ 1
!!!

!! . Eq..1.9.

!
In! this! equation,! R! is! the! total! resistance! which! includes! the! series! resistance! of! the!
diode! ! and! load! resistance! of! the! diode,! S! is! the! surface! of! the! photodiode!!!!! is! the!
dielectric! constant! and! the!!! !is! the! relative! permittivity,!! !is! the! thickness! of! the!
depletion! region! and! !!! !!"#!!!!!are! the! saturation! speeds! of! electrons! and!holes.! The!
Eq.!1.8!shows!that,! in!order!to!increase!the!transit!time,! it! is!necessary!to!decrease!the!
intrinsic! absorption! layer! thickness.! From! this! equation,! the! PIN! PD! bandwidth! is!
maximal!for!a!given!photosensitive!area!S.!
!
! ! = 3.5!!!!!!" ≈ !! . Eq..1.10.

!
The!optimum!absorption!layer!thickness! is!proportional!to!the!diameter!of!the!PIN!PD!
photosensitive!area.!By!reducing!the!photosensitive!area!S,!the!bandwidth!of!the!PIN!PD!
can!be!increased.! !However!this!reduces!the!series!resistance,!decreases!the!saturation!
current!and!makes!the!coupling!to!fiber.optic!cable!more!difficult.!
!
Very! high.speed! compound! semiconductor! PIN! photodiodes! have! been! reported! in!
literature! most! of! which! are! bandgap! engineered! to! operate! in! the! long! wavelength!
operations! 1350! and! 1510nm.! Simulations! of! InP/GaInAs/InP! PIN! photodiodes!
suggested!bandwidths!greater! than!60!GHz!at!1550nm![55].!Waveguide!PIN!PD!which!
are! laterally! illuminated!PIN!PD!have!3dB!bandwidth!greater!40!GHz!at!1550nm!have!
been! demonstrated! [56].! Cutoff! frequencies! in! the! range! of! 110.120! GHz! at! 1350nm!
operation!were!reported,![57],![58],!and!at!970nm!operation!a!100GHz!cutoff!frequency!
of!a!vertically!illuminated!GaInAs/InP!PIN![59].!
!
High! speed! Silicon! PIN!PD!has! been! reported! to! achieve! a! bandwidth! of! ! 34GHz! ! and!
peak!efficiencies!ranging!from!42%!at!704nm!and!31%!at!!836nm[60].!Silicon!based!PIN!
PD!operated!at!long!wavelengths!were!implemented!by!using!SiGe!and!Ge!on!Si!due!to!
their! compatibility! to! silicon! CMOS! processing! and! their! high! optical! absorption!
coefficients!at!1300nm!and!1550nm.!One!implementation!is!a!Germanium!PIN!PD!that!is!
grown! on! silicon.! Recent! literature! shows! cutoff! frequencies! in! the! range! of! 40GHz!
[61],[62].[64].! Another! approach! using!Germanium! as! a!means! to! extend! the! spectral!
response!of!silicon!for!the!long!wavelength!region!is!to!use!heterostructure!of!Si!and!Ge.!
Many!successful!reports!of!PIN!SiGe/Si!superlattice!photodetectors!have!been!made!for!
wavelengths! of! 850.1300nm.! A! GeSi/Si! waveguide! PIN! photodiode! that! operated! at!
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speeds!greater!than!1GHz!at!1300nm!with!an!internal!quantum!efficiency!of!40%![65].!A!
planar! SiGe/Si! based! PIN! PD! was! demonstrated! with! a! 10.5GHz! cutoff! frequency! at!
980nm! with! an! external! quantum! efficiency! of! 25.29%.[66].! Several! SiGe/Si! PIN!
photodiode!exhibited!a! responsivity!of!0.3A/W!and!a!bandwidth!of!0.8!GHz!at!880nm!
[67],![68] [69] 
!
Using! standard! silicon! based! CMOS,! BiCMOS! and!Bipolar! process! profits! from! a! lot! of!
interest! to!make!monolithically! integrated!OEIC’s.!Si!waveguide!PIN!photodiodes!have!
been!developed!using!standard!CMOS!processing!with!a!!bandwidth!of!10.20GHz!and!an!
internal!responsivity!of!0.8A/W!at!1550nm![70].!By!using!additional!mask!in!a!standard!
CMOS!twin!well!process,!!high.speed!PIN!PD!with!cutoff!frequency!of!1.4GHz!at!622nm!
was!used! in!monolithic!a!CMOS!based!photoreceiver![71].!Other!groups!used!modified!
BiCMOS! and! Bipolar! process.! Planar! PIN! PD! that! are! fabricated! on! CMOS.compatible!
silicon! on! insulator! (SOI)! substrates! were! presented! in! several! researches.! [72].[74].!
Using!different!PIN!PD!structure!is!seen!as!a!solution!to!!fabricate!PDs!in!an!unmodified!
CMOS! process.! They! were! able! to! achieve! 2.3GHz! of! cutoff! frequency! at! 850nm!
wavelength.![75] !

1.4.2.2 Metal*Semiconductor*Metal*Photodiode*

!
The!metal!semiconductor!metal!(MSM)!photodiode!consists!of!thin!metal!electrodes!on!
a! semiconductor! substrate.! It! is! essentially!made!of!back.to.back!Schottky!diodes! that!
use! interdigitated!electrode!configuration!on!an!undoped!semiconductor! layer.! !Figure!
1.18!shows!a!top!view!and!cross!section!view!of!an!MSM!photodiode.!The!metal!fingers!
of! the!metal! electrodes!have! finger!width!of!w!and!are! separated!by!a!distance! s.!The!
spacing! s! should! be! greater! than! the! finger! width,! in! order! to! have! a! high! quantum!
efficiency!for!the!photodiode.!One!advantage!of!the!MSM!PD!is!that!it!has!a!simple!planar!
structure!which!is!compatible!with!the!production!process!of!field.effect!transistors![76]!
,! [77]! and! other! planar! semiconductor! processes.! A! MSM! PD! is! used! in! FET.based!
monolithic! OEIC! receivers!with! 11GHz! bandwidth! [78].!MSM! Photodiodes! in! Si.based!
standard!CMOS!technologies!was!also!demonstrated![79].!It!has!been!applied!to!several!
opto.microwave!applications![80],![81],![82],![83],![84],![85],![86],!![87].!
!
In! an! MSM! PD,! when! the! light! hits! the! semiconductor! surface,! it! is! absorbed! and!
generates! electron.hole! pairs! within! the! active! region.! The! holes! drift! towards! the!
negative! electrodes,! and! the! electrons! travel! to! the! positive! electrode! due! to! the!
influence!of!an!electric!field!when!a!reverse!bias!voltage!is!applied.!The!bandwidth!of!an!
MSM! PD! is! similar! to! that! of! a! PIN! PD! in! the! sense! that! it! is! limited! by! the! RC! time!
constant!and!the!transit!time!values.!

!
a)!! ! ! ! b)!

Figure.1.18.MSM.photodiode,.(a).cross.sections.(b).top.view.[88].

The!!external!quantum!efficiency!of!a!MSM!PD!is!given!by!the!equation:!
!
! ! = 1 − ! !

! + ! 1 − !
!!∙! ! . Eq..1.11.
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where!!, !!!"#!!!are!the!dimensions!of!the!component!as!indicated!in!the!Figure!1.18!!∝!
is!the!absorption!coefficient!of!the!material!!and!!!is!the!reflection!coefficient!of!the!air!
semiconductor! interface.! In! order! to! have! increased! quantum! efficiency,! L! should! be!
much!greater!than!l.!It!is!also!possible!to!improve!the!quantum!efficiency!by!using!semi.
transparent!electrodes[89]!or!by!back!side!illumination![90]!,![91].!
!
The!MSM!PD!bandwidth,!as!well!as!for!the!PIN!PD,!is!limited!by!drift!time and!RC.time.!
Although!in!the!MSM!PD!optical!radiation!propagates!perpendicular!to!the!direction!of!
the!charge!carrier!transport,!it!has!the!similar!trade.off!between!the!quantum!efficiency!
and!bandwidth.! In!order! to! increase! the! transit! time! the! interdigital! spacing!has! to!be!
reduced!which!will! result! to! higher! cutoff! frequencies! [92].[94].! In! order! to! increase!
quantum! efficiency! and! to! decrease! the! capacitance,! it! is! necessary! to! enlarge! the!
interdigital!spacing.!!
!
Since!the!MSM!PD!bas!lower!capacitance!per!unit!area!compared!to!the!PDs!based!on!pn!
junctions,!the!MSM!PD!bandwidth!is usually!limited!by!transit!time.!Also!it!is!necessary!
to! note! that! the! interdigital! spacing! reduction! increases! both! dark! current! and!
degradation!probability!of! the!MSM!PDs!due! to!high! surface! currents.!The!nature!of! a!
saturation!of!a!photocurrent!in!the!MSM!PD!and!Schottky!PD!is!the!same!as!in!the!PIN!
PD.!However,!the!internal!electrical!field!of!the!Schottky!barrier!is!usually!lower!than!in!
the!PIN!structure!and!also!there!is!a!large!barrier!for!holes!at!the!metal.semiconductor!
interface.!This! results! in! lower!saturation!current!of! the!PD!based!on!Schottky!barrier!
comparing!with!the!PIN!PD.!
!
Cutoff! frequencies!of!375GHz!and!510GHz!have!been!reported![95],[96].! It! is!based!on!
low! temperature! grown! GaAs.! In! bulk! silicon,! cutoff! frequencies! of! 110! GHz! was!
reported![97]!another!group!at!85GHz!for!633!and!850nm!operation![98].!MSM!PD!on!
SOI!has!also!been!reported![99]!.!

1.4.2.3 Avalanche*Photodiode*

!
Avalanche!Photodiodes! (APD)! offers! high! sensitivity! due! to! internal! amplification! and!
avalanche! gain! of! the! photocarriers.! It! incorporates! a! high! field! region! that!multiplies!
the!photocurrent!through!the!avalanche!generation!of!the!additional!electron!hole!pairs.!
APD’s!have!internal!gain,!as!a!result!they!have!very!high!responsivity!and!are!used!in!the!
implementation! of! high! sensitivity! photoreceivers.! However,! APDs! present! stronger!
noise! level! compared! to! PIN! PD.! For! APD’s,! silicon! are! used! to! increase! the!
photoreceiver! sensitivity!of! fiber.optic! links.!With! increase! sensitivity! in! the! links,! the!
APDs!help! increase!the!distance!between!repeaters.! !The! increase! in!APD!sensitivity! is!
due! to! internal! amplification! during! an! avalanche! gain! of! the! photocarriers.! A! large!
reverse! bias! is! needed! to! supply! the! ionization! field! in! the! multiplication! layer.! This!
avalanche!gain! is!characterized!by! ionization!rates!for!electrons!!!and!holes!!!.! ! In!an!
approaching! of! a! constant! electric! field! inside! of! the! multiplication! layer,! the!
multiplication! factor! M! can! be! expressed! through! ionization! rates! and! multiplication!
layer!thickness!!!:!
!
!

! = !! − !!
!! − !!! !!!!! !!

= 1 − !∝
!! !!!∝ ∝!∙!! − !∝

!

!

. Eq..1.12.

!
where!!!∝ =

!!
!!
!!!!!!

!
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For! low! noise,! fast! response! times! and! high! multiplication! factor,! the! ionization!
coefficients!should!significantly!differ!from!each!other.!Silicon!has!been!long!recognized!
as!the!best!APD!multiplication!material!in!terms!of!gain.bandwidth!product!and!excess!
noise.!Excess!noise!is!present!in!APDs!due!to!the!multiplications!process.!This!is!due!to!
the!large!ratio!of!electron!and!hole!ionization!coefficients.!These!coefficients!define!the!
probability! that! a! carrier! causes! an! ionization,! and!generates! additional! carriers.!Very!
high! or! very! small! ratios!!∝!of! these! coefficients! results! in! APDs!with! little! noise! and!
high! gain! bandwidth! products[100].! ! There! are! studies! on! APDs! in! silicon! that! are!
focused!on! integration!with!CMOS!and!Bipolar!process!and!reduction!of! the!operating!
voltages![101].[103]![104],![105],[106],[107].!
!
For!long!wavelength!applications!APDs!use!of!composite!heterostructures!with!separate!
absorption! layers!and!wide!bandgap!multiplication! layers!based!on!material! that!have!
distinguishable! ionization! rates! for! the! holes! and! electrons.! These! are! called! separate!
absorption!and!multiplication!(SAM)!structures.!A!narrow!bandgap!material! is!used! in!
the! absorption! region,! but! a! higher! bandgap! material! such! as! InP! is! used! in! the!
multiplication! region[108],! [109].! Figure! 1.19! shows! a! cross! section! of! a! high! speed!
InGaAs! APD.! The! difference! in! bandgap! between! the! two! materials! causes! an!
accumulation! of! charge! at! the! interface,!which! tends! to! slow! the!device.! A! solution! to!
this!problem!has!been!to!use!a!graded!bandgap!profile!by!incorporating!a!superlattice.!
These!devices!are!called!a!separate!absorption!grading!and!multiplication!APD!(SAGM–
APD)! [110],! [111]! Several! variations! of! the! SAGM–APD! have! also! been! developed!
including,! the! separate! absorption,! grading,! charge! and! multiplication! APD! (SAGCM–
APD)! [112],! [113].the! superlattice!APD! (SL–APD)! [114],! [115]! and! the! ‘staircase’! APD!
[116],![117].!!
!

!
Figure.1.19.Typical.structure.of.high.speed.InGaAs.APD.[51].

The! gain! of! the! APD! is! equal! to! one!when! it! is! biased! in! small! reverse! voltages.! The!
amplification!occurs!only!at!large!reverse!bias.!Its!bandwidth!is!determined!by!RC!time!
constant,!drift!time!of!photocarriers!and!time!for!avalanche!formation.!
!
!

!!" =
1

!! + !!
!1 − !

! !!!!! !!

!! − !!
!

!

. Eq..1.13.

!
Where!!!!and!!!are!the!electron!an!hole!velocities! in! the!multiplication! layer.! In!order!
to! increase! the! APD! bandwidth,! it! is! necessary! to! reduce! both! the! absorption,! and!
multiplication! layer! thickness.! The! minimum! absorption! thickness! is! limited! by! the!
required! quantum! efficiency.! The! quantum! efficiency! could! be! increased! by!means! of!
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Resonant!Cavity!Enhanced!(RCE)!or!edge!coupling.!The!multiplication!layer!thickness!is!
limited! by! the! minimum! space! necessary! for! photocarriers! to! obtain! the! sufficient!
energy!for!ionization.!This!means!that!the!bandwidth!of!the!high!speed!APD!is!limited!by!
the!avalanche!formation!time!!!"!!The!APD!performance!could!be!improved!with!the!use!
of! superlattices! in! the! heterojunctions.! If! the! avalanche! is! formed! by! fast! electrons,! it!
results!in!decreasing!the!avalanche!formation!time!to!increase!of!bandwidth.!
!
In!the!literature,!An!APD!with!a!17!GHz!unity!gain!operating!at!1300!nm.!It!has!InGaAs!
for! the! absorption! zone! and! InGaAsP.InAlAs! for! the! multiplication! zone.! Through!
backside!illumination!it!has!a!quantum!efficiency!of!74%!and!a!gain!bandwidth!product!
of!110GHz.![118].!Using!Silicon!as!the!multiplication!zone,!an!avalanche!PD!with!a!unity!
gain!of!10!GHz!with!a!quantum!efficiency!of!42%!and!the!gain!bandwidth!is!estimated!in!
the!environment!of!!400GHz![119].!!
!
Table!1.2!!shows!the!summary!of!the!properties!of!the!different!photodiodes!that!were!
discussed.!
!
Table.1.2.Summary.of.different.Photodiodes.

PD.Type. Year. Reference. Material. H3dB.(GHz). Wavelength.(nm).

PIN. 1995! [59]! GaInAs/InP! 100! 970!
2002! [56]! ...! 40! 1550!
1994! [57]! ...! 110! 1350!
1995! [58]! GaAs! 120! 1300!
2005! [61]! Ge!on!Si! 25.1! 1552!
2008! [62]! Ge!on!Si! 40! 1550!
2009! [63]! Ge!on!Si! 49! 1550!
1986! [65]! GeSi/Si! 1G! 1300!
1997! [66]! SiGe/Si! 10.5! 1300!

MSM. 1991! [76]! InGaAs! ...! 1300,1550!
2000! [77]! InGaAs! 3! 1300,1500!
1993! [78]! GaAs! 11! 850!
2009! [79]! Si! 0.919! 850!
1985! [80]! GaAs! ...! 800!
1996! [81]! AlGaAs/GaAs! 8.2! 840!
1993! [82]! AlGaAs/InGaAs/GaAs! 1.0! 850!
1996! [83],! InAlAs.InGaAs.InP! 18! 1550!
1998! [84]! SiGe! 1.1! 850!
1998! [85]! AlGaAs/GaAs 17! 1550!
2001! [86]! GaAs! 2! 850!
1992! [89]! GaAs! 6! 850!
1992! [91]! InGaAs/InAlAs! 5! 1300!
1996! [92]! InGaAs! 40! 1300!
1988! [93]!! GaAs! 105! 532!
1998! [94]!! InGaAs! 70! 1550!
1991! [95]! GaAs! 375! ...!
1992! [96].! GaAs! 510! ...!
1993! [97]! Si! 110! 725!
1997! [98].! Si! 85! 850,633!

APD. 1997! [100].!!! Si.InGaAs! 9! 1300!
2002! [101].[103]! Si! ..! 470!
2010! [102]! Si! 1.44! 850!
2009! [103]! Si! ...! 850!
2012! [104]! Si! 6.3! 850!
2012! [105]! Si! 2! 850!
2012! [106]! Si! 0.300/1.0! 400/830!
2000! [109]! InAlAs! GB=140! ...!
1983! [110]]! InGaAsP! ...! 1300!
2002! [110],![111]! InGaAs.InP! ...! 1300/1550!
1995! [113]! InP.InGaAs! 6.1! 1300!
1997! [114],![115]! InAlGaAs.InAlAs! 15.2! ....!
2000! [115]! InAlGaAs.InAlAs! 15! ...!
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1.4.2.4 Phototransistors*

!
Phototransistors! are! devices! that! offer! photodetection! and! signal! amplification! in! a!
single!device.!A!bipolar!phototransistor!is!a!transistor!in!which!the!current!into!the!base!
terminal! is! influenced! by! photoelectric! effects.! ! This! current! is! then! amplified! by! the!
transistor!action!of!the!device.!A!common!schematic!representation!of!a!phototransistor!
is! shown! in!Figure!1.20,! ! a! switch! in! the!2T!position!shows!no!base!connection! this! is!
called! 2T! phototransistor! configuration! and! a! switch! in! the! 3T! position! shows! a! base!
connection!that!could!be!used!and!is!called!3T!phototransistor!configuration.!
!

!
Figure.1.20.Schematic.diagram.of.an.npn.transistor..with.a.bias.circuit.in.the.common.emitter.

configuration..The.shaded.region.are.free.from.mobile.charges..The.base,.collector.and.sub.collector.

could.be.tough.of.as.a.PIN.photodiode..

Figure!1.20!also!shows!a!representative!cross!section!of!a!phototransistor.!The!structure!
of!the!device!is!similar!to!a!bipolar!transistor!device!except!for!the!enlarged!area!in!the!
base! and! collector! region.! This! serves! as! the! optical! window! of! the! phototransistor!
where,!illumination!passes!through!this!opening.!!
!
The! npn! phototransistor! is! normally! operated! in! the! common! emitter! configuration!
where!the!Vbe!and!Vce!voltages!are!greater!than!0.!This!means!that!the!phototransistor!
is!in!the!forward!active!mode,!the!base.collector!(BC)!junction!is!reverse!biased!and!the!
BE!junction!is!forward!biased.!The!forward!bias!of!the!BE!junction!could!come!from!the!
illumination!of!the!HPT!or!by!providing!an!external!base!bias.!The!biasing!of!the!base.
emitter! BE! junction! from! the! illumination! is! called! a! two! terminal! phototransistor!
configuration! (2T.HPT),! where! in! the! base! contact! does! not! exist! [120]! or! the! base!
electrical!contact!exist!but!is!left!floating![121],![122].!Providing!an!external!bias!for!the!
base!is!called!a!three!terminal!HPT!configuration!(3T.HPT)!which!is!reported!to!provide!
enhanced! HPT! performance! [123]! [124],! [125],! [126].! For! HPT’s! operated! in! the!
“floating!base”!and!a!reverse!biased!base.collector!junction,!the!vertical!illumination!of!
the! HPT!will! be! incident! on! the! vertical! stack! of! the! HPT.! The! reversed! biased! base.
collector!will!act!as!a!reversed!biased!photodiode!and!the!illumination!will!be!absorbed!
in! the! base,! base.collector! depletion! regions! or! the! bulk! collector! of! the! HPT.! For!
simplicity,! it! is! assumed! that! no! absorption! takes! place! in! the! sub.collector! and! the!
collector! is! free!of!mobile! charges.!The!photoelectric! effect! generates! an!electron.hole!
pair! for! every! photon! that! is! absorbed.! The! electron.hole! pairs! generated! in! the! BC!
depletion!region!and!within!the!diffusion!lengths!of!the!minority!carriers!in!the!base!and!
collector! will! be! separated! and! collected! by! the! field! of! the! BC! junction! leading! to! a!
current! flow! in! the! external! circuit.! This! is! known! as! the! primary! photocurrent.! The!
holes!are!swept!into!the!base,!thereby!increasing!the!base!potential.!This!increases!the!
base.emitter! forward! bias.! To!maintain! the! charge.neutrality! condition! in! the! base,! a!
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large!injection!of!electrons!occurs!from!the!emitter!into!the!thin!base!resulting!in!a!large!
electron.current! flow!from!the!emitter!to!the!collector.!This! is!the!traditional!behavior!
of! a! bipolar! transistor.! The! amplification! of! the! photocurrent! is! a! purely! electrical!
phenomenon!due!to!the!transistor!action.!
!
In!a!common!emitter!configuration,!the!phototransistor!currents!can!be!characterized!in!
terms! of! the! following! currents.! Initially,! the! emitter! injects! electrons! into! the! base!
region.! The! electrons! in! the! base! region! are! minority! carriers,! they! diffuse! in! the!
perpendicular! direction! to! the! junction! layout! and! if! the! base! is! thin! enough! that!
recombination! can! be! ignored,! they! reach! the! depletion! region! of! the! base.collector!
junction.! The! presence! of! a! high! electric! field! clears! them! out! toward! the! collector!
region.! The! flow! of! these! charge! carriers! gives! the! contribution!!!" .! Conversely,! a!
current!!!" !of! holes,! which! are!majority! carriers! in! the! base! is! injected! from! the! base!
towards! the! emitter.! The! generation.recombination! phenomena! mostly! occur! at! the!
level! of! the! base.emitter! junction,!!!"# ,! and! in! the! base!!!" .! !!!"# !comes! from! the!
recombination!of!electrons!in!the!space!charge!region!of!the!base.emitter!junction.!!!" !is!
caused!by!the!recombination!of!electrons!with!holes,!majority!carriers!!in!the!base.!The!
illumination!produces!the!primary!photocurrent!!! .!!This!is!mostly!created!in!the!SCR!of!
the! base.collector! junction.! The! primary! photocurrent! originates! from! a! current! of!
electrons,!which!migrate! directly! towards! the! collector! contact,! and! from!a! current! of!
holes,!which!accumulate!at!the!level!of!the!base.!
!

!
Figure.1.21.Different.currents.in.the.phototransistor.which.include.the.electrical.and.optical.origins..

The.SCRs.near.the.emitterHbase.and.base.collector.junctions.are.shown.by.the.dotted.lines.

Using! the!different! contributions! of! currents! that! are! crossing! the! junctions.! The! total!
currents!at!the!emitter,!base!and!collector.!!These!currents!are!given!by!the!equations:!
!
! !! = !!" + !!" + !!"# !

!
. Eq..1.14.

! !! = !!"+!!" + !!"# − !!!
!

. Eq..1.15.

! !! = !!"−!!" + !!!
!

. Eq..1.16.

!

1.4.2.5 Responsivity*of*a*phototransistor*

!
The!responsivity!of!the!base.collector!photodiode!part!of!the!phototransistor!is!defined!
as!the!ratio!of!the!primary!photocurrent!!!to!the!received!optical!power!!!"#!
!
! !! =

!!
!!"#

!!/!!
. Eq..1.17.
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!
The!quantum!efficiency!is!the!ratio!of!the!number!electrons!collected!to!the!number!of!
incident! photons.! It! is! used! to! characterize! the! opto.electical! conversion! of! the! base!
collector!photodiode.!This!efficiency!is!typically!called!external!quantum!efficiency,!and!
is!given!by!the!following!equation!
!
!

! =
!! !

!!"#
ℎ!

= ℎ!
! ∙ !!!!

. Eq..1.18.

!
The!responsivity!of! the!phototransistor! is!characterized!by!the!ratio!of! the!component!
due! to! the! optical! excitation!!"!"#!of! the! current! leaving! the! device!!"!due! to! the! same!
incident!optical!power.!
!
! !!!" =

!"!"#
!!"#

= ! !"!"!!!
∙ !!!!"#

!!/!!
. Eq..1.19.

!
Using!the!previous!equations.!We!can!express!!"!"#!as:!
!
! !"!"# =

!
ℎ! ∙ ! ∙ !!"# ∙ !!"# = !!! ∙ !!"# ∙ !!"#!

!

. Eq..1.20.

!
This! shows! that! the! phototransistor! has! a! responsivity! that! is!!!"#!times! greater! than!
the!responsivity!associated!base.collector!photodiode.!Where!!!"#!is!the!optical!gain!of!
the!HPT.!
!
The!DC!responsivity!of!the!HPT!can!be!extracted!from!the!measurement!of!the!terminal!
currents.! In!the!base! floating!base!configuration,! the!DC!responsivity! is!extracted!from!
collector!current!measurements!and!is!given!by!the!equation![127].!
!
! !!!" =

!!_!""#$
!!"#

!
. Eq..1.21.

!
where!!!_!""#$!is! the!measured!collector!current!under! illumination!of!optical!power!of!
!!"# .!In!the!floating!base!configuration,!the!current!gain!of!the!HPT!is!associated!to!the!
current!gain!of!the!HPT!in!the!dark!as!a!function!of!Ib.!the!floating!base!assures!that!the!
measured!Ic!is!the!amplified!photocurrent.!
!
For!3T.HPT!operation,!one!definition!of!the!DC!HPT!responsivity!uses!the!responsivity!
definition! for! a! floating! base! operation! [128].! The! collector! current! that! is! measured!
under! a! constant! base! bias! is! the! amplified! photocurrent! plus! dc! biasing! current.!
Another!way! to!define! the!DC! responsivity! for!3T.HPT!configuration! is!by! subtracting!
the!dark! collector! current! from! the! illuminated! collector! current!measurements.! ! This!
assures! that! the! reference! for! the! responsivity! computation! is! the! amplified! photo!
generated!current.![129].!
!
! !!!" =

!!!""#$ − !!!"#$
!!"#

!
. Eq..1.22.
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1.4.2.6 Optical*transition*frequency*

!
The!optical!transition!frequency!fT!opt! is!the!frequency!at!which!the!optical!gain!is!unity!
or! zero! in! dB.! This! sets! the! limit! for! the! use! of! phototransistor! as! a! photocurrent!
amplifier.! It! can! also! be! seen! as! the! frequency! for! which! the! responsivity! of! the!
phototransistor! in!phototransistor!mode! is! equal! to! the! low! frequency! responsivity! in!
photodiode!mode,!which!mean! that! there! is!no!more!amplification.!Figure!1.22! shows!
the!graphical!representation!of!the!fT!opt!

!
Figure.1.22.Definition.of.the.optical.transition.frequency.and.the.opticalHmicrowave.gain.

1.4.2.7 OptoOmicrowave*gain*(GOM)*

!
This! gain! represents!how!much! the!output! signal!power! is! compared! to! a!photodiode!
with!a!1A/W!responsivity!that! is! feeding!a!50Ω! ! load.![130].[132].!This! is!of!particular!
use!due!to!the! fact! that! it! is!equal! to!the!square!of! the!responsivity!(i.e.,!same!value! in!
dB)!under!a!50Ω!!loading!condition.!This!provides!an!effective!means!of!evaluating!the!
efficiency!of!matching!networks!compared!to!a!50Ω!loaded!network!as!reference!case.!
!
! !!" = ! !!"#!!!"

!!! !!!!!"!#$!#%!!"#!!!"!
!

. Eq..1.23.

!
if!loaded!with!50!Ohms! !
!
!

G!" f = !
1
2 ∙ R! ∙ I!

!

1
2 ∙ R! ∙ P!"#

!
= !R!"#!!

. Eq..1.24.

!
! !!"|!" = !!!"|!! ! . Eq..1.25.

!
!
The!extension!relies!on!the!modeling!of!the!optical!port!as!an!electrical!port!whose!input!
impedance! is! 50Ω.! A! current! of! the! same! amplitude! as! the! modulated! optical! power!
models! the!optical! signal.! It! can!be! considered!as! if! the! signal! is!detected!by! a!1!A/W!
photodiode!before!entering!the!internal!phototransistor.!Both!the!amplitude!and!phase!
information! available! and! power! waves! theory! can! be! transposed! [130],! [131].! This!
approach!is!the!origin!of!the!opto.microwave!!!power!gain!definition![131]!and!the!OM!
noise! figure! definition.! A! further! description! of! the! capability! of! the! opto.microwave!!!!
gain!to!deal!with!matching!effects!will!be!dealt!with!in!Chapter!4.!
!
!
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1.4.2.8 Optical*Gain*(GOPT)*

!
The! optical! gain! in! current! (GOPT)! is! the! coefficient! which! characterizes! the! internal!
amplification!of! the!photocurrent.! It! is!defined!as! the!ratio!of! the! illuminated!collector!
current!!"!""#$!over!the!photogenerated!current!in!the!base!in!the!photodiode!mode!!!! .!
It!can!also!be!defined!as!the!ratio!of!the!The!responsivity!in!the!phototransistor!mode,!
!!!" = !"!""#$ !!"#!over!the!responsvity!!photodiode!mode!!!!" = !!! !!"#!and!in!!
!
! !!"# =

!"!""#$
!!!

= !!!"
!!"

!
. Eq..1.26.

!
The! optical! gain! in! current! allows! for! the! characterization! of! the! amplification! of! the!
photogenerated!current!but!also!the!frequency!limitation!of!the!phototransistor!through!
the!variation!of!!"!""#$!in!frequency.!.!Figure!1.22!shows!the!graphical!representation!of!
the!!!"# !as!well.!Eq.!1.27!show!!!"# !in!dB!mode!from!extracted!responsivity!in!both!PD!
mode!!and!HPT!mode!from!opto.microwave!!!!measuements!
!
! !!"#|!" = !!"|!"#!!"#$!!" − !!!"|!"!!"#$!!" ! . Eq..1.27.

!

1.4.2.9 HPT*illumination*

!
The! phototransistor! structure! could! be! illuminated! vertically! or! laterally.! Vertical!
illumination!of!the!phototransistor!could!be!achieved!in!different!ways.!A!simple!way!is!
to!illuminate!the!phototransistor!!between!!base.emitter!contact!(Figure!1.23!a).!This!is!
simply!illuminating!a!transistor!structure![133],![134].!The!optical!beam!can!be!injected!
via! the!emitter! through!an!opening! in! in! the!emitter! contact.! [135].[137]! (Figure!1.23!
b)or!by!utilizing!a! transparent!emitter! contact[138]! (Figure!1.23!c)!Finally,! one!of! the!
base! contacts! could! be! removed! or! omitted! to! allow! for! the! direct! illumination! of! the!
base!collector!junction![139],![140],[141],![142](Figure!1.23!d).!
!

!
a)!

!
b)!

!
c)!

!
d)!

Figure.1.23.Different.configurations.of.vertical.illumination.of.phototransistor.(a).the.HPT.between.

the.baseHemitter.contact..(b).though.the.emitter.via.an.opening.in.the.emitter.contact.. (c). through.

the. emitter. via. a. transparent. emitter. contact. (d). direct. illumination. of. the. via. removal. of. a. base.

contact..

Another! form! of! vertical! illumination! is! through! the! backside! of! the! phototransistor!
[143].[147]! Lateral! illumination! of! the! HPT! is! one! method! to! improve! the! coupling!
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efficiency.! This! allows! for! the! propagation! distance! be! long! enough! for! the! optical!
absorption! to! be! complete!while! the! absorption! layer! remains! thin! enough! to! ensure!
short! transit! times.! Illumination!of! the!phototransistors!through!the!edge! in!which!the!
light! is! inputted! on! the! cleaved! side! of! the! device! [148],! [149].! Lateral! illumination! is!
also!achieved!by!using!an!integrated!optical!waveguide!into!the!device!structure![150].!
!

1.4.3 InP.Phototransistors.
!
Phototransistors! could! be! implemented! from! field! effect! transistors! (FET)! or! from!
heterojunction!bipolar! transistors!(HBT).!The!phototransistor!effect! in!GaAs!MESFETs,!
where! studied! to! provide! optical! components! could! be! integrated! in! Monolithic!
Microwave! Integrated! Circuits! (MMIC)! [151].!However! studies! have! shown! that! these!
structures! suffer! from! poor! dynamic! performance! with! bandwidths! of! less! than! 100!
MHz!under!illumination![152].!
!
Using! HBT! structure! to! implement! a! phototransistor! is! another! approach! to! develop!
optical! components! for! MMICs.! The! early! implementation! of! InP/InGaAs! HPT! was!
designed!for!detection!in!the!wavelength!range!of!960!nm!up!to!1650nm![143].!!It!was!a!
2T.HPT! configuration! that! was! illuminated! from! the! bottom.! Theoretical! studies!
suggested!that!the!performance!of!HPTs!in!optical!communication!systems!could!exceed!
those!of!PIN.FET!base!receivers.! [153].!Studies!on!3T.HPT!configurations!showed!that!
using! a! base! contact! for! external! biasing! could! improve! frequency! response! by!
extracting!the!excess!holes!in!the!base![123].!A!gain.bandwidth!of!10GHz!was!reported!
in!the!first!generation!InP/InGaAs!3T.HPT![124].!!!
!
One!of!the!techniques!to!improve!HBT!performances!was!focused!on!!its!size!reduction,!
which! directly! influences! the! capacitance! of! the! devices.! This! capacitance! limits! the!
dynamic! performance! of! the! device.! Also! base! and! collector! thickness! have! been!
reduced! in! order! to! reduce! the! transit! time.! The! epitaxial! structure! of! the! HPT!
eventually! follows!any! improvement! techniques!used! in!a!HBT.!This!reduction! in!base!
thickness! can! increase! the! gain! of! the! HPT.! It! is! accompanied! by! an! increase! in! the!
doping! for!holding!an!access!resistance!reasonable!value.! !However,! there! is!a! limit! in!
the! reduction! of! geometric! dimension! and! layer! thickness.! To! have! a! good! quantum!
efficiency,!the!layer!thickness!should!be!!thick!enough!to!have!sufficient!absorption!at!a!
specific! range! of!wavelengths.! The! absorbing! layer! should! also!maintain! a! size! that! is!
comparable! to! the! diameter! of! the! optical! beam.! The! study! in! illuminated! HBTs!
highlighted! this! concern! [154]! [155].! Illumination! on! to! the! topside! becomes! difficult!
with! small! area.! An! edge.coupled! two! terminal! HPT! is! a! proposed! solution! to! take!
advantage! of! the! benefits! of! small! area! HPT! and! to! solve! the! issue! in! optical!
coupling[156].! A! three.terminal! edge.coupled! InGaAs/InP! phototransistor! is! reported!
with! a! DC! photocurrent! gain! near! 60! and! an! optical! unity! gain! frequency! of! 40! GHz.!
[148].!Evanescent!coupling!via!waveguides!in!HPT!was!reported!to!have!fTopt!of!20!GHz!
[157].!The! first!HPT!with! a! fTopt! above!100!GHz! is! achieved!by!CNET! (III.V! lab)! [158].!
HPTs!with! optical.gain! cutoff! frequency! above! 100GHz!was! developed! using! InP.base!
double.heterostructure! with! a! cutoff! ! frequency! of! 135GHz! [159]! and! 447Ghz! [160].!
Table!1.3!presents!a!summary!of!the!main!characteristics!of!various!HPTs,!including!the!
materials! forming! the! epitaxial! structure,! thickness! and! doping! base,! the! thickness! of!
collector!surface,!the!type!of!illumination!and!the!wavelength,!the!current!gain!(H21),!the!
fT!and!fMAX!,!the!responsivity,!the!fTopt!,!the!optical!gain!and!quantum!yield!were!measured!
[161].!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!.
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Chapter(1(State(of(The(Art(

(

Study(of(SiGe(HPT(for(UWB(Radio(over(Fiber(application( 30(

1.4.3.1 InP(HPT(based(photoreceivers(state(of(the(art(
(
InP( based( phototransistors( are( used( for(microwave( photonic( applications.( The( use( of(
InP(HPTs( in( an(allGbipolar( integrated(photoreceiver( circuit(was(demonstrated( in(1988(
[162].(It(utilized(a(three(terminal(HPT(as(a(photodetector(and(a(bipolar(amplifier(circuit.(
Figure( 1.24( shows( the( schematic( diagram( of( the( photoreceiver( circuit.( It( used( a(
transimpedance(configuration(due(to(its(inherently(wide(bandwidth(and(large(dynamic(
range.( There( have( been( several( implementations( of(HPT(based( optoelectronic( circuits(
and(modules( have( been( reported( such( as:( optoGelectronic( ( amplifiers,( optoGelectronic(
mixers,(and(photoGoscillators.(

(
Figure'1.24'circuit'diagram'of'a'monolithic'bipolar'photoreceiver'[162]. 

The(monolithically(integrated(optoGelectronic(receivers(using(InP(based(HPT(have(been(
implemented(using(different( amplifier( configurations.(A(basic( design(of( an( inductively(
base(loaded(HPT(first(stage(serves(as(a(detector(and(initial(amplification(stage(followed(
by( a( second( stage( HBT( based( amplifier( was( reported( [163].( Figure( 1.25( shows( the(
schematic( of( this( photoreceiver.( ( A( 40( GHzGBandwidth( photoreceiver( with( a(
photodetection(gain(of(22dB(was(achieved(with(a( circuit(design(which( consists(of( and(
HPT( detection( and( amplification( stage( followed( by( ( a( two( stage( amplifier( [164].( This(
circuit(design(is(shown(in(Figure(1.26.(
(

( (
Figure'1.25'Schematic'diagram'of''a'HPTAHBT'based'photoreceiver'[163].' `'

ently wide bandwidth and large dynamic range.' The circuit 
consisted of a three-terminal phototransistor (TI), three 

VEE p?iJ 
Fig. 1 Circuit diagram of monolithic bipolar photoreceiver 

bipolar transistors (T,, T, and T4) for amplification, and three 
resistors (RE, R, and R,) for biasing and feedback. The high 
input impedance of the common-collector stage T, allowed 
high gain in the input stage TI. With its base-collector junc- 
tion shorted, T, provided level shifting and T4 acted as an 
output buffer stage. Each 1 mm x 1 mm chip contained three 
complete receiver circuits, each having a different-size photo- 
transistor, as well as individual transistors, resistors, and step 
coverage patterns. 

The epitaxial layers were grown by metalorganic vapour 
phase epitaxy (MOVPE) on Fe-doped semi-insulating sub- 
strates. The epitaxial layer parameters are summarised in 
Table 1. The transistors were single heterojunction wide- 
bandgap-emitter structures with a 1 pm-thick GaInAs collec- 
tor which was also the absorbing layer for the phototransistor. 

Table 1 EPITAXIAL LAYER PARAMETERS 

Device layer Material Thickness Doping 
A m-3 

Emitter contact n+ : GaInAs 1000 5 x 10'8 
Emitter n : InP 3000 5 x 10'6 
Base p +  :GaInas 2000 I x 10" 
Collector n-:GaInAs loo00 1 x 10'5 
Collector contact n+ : InP 5000 5 x 10'8 
Substrate Fe : InP semi-insulating 

Wet chemical etching was used to define the mesas. AuGe/Au, 
Au and Cr/Au were used Cor the emitter and collector con- 
tacts, the base contact and the interconnects, respectively. The 
resistors were fabricated by patterning the emitter layers into 
thin bars. The measured resistances of R,, RE and R ,  were 
1050 & 50R, 180 f 10R and 130 10R, respectively. After 
the circuits had been fabricated, the substrate was thinned and 
polished to permit backside illumination. To minimise the 
optical crosstalk in the amplifier circuit, the polished sub- 
strated was coated with Cr/Au and windows were opened 
beneath the phototransistors. Fig. 2 shows schematic cross- 
sections of a transistor and a resistor. 

Typical common emitter characteristics are shown in 
Fig. 3a. For this transistor the areas of the base-emitter and 
the base-collector junctions were 5.25 x 10-6cmZ and 
1.7 x cm', respectively. These transistors exhibited very 
small offset voltage, an 'on' resistance of 10&150R, and V,, 
(the collector-emitter breakdown voltage with the base open) 
of approximately 4 V. Fig. 3b shows the DC current gain h,, 
and the small-signal current gain h,, against the collector 
current I,. The small-signal gain increased from 10 to greater 
than 200 as the collector current was increased from 1 pA to 
1OmA. The current gain is relatively independent of the device 
dimensions, which is indicative of a low surface recombination 
velocity.6 

Microwave S-parameter measurements were made on the 
discrete transistors using a Cascade Microtech probe station. 
The cutoff frequency was 5GHz for a transistor having a 
12pm x 12pm emitter. The frequency response appears to be 

limited by high series resistances in the base and collector 
regions. 

The receiver sensitivity was measured at 100Mbit/s. The 
optimum bias voltages were V,, = 2 4 V ,  V', = - 1.8V and 
Vo = -1.9V. For an NRZ bit error rate of at 
1 E 1,3pm, the average received power P was -26dBm. This 
initial result could be improved substantially by optimising 

AuGe/A+ n* mi nAs 
- ,  

Inns  
I nA5 

n'lnP 

CrlAu 

a 

AuGelAu 

ainAs 
P 
p* GalnAs 

S I  InP 

CrlAu 

b 

Fig. 2 Cross-sectional schematic digrams of (a)  InPIGaInAs hetero- 
junction bipolar transistor and (b)  resistor structure 

meso- Ig=60 p A  

I/ 

0 0 4  0 8  1 2  1 6  2 0  

"CE z v  

0 

11 I I I I I 
10-7 10-6 10-5 10-4 10-3 10-2 

collector c u r r e n t ,  A 

b 

Fig. 3 Typical common-emitter characteristics (a )  and small-signal 
current gain h and DC current gain h,, against collector current I ,  (b )  
of the InPIGaiiAs heterojunction bipolar transistor at V,, = 1.2 V 
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111. K-BAND DHPTiDHBT PHOTORECEIVER 20 

A .  Circuit Design 

The DHPT followed by a high-performance amplifier using 
the DHBT is very attractive in configuring high-response 

wave interaction systems. Fig. 4 shows the proposed DHPT/ 

8 10 

monolithic photoreceiver for optical/nnicro- or millimeter- 

DHBT photoreceiver. It consists of a DHPT with an inductor L 
at the base terminal followed by a DHBT amplifier. To en- 

$4 

3 0  a: 
hance DHPT performance, an inductor (connected to the base 
terminal of the DHPT is considered. This is because the base 
circuit of the three-terminal HPT is considered as the load cir- 
cuit for the BIC junction photodiode [7]. Fig. 5 shows the 
simulated photo-response of the DHPT with inductor L at the 

-10 
0 10 20 30 

Frequency [GHz] 
base (inductances Of OS2’ Oa3 and OS4 nH)’ It is ‘On- Fig. 5. Simulated photo-responses of the DHPT with various inductances at 
firmed that the inductor significantly increases the photo-re- he base 
sponse of the DHPT at microwave frequencies compared to the 
discrete DHPT whose base is 5042 terminated. 

n 
Fig. 6 shows the simulated photo-response and return loss 

of the DHPTIDHBT photoreceiver. The design process is 
based on a conventional MMIC design technique and uses the 
equivalent circuit of the DHPT, the DHBT, and the current 

DHPT analysis. Since photodetection frequency response of 

OIE conversion part and all parasitic parameters) is assured. 

mized to realize high-response and good output return loss 

$ 20 

2 10 

U 

v) 
Tn 

- Measured 
0 - Simulated 

source for the OiE conversion part as was used in the discrete 

the DHPT can be simulated accurately as shown in Fig. 2, good 
design accuracy of the entire photoreceiver circuit (including 

We designed a K-band DHPTIDHBT photoreceiver to demon- 
strate its feasibility. Each passive circuit parameter was opti- 

over the frequency range from 15 to 20 GHz. 

B. Experimental Results 
Fig. 7 shows the photomicrograph of a fabricated DHPT/ 

DHBT photoreceiver. This circuit is based on the lumped 
uniplanar MMIC configuration [9] to miniaturize the chip size 
which was 0.82 mm x 0.73 mm. The measured frequency re- 
sponse of the DHPTiDHBT photoreceiver at the bias condition 
of Vcc = 1.5 V, I D H ~  =I5 mA and 1DHB.r =15 mA is shown in 

Y 

4 
4 
g -10 
3 
8 -20 a: 10 15 20 

Frequency [ GHz] 

Fig. 6. Measured and simulated photo-response & retum loss of the DHPT/ 
DHBT photoreceiver. 

vcc - z 
Modulated Optical 

It-0 
output 

Flg 7. Photomicrograph of a fabricated DHPT/DHBT photoreceiver Chlp 
size. 0.82 mm x 0.73 mm. Fig. 4. Circuit schematic of the DHPTiDHBT photoreceiver. 
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Chapter(1(State(of(The(Art(
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Study(of(SiGe(HPT(for(UWB(Radio(over(Fiber(application( 31(

(
Figure'1.26'Schematic'diagram'of'a'photoreceiver'composed'of''an'HPT'photodetection/amplifying'

stage'and'2'stage'amplifiers'[164].'

Another( circuit( implementation( uses( ( two( cascode( cells( in( the( design( of( a( 28( GHz(
narrowband(amplifier([139].((The(first(cascode(cell(is(composed(of(an(HPT(and(an(HBT,(
and( the( second(cascode( cell( is(purely(HBTs.( In(a( cascode( cell( the( first(device(provides(
current( gain( while( the( second( device( provides( voltage( gain.( Cascode( configuration(
amplifier( has( a( high( frequency( response( because( of( the( way( the( transistors( are(
interconnected,( the( amplifier( does( not( suffer( from( the(Miller(multiplication( effects( on(
the(parasitic( impedances,(which( limit( the(high( frequency( response.( Figure(1.27( shows(
this(implementation.(

(
Figure'1.27'Narrowband'OE'amp'using'cascode'cells'[139].'''

A( photoreceiver( with( an( optoGmicrowave( gain( of( 7.5dB( at( 32GHz( was( demonstrated(
using(an(HPT(as(the(initial(stage(for(detection(and(preGamplification(followed(by(a(single(
transistor( common( emitter( amplifier( and( a( cascode( cell( for( the( final( stage( of(
amplification[130].(Figure(1.28(shows(the(schematic(of(the(photoreceiver(circuit.((
(

(
Figure'1.28'Photoreceiver'composed'of'HPT'plus'two'stage'amplification'[130].'

(
(



Chapter(1(State(of(The(Art(

(

Study(of(SiGe(HPT(for(UWB(Radio(over(Fiber(application( 32(

1.4.3.2 InP(HPT(based(mixers(state(of(the(art(
(
The( inherent( nonGlinear( properties( of( HPTs( allow( it( to( be( used( in( an( optoGelectronic(
mixer( [148],( [165],( [166].( HPTs( have( been( demonstrated( for( optoelectronic( mixing(
applications,( where( the( local( oscillator( (LO)( signal( was( provided( electrically(
[167],[165],[168],and optically [169]( ,( [170]. A( single( HPT( and( supporting( passive(
elements(for(biasing(was(used(to(demonstrate(its(capabilities(to(be(used(as(on(OE(mixer.(
An( upconversion( O/E( mixer( was( reported( using( the( base( as( an( input( for( the( local(
oscillator(LO(of(30GHz,(and(an(optical(signal(that(was(modulated(with(an(IF(signal(from(
200MHz( up( to( 2GHz( [165].( It( had( a( conversion( ratio( of( 26dB( (loss).( A( single( stage(
downconversion( mixer( was( demonstrated( using( 3.1GHz( as( the( LO( and( a( 3.1GHz(
modulated(optical( beam(with( conversion(gain(of( G5.1dB( [134].( ( Figure(1.29( shows( the(
schematic(diagram(of(the(experiment(on(singleGstage(HPT(downconverter(mixer.   

(
Figure'1.29'Single'stage'HPT'mixer'with'input'LO'in'the''base'[134] 

A(demonstration(of(a(twoGterminal(edge(coupled(InP(base(HPT(shows(a(conversion(gain(
of(7dB([167].(Figure(1.30(shows(the(schematic(diagram(of(the(twoGterminal(single(stage(
mixer.(The(HPT(emitter(was(connected( to(an(external(SMA(connector(via( (a(short(50Ω((
microstrip( transmission( line.( A( microstrip( coupled( line( diplexer( was( employed( to(
separate( the( 500GMHz( intermediate( frequency( (IF)( and( 3GGHz( LO( signals( at( the( HPT(
emitter.( The( diplexer( loss(was( 2.13( dB( for( the( LO( and( 0.07( dB( for( the( IF.( The( optical(
signal(is(modulated(by(2.5GHz(
 

(
Figure'1.30'Single'stage'two'terminal'HPT'OE'mixer'[167]. 

A(narrow(band( upconversion(mixer( circuit(was( designed( to( upconvert( an( IF( signal( of(
2GHz(to(28GHz(or(42GHz(by(mixing(it(with(a(26GHz(or(40(GHz(LO(signal(that(is(fed(to(the(
base( of( a( single( stage( HPT( with( a( matching( cell( in( the( base( designed( to( match( the(
characteristic( impedance(of( the(LO([171].(Figure(1.31(shows( the(schematic(diagram(of(
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the(LO(matched(single(stage(HPT(based(OE(mixer.(The(conversion(gains(achieved(with(
this(circuit(are(of(12dB(and(9.2dB(at(respectively(28GHz(and(42GHz.(

(
Figure'1.31'Single'stage'HPT'OE'mixer'with'LO'matching'circuit'[171]. 

A(study(on(a(single(stage(UTCGHPT(based(OE(upconversion(and(down(conversion(mixer(
shows( that( the( HPT( mode( of( operation( shows( better( performances( compared( to( PD(
mode(of(operation[172].(A(difference(of(24dB(was(observed(in(the(output(power(of(the(
mixer(between(HPT(mode(and(PD(mode(due(high(internal(gain(of(the(HPTs.(Figure(1.32(
shows(the(experimental(setup(for(the(up(conversion(measurements.(
 

(
Figure'1.32'UTC'HPT'in'OE'upconversion'and'downconverstion'mixer'[172]. 

Demonstration(of(single(stage(HPT(OE(mixer(in(more(complex(operations(are(shown(in(a(
30Ghz(optical( injection(locked(self(oscillating(optoelectronic(mixer([170].(This(mixer( is(
used(as(a(harmonic(upconverter(for(a(60(GHz(RoF(downlink(transmission(of(a((20Mbps(
16( QAM.( Figure( 1.33( shows( the( schematic( diagram( of( 30GHz( optical( injection( locked(
(OILGSOM)( based( on( an( InP/InGaAs( HPT( with( a( simple( feedback( loop( connecting(
collector(port(to(base(port(through(a(30GHzGband(band(pass(filter(
 

(
Figure'1.33'Schematic'diagram'of'a'30GHz'OILASOM'[170]. 

High upconversion gain optoelectronic
mixer using uni-travelling carrier
phototransistors

Junghwan Kim, S. Kanakaraju, W.B. Johnson and Chi H. Lee

The optoelectronic mixing performance of a uni-travelling carrier het-
erojunction phototransistor (UTC-HPT) was compared with its per-
formance as a photodiode (PD). The upconverted output power in
HPT mode was 24 dBm higher than in PD mode.

Introduction: As the use of mobile devices has rapidly spread and data
traffic for multimedia has surged, the demand for bandwidth and mobile
accessibility for high data rate communication has greatly increased in
the past few years. Radio-over-fibre (ROF) systems have been con-
sidered as a possible solution for future high data rate wireless broad-
band communication. An optoelectronic mixer (OEM) is one of the
key components in ROF communication systems because of the require-
ment for frequency up- and downconversion. Several optoelectronic
mixers using uni-travelling carrier (UTC) photodiodes (PDs) [1] or het-
erojunction phototransistors (HPTs) have been demonstrated [2] in ROF
applications. Although the UTC-PD OEM showed great potential, high
optical incident power is required to get high output current because the
UTC-PD lacks internal gain. When used in ROF link applications, the
UTC-PD OEM results in a large optical link loss budget. On the con-
trary, ROF links using HPTs can be designed with a smaller optical
link loss budget due to the HPT’s internal gain. Lower link loss
decreases the total link noise figure [3]. Therefore, more energy-efficient
ROF links can be built if HPTs were employed.

Another advantage of using a HPT in a ROF link is the possibility of
making an on-chip base station because a HPT can be used in several
different components such as an oscillator [4] or a mixer. Monolithic
integration of these devices enables the accommodation of most of the
optoelectronic and electrical components in a base station, such as
PDs and amplifiers into a single chip. Monolithic integration of a
HPT with a heterojunction bipolar transistor (HBT) and its imple-
mentation as an oscillator [5] have already been demonstrated. The sim-
plified base station circuitry will result in reducing the cost of base
stations, thus lowering the cost of ROF links [3].

In this reported work, the OE mixing performance of a UTC-HPT was
compared with its PD mode operation to explore the possibility of build-
ing ROF links with low power consumption. In our previous report [6],
we showed that our UTC-HPT could work as a HBT by showing that it
had a common emitter current gain which varied from 140 to 240. Our
UTC-HPT is a double heterojunction phototransistor (DHPT) that puts
in an InP emitter layer on top of a UTC PD structure. An OEM based
on a UTC PD can be easily switched to an OEM based on a UTC-
HPT to take advantage of an internal gain.

Device design and operation: The epitaxial layers in this work were
grown using solid-source molecular beam epitaxy (MBE) on a Fe-
doped semi-insulating InP substrate. The epitaxial layers designed for
the uni-travelling carrier heterojunction phototransistor (UTC-HPT)
are as follows: a 50 nm n +-InGaAsP collector contact layer on a
semi-insulating InP substrate is followed by a 460 nm InP collector
layer, a 5 nm undoped InP spacer, a 10 nm undoped InGaAsP transition
layer, a 5 nm undoped InGaAs spacer, a 220 nm p-InGaAs base layer, a
10 nm undoped InGaAs spacer, and a 100 nm n-InP emitter layer with a
50 nm n-InGaAs emitter contact layer on top. The doping of the base
layer was graded to form a built-in potential to help carrier transport.
It should be noted that the 220 nm-thick base layer (absorption layer)
can be optimised further to obtain high output current and high fre-
quency performance.

Under high optical input, the space-charge effect in a HPT-UTC
caused by stored photogenerated carriers in the absorption layer is
much smaller than that in a single heterojunction phototransistor
(SHPT). The space-charge screening effect by the stored photogenerated
holes in the collector layer in the SHPT reduces the carrier drift velocity
and thus saturates output photocurrent [7]. In our UTC-HPT, photogen-
erated carriers are generated only in the p-base layer and the space-
charge screening effect in the collector layer is much smaller because
only electrons exist in the collector layer, thus exhibiting higher
output current. Since the thickness of the InGaAs base and InP collector
layer can be adjusted independently, the RC time constant due to the

collector-base capacitance is not necessarily increased in UTC-HPTs
unlike pin PDs or SHPTs. The high frequency performance of a HPT
depends greatly on the collector transit time and the collector-base
capacitance. Our UTC-HPTs utilise the advantage of higher transit
velocity of electrons to reduce the collector transit time and the independent
adjustability of the base/collector layers not to sacrifice the RC time
constant. Our UTC-HPTs were designed to have three-terminals
because HPTs with a base terminal showed better performance in
optical gain and frequency response [8].

Experimental results and discussion: The frequency photoresponse per-
formance of UTC-HPTs was characterised on-wafer using a HP 8720C
(20 GHz bandwidth) network analyser and a 20 GHz electro-optic
modulator as described in our previous report [6]. For a 5 × 5 mm2

device, an optical gain cutoff frequency ( fT) of 60 GHz was measured
and the HPT mode operation yields 37 dB internal gain at 1 GHz and
9 dB gain at 20 GHz over the PD mode operation. For a 10 × 10 mm2

device, a fT of 44 GHz was measured and the HPT mode operation
shows 32 dB internal gain at 1 GHz and 8 dB gain at 20 GHz over the
PD mode operation.

The experimental setup for the demonstration of upconversion using
the UTC-HPT is shown in Fig. 1. An optical IF signal modulated at
295 MHz illuminated the UTC-HPT and an 18 GHz electrical LO
signal was fed into the base through a bias-T. For the mixing perform-
ance measurement, a 10 × 10 mm2 detection window device was used
because its fT of 44 GHz is more than enough for the frequency range
of our OE mixer demonstration and its window area matches the
singlemode fibre core size. The internal upconversion gain is defined
as the ratio of the upconverted RF power to the IF power detected in
the PD mode. Fig. 2 shows the internal upconversion gain for various
optical IF powers at VCE ¼ 1.5 V and VBE ¼ 0.4 V. The base emitter
bias VBE was tuned to maximise the upconverted output power. The
mixing performance of a HPT is strongly dependent on the base-
emitter bias (VBE) because the strong nonlinearity with high current
gain makes it possible for a HPT to obtain high mixing efficiency.
The largest internal upconversion gain was 20 dB at a 27.5 dBm
optical IF power. The inset in Fig. 3 indicates the corresponding RF
spectra. A very large internal upconversion gain was obtained because
of the UTC-HPT’s high internal gain. A UTC-HPT OE mixer exhibits
a superior characteristic especially in upconversion because the gain is
much higher (.32dB) in the frequency range under 1 GHz.
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Fig. 1 Experimental setup for upconversion measurement
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Inset: Upconverted RF spectra at 27.5 dBm optical IF power and 0 dBm elec-
trical LO power under VCE ¼ 1.5 V and VBE ¼ 0.4 V
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The( HPT( based( OE( mixer( is( used( in( a( 60GGHz( band( remote( up/down( conversion(
bidirectional( RoF( link( [168].( The( configuration( of( proposed( bidirectional( RoF( link( is(
schematically( shown( in( Figure( 1.34.( With( the( help( of( remotely( delivered( optical( LO(
signals,( a( single(HPT(optoelectronic(mixer(can(perform(both( frequency(upG(and(downG
conversion.(This(approach(provides(the(possibility(of(eliminating(frequency(mixers(and(
phaseGlocked( oscillators( in( base( stations,( it( is( expected( to( reduce( the( complexity( and(
cost(of(bidirectional(RoF(base(stations.(
(

(
Figure'1.34'Bidirectional'OE'mixer'[168] 

The(cascode(configuration( is(known(to(provide(wider(bandwidth(compared(to(a(single(
device(amplifier(configuration(and(used( in(the(design(of(OE(mixers.( (An(HPT(based(OE(
cascode(OE(mixer(was(demonstrated(in(a(single(stage(configuration([173],(and(two(stage(
configuration( ( [171],( [158].( ( The( single( cascode( HPT( optoelectronic( mixer( has( a(
maximum( intrinsic( and( extrinsic( downGconversion( gains( of( 18.2dB( and( 7.4( dB,(
respectively,( for( an( RF( optical–intensity( modulation( frequency( of( 3GHz( and( LO(
frequency(of(3.5(GHz.(The( intrinsic(upGconversion(gain(varied( from(6.9dB( to(5.7dB( for(
output(frequencies(in(the(range(of(6.5GHzG19.5GHz(respectively.(
(

(
Figure'1.35'HPT'based'OE'Mixer'using'single'cascode'configuration'[173]'

Figure(1.36(shows( the( schematic(diagram(of( the( single( stage(cascode(OE(mixer.( In( the(
two(stage(cascode(configuration,(the(first(cascode(cell(comprises(one(HPT(and(one(HBT,(
the(second(one(comprises(two(HBTs.(All(the(three(HBTs(are(identical.(In(the(first(cascode(
pair,(the(HPT(acts(as(the(optoGelectronic(mixer(while(the(HBT(acts(as(the(first(amplifier(
stage.(The(matching(cell(between( the( two(cascode(cells(was(designed( to(maximize( the(
power(gain(of(the(circuit(at(the(28GHz(upconverted(signal(and(the(second(cascode(pair(
achieves(further(amplification(of(this(signal.( (Figure(1.36(shows(the(schematic(diagram(
of( the( twoGstage( cascode( OE( mixer.( The( optimum( mixing( results( were( achieved( by(
biasing( the( cascode( connected( HPT/HBT( in( its( active( region,( and( to( avoid(
intermodulation( effects,( the( second( HBT/HBT( cascode( was( biased( into( its( dynamic(
range,( lower( to( the( 1dB( compression( point.( The( conversion( gain( achieved( with( this(
circuit(is(17.8dB(at(28GHz.((
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(
Figure'1.36'Schematic'diagram'of'an'HPT'based'OE'mixer'using'a'two'stage'cascode'configuration'

[158],'[171] 

1.4.3.3 InP(HPT(based(oscillators(
(
HPTs( have( been( proposed( for( the( monolithic( integration( of( direct( optical( injectionG
locked(oscillators( (DGOILOs)( [174]( [150].( In( this( type(of(oscillators,( the(optical( control(
signal( is( intensity(modulated(by( the( locking(signal( (or(reference(signal)(at(a( frequency(
fref,(close(to(the(free(running(frequency(fo(of(the(oscillator.(Figure(1.37(shows(a(schematic(
diagram(of( the(DGOILO( .( It( consists( of( an(HPT(and( a( resonant( circuit(which( includes( a(
variable( resistor( and( inductor.( The( HPT( is( both( the( photosensitive( and( amplifying(
element(of(the(oscillator.((

(
Figure'1.37'DAOILO'[175] 

The( modulated( optical( signal( illuminates( the( active( region( of( the( photoGHBT( and( is(
absorbed.(In(this(manner,(the(locking(signal(is(injected(into(the(oscillator(circuit.(If(fref,(is(
equal(to(fo(,(fundamental(frequency(injectionGlocking(occurs.(Two(DGOILOs(at(10GHz(and(
39GHz(have(been(reported( to(have(an( injectionGlocking(range(measured(was(14%(and(
2%( of( the( oscillator( freeGrunning( frequency,( respectively( [175].( Using a backside 
illuminated HPT, a D-OILO at 96GHz was demonstrated. [176].(An(OILO(oscillator(running(
a(60(GHZ(offers(flexibility(in(the(injection(of(the(optical(locking(signal(by(having(both(the(
top(and(back(side(illumination(windows([177].((Low(cost(HPT(based(selfGinjection(locked(
oscillators(have(been(reported(to(have(55dB(phase(noise(reduction(at(10kHz(frequency(
offset( from(the(center( frequency(of(10.8GHz(by( injecting(8dBm(optical( signals(without(
using(any(high(speed(optoelectronic(components([178].(
(
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and mixed signal for type I circuit. IF = 2 GHz ; 
OL= 40 GHz, FR = 42 GHz. 
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signal for type I1 circuit. IF = 2 GHz ; OL= 26 GHz, 
FR = 28 GHz. 
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(
Figure'1.38'Configuration'of'the'HPT'based'SiL'oscillator'[178]'

The( different( use( ( of( an( HPT( in( an( optoelectronic( system( shows( its( versatility( and( a(
potential( in( the( implementation( of( lowGcost( high( performance( monolithic( optoG
electronic(circuits(and(systems.(

1.4.4 SiGe(Phototransistors(
(
The(use(of(a(SiGe(heterojunction(enhances(the(absorption(of(SiGbased(detectors(and(help(
extending(the(cutoff(wavelength(to( longer(wavelengths(such(as(1310(nm(and(1550nm.(
Using(this(material(with(phototransistor(structure(allows(for(highG(speed(photodetectors(
with( an( internal( gain( due( to( the( transistor( effect.( ( The( intrinsic( gain( results( in( a( high(
responsivity,(and(highGspeed(operation(is(due(to(the(heterojunction(bandgapGoffset.(This(
also( allows( monolithic( integration( with( microelectronic( circuit( of( electronic( signal(
processing.(This(latter(point(is(actually(the(main(advantage(that(can(be(foreseen.(
(
Early(studies(in(Si0.4Ge.0.6(phototransistor(that(are(compatible(to(silicon((utilized((silicon(
on( insulator( via( separation( of( by( implantation( of( oxygen( (SIMOX)(processing.( ( It( used(
multiGquantum( wells( (MQW)( that( are( inserted( in( a( vertical( resonant( cavity( which(
operates(at(1300nm(wavelength([179].(The((structure(is(a(multi(quantum(well(resonant(
cavity( heterojunction( phototransistor.( The( structure( is( shown( in( the( Figure( 1.39.( The(
SiGe/Si(MQW( acts( as( the( base( and( the( absorption( layer.( The( cavity( is( defined( by( the(
lower(SIMOX(substrate(and(the(upper(Si02/Si(mirror.(

(
Figure'1.39'Cross'section'of'a'SiGe/Si'resonant'cavity'phototransistor'on'SIMOX'[179].'
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Several(years(after(the(study(of(MQW(SiGe/Si(on(SIMOX,(multiGquantum(well(Si0.5Ge0.5(/Si(
HPT( that( operates( at( 850nm( and( 1310nm( with( a( 1.25( GHz( bandwidth( was( reported(
[180].(The(Figure(1.40(shows(the(schematic(and(the(electron(microscopy(photograph(of(
the((HPT.(The(phototransistor(is(fabricated(using(a(baseline(process(of(HBT(with(fT(of(50(
GHz.((The(multiple(Si0.5Ge0.5/Si(quantum(wells((MQW)(are(placed(between(the(base(and(
the(collector(of(the(Si/SiGe(heterojunction(bipolar(transistors(as(light(absorbing(layers.(
The(HPT(has(an(emitter(area(of(6μm2(and(an(optical(opening(of(14.4(μm2( through( the(
base(collector(junction.(The(phototransistor’s(fT(is(25GHz(which(is(lower(value(due(to(the(
MQW.( In( PD( mode( operation( where( the( emitter( is( open,( the( phototransistor( has( a(
responsivity( of( 14mA/W.( ( This( low( responsivity( is( due( the( relatively( thin( absorption(
layer(of(0.15μm(as(compared( to( the(absorption( length(of( ( Si0.5Ge0.5(( at(850nm(which( is(
3μm.(In(a(base(open(2TGHPT(operation,(the(responsivity(of(the(SiGe(HPT(is(at(1.47A/W((
At( 1310nm,( the( 2TGHPT( responsivity( is( 0.15( A/W.( The( HPT’s( cutoff( frequency( was(
extracted( through( impulse( response( measurements( using( an( 830nm( modeGlocked(
TitaniumG( Sapphire( pulse( laser.( ( Using( the( same( HPT( implementation,( a( larger( HPT(
device(exhibits(17A/W(with(a(cutoff(frequency(of(0.55(GHz([181],([182].(
(

(
(

a)( b)(
Figure'1.40'MQW'HPT'a)'schematic'b)'electron'microscopy'photograph''[121]'

The( use( of( MQW( SiGe/Si( has( demonstrated( high( responsivity( and( high( bandwidth(
detection( in( the(1310nm(and(155nm(wavelengths,(which(makes( it( a(viable(alternative(
for(use(in(the(various(optical(communication(applications.(This(approach(is(not(straight(
forward( to( implement( in( commercial( SiGeGbased( processes( and( at( 850nm(wavelength(
detection,( a( single( SiGe( layer( could( be( used.( The( SiGe(HPT( should( be( fully( compatible(
with(the(SiGe(HBT(structure(that( is( found( in(commercial(SiGe(based(technologies.(This(
allows(for(monolithic(integration(with(electronic(signal(processing(circuits,((and(extends(
the( existing( application( list( of( SiGe( based( technologies( to( include( OE( functionalities(
without( the( addition( of( masks( and( processing( steps.( These( microwave( SiGe(
phototransistors( provide( an( innovative( solution( for( the( integration( of( optoelectronic(
functions( in( commercial( SiGe( bipolar( or( BiCMOS( process( technologies,( as( opposed( to(
SiGe(MQW(structures.(These(devices(have(since(been(fabricated(using(several(industrial(
process(technologies:(Atmel([132],([183],(TSMC([182],(IBM[184](,(and(AMS([185]([186].((
(
Integrated( phototransistors( allows( for( the( adding( of( new( functionality( to( existing(
process( technologies(without( the(need(for(process(modifications.(The(transistor(action(
allows( amplification( that( is( readily( available( in( the( detector( device.( Low(bias( voltages(
are( sufficient( and( there( is( no( need( for( very( high( avalanche( voltages.( Monolithically(
integrated( detectors( offer( benefits( over( hybrid( or( external( detector( that( can( be(
exploited.(
(
First( generation( HPTs( fabricated( in( the( ATMEL( SiGe( Bipolar( process( shows( a(
responsivity(of(1.49A/W(at(940nm(in(the(3TGHPT((mode(with(constant(current(base(bias(
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and(biasing(values(of(1.5(V(VCE((and(IB(of(60μA.(Its(frequency(bandwidth(is(in(the(order(of(
400(MHz([132]([172].( ( (Figure(1.41(shows(a(cross(section(of(the(reference(HBT(for(the(
HPT( structure( and( a( top( view( of( the( 10x10μm2(HPT.( The( phototransistor( structure( is(
made( without( any( additional( absorption( structure( and( is( purely( based( on( the( SiGe(
bipolar(technology(process.(The(base(profile(is(abrupt(with(a(Ge(content(in(the(range(of(
20%G25%.(The(heterojunction(allows(for(a(high(base(doping(when(compared(to(a(pure(Si(
BJT.(This( is( taken( into(account( for( the(enlargement(of( the( lateral(size(of( the(HPT.( (The(
enlargement( allows( for( optical( coupling( of( the( fiber.( The(HPT( is( vertically( illuminated(
through( a( 10x10μm2( ( optical( window( above( the( emitter.( This( HPT( structure( has( a(
measured(fT(of(approximately(20GHz.( It(has(a( lower( fT(as(compared(to(the(HBT(devices(
with(fT(of(30GHz(in(this(process(due(to(the(enlargement(of(the(structure(to(accommodate(
an(optical(window.(However(it(is(still(considerably(high(due(the(high(base(doping(that(is(
greater(than(1019cmG3.(
(

( (
a)( b)(

Figure'1.41''1st'Generation'SiGe'HPT'using'Atmel'technologies'(a)'sketch'of'the'vertical'structure'of'
the'SiGe'HBT.'(b)'Chip'photograph''of'the'1st'Generation'SiGe'HPT'with'a'10x10um2'optical'window'

in'the'emitter'[132]'

In( a( SiGe( BiCMOS( process( and( at( 850nm( wavelength( of( operation,( a( responsivity( of((
0.43A/W( with( a( frequency( bandwidth( of( 3GHz( bias( at( VCE( =( 2V( and( VBE( =0.4V( ( was(
reported( from(a(SiGe(HPT( implemented( in(TSMC(process( [182].( (Using(a(0.25μm( ( IBM(
SiGe(BiCMOS(process(an(HPT(with(responsivities(of(2.4A/W(and(0.12A/W(were(achieved(
under(850nm(and(1060nm(operation(respectively(under(2T(phototransistor(mode((base(
open).( And( a( bandwidth( of( above( 500MHz( for( a( 10x10μm2( ( HPT( was( demonstrated(
[187].( In( this( paper,( ( phototransistors( were(made( by(modifying( the( commercial( SiGe(
HBT(structure( in( IBM(0.25!m(SiGe(BiCMOS(process.(The(photo(detecting(window(was(
incorporated( by( removing( silicide( layers( that( block( the( optical( absorption( and( the(
existing( layers( were( manipulated( The( HPT( has( a( dimension( of( 51x43μm2( which( is(
approximately(the(area(of(the(base(region.([187].(
(

( (
a)( b)(

Figure' 1.42' HPT' fabricated' using' an' IBM' BiCMOS' process' technology' [188]' (a)' schematic' cross'
section'(b)Chip'photograph'of'HPT'(electron'microscopy)'

Smaller( sized( HPTs( using( the( IBM( SiGe( BiCMOS( process( show( that( a( 6x10μm2( has( a(
responsivity(of(2.7A/W(with(an(electrical( cutoff( frequency(of(2.3(GHz(with(Vce(=(1.5V(
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and(Ib(=(10μA(((The(optoGmicrowave(cutoff(frequencies(of(these(devices(measured(from(
pulsed( laser( measurement( are( 2.0GHz,( 2.1GHz( ( and( 5GHz( from( the( HPT( sizes( of(
6x10μm2,(5x5μm2(and(2x2(μm2(finger(structure(at(850nm(and(a(biasing(point(of(Ib=(2!A(
and(Vce(=(2V.((It(is(not(clear(from(the(papers(of(those(values(were(measured(in(the(HPT(
of(PD(mode.(
(

(
(

a)(( b)(
Figure'1.43'Second'Generation'of''HPT'in'IBM'BiCMOS'using'fingered'layout'a)'cross'section'b)'top'
view'[184]'

SiGe(HPTs( implemented(on(AMS(0.35μm(SiGe(BiCMOS(process(were( studied(by( [186].((
They( have( studied( extended( base( collector( HPTs(with( different( optical( window( sizes.(
Special( emphasis( was( on( measurements( of( link( optoGmicrowave( performances( using(
VCSEL( of( wavelengths( 410nm,( 675nm,( 785nm,( and( 850nm.( This( technology( has( no(
silicide( layers.( The( transistors( are( designed( with( an( enlarged( baseGcollector( junction(
area( which( serves( as( a( photodiode( in( which,( ( the( photocurrent( is( amplified( by( the(
intrinsic(transistor(part(of(the(device.(It(has(a(base(node,(which(is(used(for(base(biasing(
to(help(speed(up(the(detectors(response(and(to(slightly(raise(responsivity.(The(emitter(
capacitance(is(maintained(low(and(kept(as(small(as(possible(to(avoid(slowing(the(device(
by(making(the(emitter(area(as(small(as(possible.(

( (
a)( b)(

Figure'1.44'HPT'layout'of'enlarged'BC'region'fabricated'in'AMS''(a)'6!m'x'10!m'b)'10!m'x'10!m'
[186]'

The(Table(1.4(shows(a(summary(of(the(different(SiGe(based(HPT(that(were(reported(in(
literature.( It( highlights( the( size( of( the( intrinsic( transistor( and( the( vertical( structure(
configuration( of( the( semiconductor( materials,( whether( is( its( and( extended( base( and(
collector( (xBC)( HPT( or( an( extended( emitter( base( and( collector( (xEBC)( HPT.( It( also(
summarizes( the( DC( responsivity( of( the( HPT( and( how( it( was( extracted( as( well( as( the(
optoGmicrowave( cutoff( frequency.( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( .(
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Developments( on( SiGe( based( HPTs( are( still( in( the( research( and( prototype( stages.(
Commercial( SiGe( HPT( based( products( are( not( yet( available( in( the( market.( Device(
modeling(and(circuit(designs(are(essential(research(activities(which(are(necessary(in(the(
inroads( to( favorable( utilization( of( the( SiGe( HPT( in( commercial( products.( In( SiGe( HPT(
modeling,( a( ( MEXTRAM( based( equivalent( model( was( developed( [191].( It( used( a(
MEXTRAM(HBT(model,((and(a(parallel(baseRcollector(photodiode.((A(model(of(the(optical(
dependence(of(the(capacitance(of(a(SiGe(HPT(was(studied(in(order(to(build(an(optically(
controlled(oscillator([185],([192].(The(baseRload(effect(on(SiGe(HPT(is(one(point(that( is(
needed( to( be( studied( to( help( in( the( design( of( optoelectronic( circuits.( A( work( on(
InP/InGaAs(HPT( in(which( the(RF(base( load( impacts( in( a( current( biased(base( terminal(
[130]( serves( as( reference(point( for( this( study.(A( fully( analytical( approach( in(modeling(
HPTs( help( provide( and( insight( in( the( difference( on( the( effect( of( voltage( and( current(
biasing((schemes([193].(An(approach(to(deal(with(the(RF(and(DC(contribution(of(the(base(
in(the(three(terminal(of(the((HPT(has(been(initiated(using(physical(modeling(and(virtual(
experimentation( [194],[129].( SiGe( HPT( was( utilized( in( the( implementation( of( optical(
interconnects([122](and(photo(oscillators([192],([195](
(
The( development( of( SiGe( HPTs( in( ESYCOM( started( in( the( modeling( of( the( optical(
absorption(properties(of( ( SiGe/Si(photodetectors( ( [196]( [131].(The( first( SiGe(HPT(was(
developed( using( a( commercial( SiGe( Bipolar( process( from( Atmel( GmbH( [132].( The(
physical( modeling( of( the( HPT( structure( was( developed( using( semiconductor( device(
modeling( software( [183].( The( 1st( generation( of( SiGe( HPT( used( a( SiGe( processing(
technology(that(has(an(abrupt(profile(in(the(base(which(was(evaluated(to(be(23%(using(
physical(simulations[183].((This(favors(optical(absorption(in(the(base(and(supports(fast(
HBT( even( with( increased( physical( dimensions,( a( condition( that( is( favorable( in( the(
implementation(of(HPT(with(large(optical(window(while(having(highRspeed(properties.(
(

1.4.4.1 SiGe(HPT(based(circuits(
(
The(integration(of(a(high(speed(photodetection(element(operating(at(800nm(to(1000nm(
in( a( silicon( based( process( technology( extends( its( application( into( the( optoelectronics(
domain.(A(digital(optical(receiver(topology(is(shown(in(Figure(1.45([197].(It(is(composed(
of( a( photodetection( element,( the( induced( photocurrent( goes( to( a( transimpedance(
amplifier.(The(converted(signal(is(further(amplified(by(a(low(noise(amplifier(before(it(is(
decoded(as(a(logic(1(or(logic(0.(A(SiGe(HPT(is(used(to(replace(a(photodiode(as(an(optical(
detector.((

(
Figure'1.45'Architecture'for'a'SiGe'HPT'based'optical'receiver'circuit'[197]'

An(circuit(implementation(of(the(digital(optical(receiver(topology(is(presented(in(Figure(
1.46a)([198].(It(is(a(lowRvoltage(supply(optoelectronic(detectorRreceiver(circuit(designed(
for(fabrication(using(in(a(commercial(siliconRbased(process.(Figure(1.46a)(shows(a(layout(
view(of(this(circuit.(
(

several researchers have investigated the use of SiGe 
photodiodes for photo detection in 1.3Pm - 1.55Pm range 
[2-11]. 

3. Motivation and present work 
 
The availability of the access to the new IBM SiGe 
process (Blue Logic) has prompted us to investigate the 
use of similar structures for this process. However, the 
fixed structures available in this commercial process drive 
us to consider a SiGe BJT phototransistor structure 
integrated with the available CMOS structures. IBM’s 
Blue Logic SiGe process is a BiCMOS process, which has 
available two kinds of NPN HBT (SiGe bipolar) 
transistors as well as N and P channel MOSFETs.  We 
examined several methods of photodetection, using this 
process, as well as multiple circuit configurations for 
amplification and thresholding. SiGe photodetectors can 
be made by exposing the SiGe “base” layer of the HBT 
structure, as shown in Figure 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Cross section view of IBM SiGe NPN 
transistor with exposed base for phototransistor 

 
The initial photo-detector design was based on a SiGe npn 
transistor layout. It was determined that several layers are 
responsible for forming of the SiGe base and afterwards 
the emitter directly above it. However, for a successful 
photo-detector a path is needed for light to reach SiGe 
base. Therefore the emitter had to be partially or fully 
removed. If the emitter is removed, the SiGe layer can be 
exposed to external light, creating a photodiode. On the 
other hand, if the base contact is removed and the emitter 
contact is maintained we create a phototransistor. Based 
on this idea several versions of photo-detectors were 
created. To the authors’ knowledge, no SiGe based 
photodetectors in IBM 5HP technology have yet been 
reported.  
 

3.0 Architecture for the optical receiver 
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Figure 3. Key components of optical receiver circuit 

 
As shown in Figure 3 the front-end of the receiver circuit 
consists of photodetector followed by a transimpedance 
amplifier, cascaded differential amplifers and a decision 
circuit. Based on this idea several TIA’s have been 
simulated the results of which are shown in Table 1.  
 

Table 1. Pre and post-layout simulation results of 
transimpedance amplifier circuits 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
TIA#1-TIA#8 are based on a similar architecture in which 
the front end consists of common emitter amplifier 
followed by a feedback resistance (Rf). This feedback is 
used to vary the input and output resistance of the first 
stage. Figure 4 shows a schematic of TIA#6 consisting of 
npn transistors Q1 and Q2 as a common emitter stage 
followed by two cascaded common emitter stages Q3 and 
Q4 for high gain and bandwidth. The output stage consists 
of npn transistor Q5 as a emitter follower which acts as a 
buffer. 

 
Figure 4. Circuit topology TIA#6 
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(
Figure'1.46'a)'schematic'b)'layout'[198]'

A(monolithic(integrated(SiGe(optical(receiver(and(detector(was(implemented(using(a(the((
IBM( SiGe( BiCMOS( process( [199].( It( is( composed( of( a( SiGe( HPT,( a( transimpedance(
amplify,(three(post(amplifier(stages(and(an(output(driver.(Figure(1.47((a)(shows(the(die(
photo(of( the(SiGe(HPT(based(integrated(optical(receiver.( (The(receiver( is(characterized(
using(a(high(speed(850nm(laser(that(is(vertically(coupled(using(a(multimode(fiber(probe.((
The(resulting(eye(diagram(from(the(output(of(the(optical(receiver(with(a(pseudo(random(
binary(sequence(at(1GHz(input(is(shown(in(Figure(1.47((b).(

(
Figure'1.47'(a)Die'photo'of'fabricated'integrated'optical'receiver'using'SiGe'HPT''(b)'Eye'diagram'

from'output'of'SiGe'based'optical'receiver'(27L1'PRBS'at'1Gbps)'[199]'

SiGe(HPTs(are(also(studied(for(its(use(radio(over(fiber(systems.(The(SiGe(HPT(is(used(as(
an(optoRmicrowave(((conversion(device(to(produce(the(radiated(microwave(carrier.((It(is(
a(fully(integrated(a(SiGe(HPT(based(oscillator(with(an(active(inductor(in(the(base(and(an(
active( resonator( in( the( emitter( [192].( ( The( schematic( diagram( and( the( layout( of( the(
photoRoscillator(implemented(using(the(Austria(Mikro(Systems(0.8μm(BiCMOS(process(is(
shown(in(Figure(1.48.(An( improved(SiGe(HPT(based( light(controlled(photoRoscillator( is(
also( investigated( to( be( used( as( a( component( of( an( optical( networkRonRchip( (ONoC)(
[195].((
(

(
a)( ( ( ( b)(

Figure'1.48''(a)'Schematic'diagram'of'a'SiGe'HPT'based'photoLoscillator'for'radio'over'fiber'systems'
at'5.2GHz''(b)'Layout'of'the'photoLoscillator'circuit'[192]'
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11-09 All the stages are single-ended, leading to reduced power
I.E.1 0 consumption. The transimpedance stage consists of a common-

0 0 5 11l 2 2.5 emitter amplifier with resistive Y-feedback. Common-gate
§{te.(VI and common-base front-ends require a high voltage supply

to accommodate multiple transistors in the stack and hence
Fig. 3. Responsivity at 850nm and 1060nm wavelengths were not used. In order to keep the power consumption to a

minimum, emitter/source follower stages were not used. The
,. input 0 gain bandwidth of this stage is

13aiVVinput 7--
-12 GBW lIm 1 (1)

- . - 1/Rf + l/R out RfCD
24

where, gm is the BJT transconductance, Rf is the feedback
-30

2 3C SD-: | - - -resistance, Rout is the output resistance of the stage and CD
-42 is the photodiode capacitance. By sizing the resistor values
48 E l and the BJT transconductance, we biased the stage in a high1E 8 1E9 lEl10 El11- \ Frequency (Hz) gain-bandwidth region.

The first limiting amplifier stage consists of a common-
°0 _ * _, _t emitter amplifier with an active inductor load. The load
-2 2 4 o 8 1 0 has an impedance of (1 + sCR)/(gm + sC) and exhibits-2 0 2 4 6 8 10

Time (ns) inductive behavior between 1/RC and gm/C [12] (gY is
the transconductance of the load NMOS and R is the triode

Fig. 4. Impulse Response of the integrated detector resistance of the PMOS). This property has been utilized to
extend the gain-bandwidth of this stage. The active inductor
is especially useful since the stage following it exhibits a high

* Power consumption: For dense on-chip optical links input capacitance due to Miller effect. The third stage is a
power consumption of opto-electronic receivers forms a bicmos inverter. This stage produces an output large enough
significant part of the link budget. Therefore, increased to switch digital stages. It also provides immunity against the
receiver power consumption and its associated problems noise of the single ended front-end due to its digital nature.
can outweigh the benefits of optical signaling. The receiver sustains bit rates of 1.5Gbps with a 150fF

* Area: Cost considerations dictate that the silicon footprint photodiode capacitance.
of each receiver be small. Thus, large on-chip decoupling V. INTEGRATED RECEIVER
capacitors cannot be used and all the stages need to be
direct coupled. Direct coupling also helps with flat-band Layout of the integrated receiver is shown in Fig. 6. The
frequency response (from DC to the bandwidth) required phototransistor and the receiver have been built on a lightly
in various applications. doped p-silicon substrate. Since te substrate absorbs near

* Low Power Supply: Receivers operate with the low infra-red light, we covered the circuit with a layer of top
voltage power supply (2.5V) used in digital circuits. This metal and physically separated the phototransistor and the
places restrictions on the topologies that are useful and receiver by around lOO,um to reduce the interaction between
the number of transistors that can be stacked. the incident light and the amplifier circuit.

Our receiver with a power consumption of 4mW, delay of We used a lensed-fiber probe to vertically illuminate the
400ps, sensitivity of 10,uA and a silicon footprint of phototransistor and generate carriers. Fig. 6 shows the output
20,umx40,um overcomes the restrictions mentioned above and of the integrated receiver with a 250MHz input light from a
is well suited for high density optical signaling applications 1.25Gbps rated laser source. Althoughwe expect the integrated
within and between digital systems. The receiver consists of receiver to work at 500MHz, hysteresis in the phototransistor
a transimpedance stage and two limiting amplifier stages. has prevented us from operating the receiver at a higher
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VI. CONCLUSION

Our results on detector-receiver integration in a commer-
cial technology form an important step towards realization
of hybrid opto-electronic systems. Integration in commer-
cial technologies and elimination of post-processing steps

jjjj~~~ diminishes the differences between design and tape-out of
completely electronic and opto-electronic circuits. Eventually,
with adequate detector simulation models, the opto-electronic

T ~- ||||| | detector and receiver can be designed and optimized together
at the design phase. By solving the high density interconnect
issues, such systems are expected to push the performance of
VLSI systems beyond what is permissible in purely electronic
systems.
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Figure 1. Die photo of fabricated integrated optical receiver

In the test circuit, the phototransistor base is left open, and a single supply of 1.8 V is used to bias the 
phototransistor collector and to power the rest of the receiver.  It is shown running on a 1.8 V supply, although the 
detector only requires 1.3V for high speed operation.  To the best of our knowledge this is the first monolithic Gbps 
optical receiver in a commercial process that requires a voltage supply below 5 V and no post-processing [5-7].

Figure 2. Eye diagram from output of optical receiver (27 – 1 PRBS at 1Gbps)

4. Conclusion

The monolithically integrated optical receiver in this study presents the first Gbps receiver using a commercially 
available SiGe process  with a low supply voltage of 1.8 V.  Previous works required higher supply voltages which
add cost and complexity. With no extra post-processing steps and a simpler power supply, this integration scheme 
lowers the cost of the optical receiver and makes it more suitable for high speed low power optoelectronic systems 
in short distance applications.
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1.3 µm (an excessive germanium concentration would be 
needed). Therefore, the SiGe HBT will be used at a 
wavelength ranging from 0.85 to 0.94 µm, compatible 
with commercially available VCSELs sources, leading to 
a  potentially low-cost system. 

In order to transform a SiGe HBT into a HPT, only 
few structure modifications are required. For a two-base 
fingers transistor configuration, the base finger located 
between emitter and collector contact is removed, and an 
optical window is opened in the passivation layer (Fig.2). 
This kind of modification was verified to be compliant 
with foundry design rules. 
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Sous-collecteur n+

Collecteur n-

emetteur n+
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E

 
 
 
 
 
 
 
 
 
 

Fig. 2. Modification of a SiGe HBT into a phototransistor 
and top view of the mask. 

 
Due to the small dimension of the window, optimal 

optical coupling should be done by a single-mode fiber. 
However, a tapered multimode fiber associated with a 
VCSEL source, on the short distance of a LAN, may 
deliver enough optical power, even with a poor coupling 
coefficient.  

III. HBT MODELISATION 

The effect of light on the phototransistor is modeled by 
a current source in parallel with the intrinsic base-to-
collector junction in the large-signal Gummel-Poon 
model [3,4]. This photocurrent IPH is related to the 
optical power Popt by 

 IPH = S.Popt (1) 

Where S is the responsivity, given by the expression :  
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where λ is the optical wavelength, R is the reflection 
coefficient at the air/silicon interface, α is the absorption 
coefficient of SiGe, LD is the carriers diffusion depth in 
silicon, w is the space charge thickness, q is the electron 
charge, h the Planck's constant and c the velocity of light. 

We obtained a theoretical value of 0,44 A/W at 0.85 
µm, assuming 100% coupling. However, with a square 
window of 1 µm side, only 7.3% coupling coefficient 
could be achived from a single-mode fiber of 4.1 µm 
mode-field diameter. With an appropriate lens, it could 
be improved to 40%, achieving 0,22 A/W, near from the 
experimental value of [5]. 

The generated photocurrent will slightly modify the 
internal biasing conditions, then the internal capacitances 
of the heterostructure (mainly the collector-base 
capacitance Cbc), influencating the oscillation frequency.  

In order to implement the HPT model on the 
simulation software Agilent ADS2002C, we start from 
the foundry-compiled electrical model of the transistor 
and we follow the method we describe in [4], inserting 
the photocurrent and taking in account the modification 
of some extrinsic parameters due to the window opening. 

IV. PHOTOOSCILLATOR DESIGN AND SIMULATIONS 

A. Oscillator design 

The design of the oscillator consists of the SiGe HPT, 
destabilized by an active inductor at its base, and loaded 
by an active resonator in its emitter to obtain a fully-
integrated solution for MMIC (fig. 3). The key element 
of the resonator is the active inductance at the emitter,  
giving the required value of L1 and avoiding the 
excessive losses of spiral inductors [6]. A buffer circuit 
at the output was added. 
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Fig. 3. Photooscillator scheme. M1 is the phototransistor and 
L1 is the active inductance of the resonator. 

The first design and simulations [4] were conducted 
using the Austria Mikro Systems 0.8µm BYR technology 
(Transition frequency fT = 40 GHz). Inbetween the 0.35 
technology became available, allowing fT to reach 70 
GHz thank to lower parasitic elements, and we have 
implemented our photo-oscillator in this new technology. 
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B. Simulation of the free-running photooscillator 

The behaviour of free-running oscillator was simulated 
using harmonic balance and transient simulation with 
ADS2002C. Fig. 4 shows the waveforms of two 
configurations of the oscillator, designed respectively at 
5.2 and 12.5 GHz. The second waveform is of better 
spectral purity but of lower output power.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 4. Output waveform of the two photo-oscillators. 

C. Simulations of the light effect 

First, the effect of a continuous illumination of the 
photo-oscillator was simulated. Fig. 5 shows the 
dependence of the oscillation frequency versus the 
illuminating power (assuming the theoretical value of S 
and no coupling loss).  

 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Oscillator frequency versus optical power. 

This chart shows clearly a significant and rather linear 
dependence. Simulation predicts a decrease of this 
frequency when increasing the illumination, that can be 
explained by the increase of the collector-base 
capacitance, and we have experimentally confirmed this. 

A dynamic simulation was made assuming 
illumination by a 100 µW optical power step (fig. 6). The 
oscillation frequency decreases significantly in 
approximately 10 ns, then decreases slowly before 

stabilisation. This behaviour is compatible with a 100 
Mbps digital frequency modulation (FSK), with a correct 
eye pattern, as we have presented in [4]. 

 
 
 

Fig. 6. Optical frequency response to a 100 µW optical step 
applied at time t=0 . 

Both simulation results concern a 5.2 GHz photo-
oscillator designed in .35 µm AMS technology, which 
appears as suitable for our application. However, the 
correct design of such a photo-oscillator is rather 
delicate: a small variation of the parameters may lead to 
an unstable behaviour under illumination, or to an 
absence of oscillation. 

V. REALIZATION AND TEST OF PROTOTYPE CIRCUITS 

First prototype circuits were implemented in .35 µm 
technology from AMS (Austria Micro Systems) using 
the foundry's design kit for Cadence. The obtained layout 
is represented in fig. 7. The largest part of the area is 
occupied by both active inductances, on each side of the 
circuit. The layout was checked using the LVS tool, who 
confirmed the simulation results. 

 
 
 
 
 
 
 
 
 
 

Fig. 7. Photo-oscillator layout. 

In the same run, several samples of the phototransistor 
itself were realized. Our first measurements concern 
them. An experimental bench was realized, in which the 
Y and S parameters of the phototransistor were measured 
by a network analyser in the range 1 to 10 GHz. The 
component was biased at several values, and we 
compared its response in the dark and under illumination 
through a tapered multimode fiber powered by a .85 µm 
VCSEL at its other end. The first experimentations were 
made in CW-mode. 

The most significative results concern the term Y12 of 
the admittance matrix (Y). As shown in fig. 8, its 
imaginary part increases (in absolute value) significantly 
when the phototransistor is illuminated. In this example 
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1.5 Conclusion,
(
In(this(chapter,(we(have(presented(the(radio(over(fiber(technology,(which(is(the(merging(
of( wireless( network( applications( and( optical( networks( application.( RoF,( a( technology(
that( is( traditionally( used( to( extend( the( reach( of( wireless( signals( in( an( external(
environment,(is(now(under(study(for(use(in(indoor(environments(such(as(the(home.(The(
home( is( currently( the( frontier( of( high( data( rate( environment( where( approximately(
10Gbits/s(are(currently(exchanged(Radio(over(fiber(technologies(for(home(applications(
need(to(have(low(system(costs.(SiGeRbased(phototransistors(as(photodetectors(in(these(
systems( would( offer( lower( cost( remote( antenna( units.( This( offers( the( solution( of(
monolithically( integrated( optoelectronic( receiver( circuits( as( well( as( a( monolithically(
integrated(optoelectronic(receiver(and(electroRoptical((driver(circuits.(
( (
(
(
( (
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2.1 Introduction,
(
A( bipolar( phototransistor( is( essentially( a( bipolar( transistor( whose( base( collector(
junction(is(reversed(biased(and(acts(as(a(photodiode.(As(the(photo(generated(current(is(
amplified(by(the(transistor(action,(a(phototransistor(can(achieve(higher(responsivity(as(
compared(to(a(PIN(photodiode.(
(
The( idea(of(a(phototransistor(was( first(proposed(by(William(Shockley(who( introduced(
the( bipolar( configuration( for( phototransistor( operations( [200].(He( proposed( a( bipolar(
transistor(structure(in(which(the(base(current(is(generated(by(an(optical(wave.(The(first(
phototransistor(was(demonstrated(in(1953(using(Germanium((Ge)( in(Bell(Laboratories(
[201].(The(early(phototransistors(that(were(realized(are(based(on(Ge(and(Silicon((Si)(for(
detection(in(the(visible(range(up(to(the(infrared(range.( (However,(they(are(regarded(as(
slow( photodetectors.( ( The( IIIRV( materials( like( Gallium( Arsenide( (GaAs)( and( Indium(
Phosphide( (InP)( are( used(mainly( as( sensors( because( of( their( superior( high( frequency(
performances(in(the(detection(of(higher(wavelength(region(up(to(1550nm.(
(
This( chapter( is( focused(on( the( SiGe(based(phototransistors,( providing( a( discussion(on(
the(material( used( in( the( implementation( of( the( phototransistor( the.( In( Section( 2,( the(
electrical( and( optical( properties( of( SiGe( alloys( of( unstrained( (bulk)( and( strained(
(pseudomorphic)( types(are(discussed.(This(provides(the(understanding(of( the(material(
that(is(utilized(in(a(compound(semiconductor(processing(technology.(Section(3(gives(an(
overview(of(a(specific(80GHz(SiGe(bipolar( technology( from(Telefunken(GmbH(that(will(
be( our( target( for( the( next( generation( integrated( SiGe(HPT.( The( characteristics( of( SiGe(
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HBT( that( is( available( in( this( process( technology( provides( an( achievable( DC( and( RF(
performance.( This( is( an( essential( step( as( this( provides( the( baseline( electrical(
performance( reference( for( the( phototransistor( that( will( be( implemented( in( this(
processing( technology.( The( different( SiGe( Heterojunction( Bipolar( Phototransistors(
(HPT)( are( essentially( modified( versions( of( SiGe( HBT( that( are( also( presented( in( this(
section.( Section( 5( shows( the( electrical( validation( of( the( HPTs.( It( includes( the( DC(
characterization,( and( RF( characterizations( of( the( fabricated( HPTs.( The( measurement(
setups( for(optical(and(optoRmicrowave(characterizations(are( then(detailed( in(section(6(
as( well( as( the( reference( analog( optical( links( that( will( be( used( for( the( absolute(
characterizations(of(the(optoRmicrowave(response(of(the(HPTs.(

2.2 Silicon,Germanium,Alloys:,Electrical,and,Optical,Properties,
(
The( first( transistor( on( Si( was( presented( in( 1954.( The( SiRbased( transistors( developed(
rapidly(because(they(have(less(expensive(production(cost(as(well(as(the(ease(of(use(of(Si(
as(opposed(to(Ge.(Si(became(one(of(the(main(materials(for(electronics.(Texas(Instruments(
played(a(major(role(in(the(early(days(of(the(use(of(Si(for(electronics;(the(first(transistor(
on(Si(in(1954;(the(first(integrated(circuit(in(1958.(
(
In(William(Shockley’s(patent(on(the(first(BJT(and(first(phototransistor(in(1951([202],(he(
already(mentioned(the(concept(of(a(heterojunction(and(hence,(an(heterojunction(bipolar(
transistor((HBT).(He(envisioned(a(mix(of(Si(and(Ge,(and(thus(obtained(a(SiGe(alloy(that(
could( be( integrated( with( SiRbased( components.( ( The( early( theoretical( studies( on(
phototransistors(were(made(by(Kroemer( in( 1957[203]( until( 1980’s( [204],( [205].( ( The(
early(studies(on(relaxed(bulk(SiGe(materials(were(made(in(the(1958(as(well.([206].(Two(
decades(after,(the(first(SiGe(layer(constrained(over(Si([207](was(fabricated,(and(in(1987(
first(SiGe(HBT(using(molecular(beam(epitaxy(was(presented([208](.(
(
During(those(days(the(main(issues(in(the(development(of(a(heterojunction(in(a(Si(process(
is( the( lack( of(materials( compatible(with( Si.( The( crystal( structure( of( Si( is( diamondRlike(
lattice.( ( Certain( materials( like( Gallium( Phosphide( (GaP),( Aluminum( phosphide( (AIP),((
and(Zinc( Sulfide( (ZnS)(have( lattice( constants( that( are( the( same( for( Si( (a(=(0.5431nm).(
However,(their(crystal(follows(a(Zincblende(structure,(which(is(different(from(a(diamond(
structure,(and(as(a(result,(could(not(be(used(for(heterostructures(with(Si.((
(

2.1.1 Bulk,SiGe,Alloy,
(
Silicon( and( Germanium( are( chemical( compatible( semiconductors.( Both( are( from( the(
Group(IV(elemental(semiconductors(and(crystallize(in(a(diamond(lattice(structure.(Table(
2.1(shows(the(properties(of(bulk(Si(and(Ge.(
( (
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(
Table'2.1.''Properties'of'Bulk'Si'and'Ge''

Parameter Units Silicon Germanium 
Atomic number - 14 32 
Atomic density (atoms/cm3) 5.02 x 1022 4.42 x 1022 
Atomic weight (g/mole) 28.09 72.6 
Density (g/cm3) 2.329 5.323 
Electronic orbital configuration - (Ne)3s23p2 (Ar)3d104s24p2 
Crystal structure - diamond diamond 
Lattice constant (298 K) (Ǻ) 5.43107 5.65791 
Energy band gap (low doping) (eV) 1.12 (300° K) 0.664 (291K) 
  1.17 (77K) 0.741 (4.2K) 
Equiv. conduction band minima - 6 8 
Effective electron mass (300° K) (x m0) 1.18 - 
Effective hole mass (300° K) (x m0) 0.81 - 
Intrinsic carrier density (300° K) (cm-3) 1.02 x 1010 2.33 x 1013 
Eff. conductive band DoS (300° K) (cm-3) 2.8 x 1019 1.04 x 1019 
Eff. Valance band DoS (300° K) (cm-3) 1.04 x 1019 6.00 x 1018 
Electron mobility (300° K) (cm2/V-sec) 1450 3900 
Hole mobility (300° K) (cm2/V-sec) 500 1900 
Electron diffusivity (300° K) (cm2/ sec) 37.5 100 
Hole diffusivity (300° K) (cm2/ sec) 13 49 
Optical phonon energy (meV) 63 37 
Phonon mean free path length Ǻ 76 105 
Intrinsic resistivity (300° K) (Ωcm) 3.16 x 105 47.62 
    
(
Table(2.1( shows(a( lattice(mismatch(of(4.2%(between(Si( and(Ge.(This( is( comparable( to(
widely(used(IIIRV(systems(such(as(GaAs(and(InAs((7.16%)(and(GaAs(and(InP((3.81%).(It(
is( possible( to( create( a( SiGe( alloy,( which( is( completely(miscible( over( the( full( range( of(
composition( and( can( be( combined( to( form( Si1RxGex( alloys,(where( the( Ge( content(!(can(
range(from(0(to(1.(
(
The( lattice( constant( of( Si1RxGex( from( the( diffraction(measurements( follows( a( parabolic(
relation(in(the(form(of(the(equation([209].(
(
( ! !"!!!!"! = 0.002733!! !+ 0.01992! + 0.5431(!")( ' Eq.'2.1'

(
The(fraction(!(of(Ge(will(also(influence(the(other(parameters(of(the(alloy:((the(band(gap,(
the(relative(dielectric(constant,(the(effective(density(of(states,(the(valence(band(and(the(
conduction( band.( ( The( energy( bands( of( the( two( extremes( are( represented( in( kRspace(
direction(at(300°(K(as(shown(in(Figure(2.1.((
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(
Figure'2.1'Energy'band'structure'of'the'conduction'band'and'valence'bands'of'Si'and'Ge'as'a'

function'of'the'kLspace'direction'[210]'

Ge(and(Si(are(both(indirect(gap(materials.(The(top(of(the(valence(energy(band(is(located(
at(k(=(0((Γ(region),(while(the(bottom(of(the(conduction(energy(band((is(located(in(L(valley(
for(Ge(and(XR(Valley(for(Si.(
(
Figure( 2.2( shows( the( band( gap( for( a( bulk( SiGe( alloy( as( a( function( of( percentage( of( Si(
[206].( It( shows( that( the( smallest( indirect( gap( acquires( a( GeRlike( characteristics( and(
occurs(near(the(L(Brillouin(Zone((BZ)(boundary.(When(the(alloy(is(from(15%(to(100%(Si,(
the(characteristics(have(a(SiRlike(structure(with(the(smallest(band(gap(occurring(near(the(
X(BZ(boundary.((

(
Figure'2.2'Energy'gap'in'SiGe'alloys'a'296K'based'on'the'oneLphonon'MacFarlaneLRoberts'

expression'[206]''

As( an( indirect( band( gap( material,( a( phonon( is( required( for( the( conservation( of(
momentum( in( order( to( enable( the( radiative( transmission( of( an( electron( from( the(
minimum( conduction( band( to( the( maximum( of( the( valence( band.( Phonon( energy( is(
generated(whenever( a( photon( energy( is( emitted.( For( an( alloy( of( 20%(Ge,( the( phonon(
energy(is(calculated(as(!!~50!!"#([211](
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The(indirect(band(gap(optical(absorption(edge(is(determined(by(the(sum(of(the(indirect(
band(gap(energy(and(the(phonon(energy.((
(
The( absorption( spectra( for( SiRrich( and(GeRrich( SiGe( alloys( are( presented( in( Figure( 2.3(
and( Figure( 2.4( respectively.( Note( that( for( the( SiRrich( alloy,( the( absorption( coefficient(
shifts(slowly(to(lower(energy(as(Ge(is(added(up(to(30%.((The(absorption(coefficient(also(
shows( that( there( is( little( change( in( shape.( This( is( because( the( band( gap( varies( only(
slightly( for( this( composition.(As( a( first( approximation,( the(material( behaves( like( Si.( In(
addition,( in( the( case( of( SiGe( alloys( rich( in( Ge,( the( absorption( spectrum( is( changing(
rapidly(with(the(composition(close(to(the(spectrum(of(pure(Ge.((Ultimately,(the(bulk(SiGe(
alloy(presents(an(increased(wavelength(as(compared(to(pure(Si(when(the(proportion(of(
Ge( is( significant(or(greater( than(30%.( (These( results(will(be(different( for( the( case(of( a(
strained(SiGe(alloy(.(
(

(
Figure'2.3'Intrinsic'absorption'spectra'in'a'series'of'SiGe'alloys'at'295° K.'[206]'

(
Figure'2.4'Intrinsic'absoption''spectra'of'Germnanium'rich'SiGe'alloys''[206]'

2.1.2 Strained,SiGe,
(
The( lattice( mismatch( between( Silicon( and( Germanium( of( 4.17%( at( 300°K( slightly(
increases(with(increasing(temperature.(When(a(Si1RxGex(is(grown(on(a(thick(Si(substrate(
and(the(Si(has(to(be(accommodated,(the(inherent(mismatch(can(be(handled(in(two(ways.((
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One(way(is(the(compression(of(the(lattice(of(the(Si1RxGex(layer(to(fit(with(the(underlying(
lattice( of( the( Si.( This( is( called( pseudomorphic( growth.( This( results( in( Si1RxGex( that( is(
under(strain.(The(second(way(is(when(the(Si1RxGex(layer(is(unstrained(or(relaxed,(and(the(
lattice( mismatch( at( the( interface( is( accommodated( by( the( formation( of( misfit(
dislocations.( (This( results( in(a(break( in(crystallinity(across( the(growth( interface,(and(a(
defected(film(unsuitable(for(high(yielding(device(applications. These(misfit(dislocations(
generally( lie( in( the( plane( of( the( interface,( but( dislocations( can( also( thread( vertically(
through(the(Si1xGex(layer.(Figure(2.5(a)(shows(the(schematic(of(the(lattice(structure(of(Si(
and( SiGe.( Figure( 2.5(b)( illustrates( the( pseudomorphic( growth( on( top( of( Si( substrate(
resulting( in( the( compression( of( the( SiGe( lattice.( Figure( 2.5(c)( presents( the( relaxed(
growth(of(SiGe(lattice(and(the(misfit(dislocation(in(the(interface.(

(
a)(( ( ( ( b)( ( ( ( c)(

Figure' 2.5' Schematic' illustrations' of' a)' lattice' structure' of' SiGe' on' top' and' Si' on' the' bottom;' b)'
resulting'lattice'from'strained'SiGe'pseudomorphic'growth;'c)'relaxed'growth'with'the'presence'of'
misfit'dislocation'

The(critical(thickness(is(the(maximum(thickness(of(a(strained(SiGe(layer(growth(without(
relaxation(of(the(stain(through(the(formation(of(misfit(dislocations.(This(sets(a( limit(on(
the(device(structure(design.(It( is(strongly(dependent(on(the(Ge(content.(The(MatthewsR
Blakeslee(equation(is(one(of(the(early(computations(of(the(critical(thickness(in(terms(of(
the(mechanical(equilibrium(of(a(preRexisting(threading(dislocation.(In(this(case,(the(force(
of( the( dislocation( segment( residing( at( the( heteroRinterface( is( balanced( with( the(
component( of( the( force( per( unit( length( acting( on( the( threading( component( of( the(
dislocation(in(growth(plane.(The(thickness(at(which(these(two(forces(are(equal(is(defined(
to(be(the(critical(thickness([212].(In(Figure(2.6(the(MatthewsRBlakeslee(equation((shows(
that,(the(critical(thickness(of((((Si1RxGex(alloy(on(Silicon((100)(substrate(is(less(than((100(
Å)(10nm(for(x>0.2,(which(places(a(severe(restriction(for(practical(device(applications.((
(
Another( calculation( known( as( the( PeopleRBean( equation,( assumes( that( the( misfit(
dislocation( generation( is( determined( solely( by( energy( balance,( which( shows( good(
agreement( with( experimental( data[213].( Also( in( Figure( 2.6,( the( line( representing( the(
PeopleRBean(equation(is(shown.((It(shows(larger(critical(thickness(which(exceeds((100Å)(
10nm(up(to(x=0.5.(This(calculation(may(be(used(as(a(reference( for( the(practical(device(
growth(and( fabrication,( that( the( thermal(budget(during( the(epitaxial( layer(growth(and(
device(processing(is(kept(low(enough(to(maintain(the(strained(layer.(
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(
Figure'2.6'Limits'of'strained'layer'(defectLfree)'growth'for'GeSi'/Si'on'Si'(100)'[214]'.'''

The( discrepancy( between( these( two( types( of( calculation( can( be( explained( by( the(
observation(that(strain(relaxation(in(Si1RxGex(layers(occurs(gradually.(Layers(thicknesses(
above( the( PeopleRBean( curve( can( be( considered( to( be( completely( relaxed,( whereas(
layers(below(the(MatthewsRBlakeslee(curve(can(be(considered(to(be(fully(strained.(These(
fully( strained( layers( are( stable( and( will( not( relax( during( any( subsequent( highR
temperature(processing.(Layers( lying(between( the( two(curves(are( termed(metaRstable.(
These(layers(may(be(free(of(dislocations(after(growth,(but(are(susceptible(to(relaxation(
during(later(highRtemperature(processing. 
(
The( band( gap( of( SiGe( alloys( has( a( dominant( impact( on( the( optical( and( electrical(
characteristics(of(the(alloys.((Figure(2.7(shows(the(SiGe(energy(band(gap(as(a(function(of(
Ge( content( of( relaxed( and( strained( SiGe( at( 300°K.( The( profile( of( the( strained( SiGe( is(
different(from(the(bulk(SiGe(band(gap.(The(strain(lifts(the(degeneracies(in(the(conduction(
and(valence(bands,(causing(the(relative(position(of(the(energy(valleys(to(change.(The(sixR
fold( degeneracy( in( the( conduction( band( is( split( into( four( and( two( fold( degeneracies,(
while(the(heavy(hole(band(and(light(hole(band(are(split( in(the(valence(band([215].(The(
two(band(gap(curves(appearing(in(Figure(2.7(for(strained(alloys(correspond(to(the(heavy(
hole(band((lower(curve)(and(the(light(hole(band((upper(curve).(The(crossRhatched(region(
represents( the( uncertainties( arising( from( the( deformation( potential( employed( for( the(
calculation.(The(band(gap(of(the(heavy(hole(band(should(be(regarded(as(the(actual(band(
gap,(as( this( is(usually(defined(as( the(energy(difference(between( the( lowest(conduction(
bandRedge(and(the(highest(valence(bandRedge.((
(
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(
Figure'2.7'Energy'band'gap'of''relaxed(bulk)'and'compressively'strained'Si1LxGex'alloys'on'Si'(100)'

substrate'at'300°'K[215]'

As(shown(previously,(Si1RxGex(alloys(have(a( smaller(band(gap( than(Si(partly(because(of(
the(larger(lattice(constant(and(partly(because(of(the(strain.(It(can(be(seen(that(the(strain(
has(a(dramatic(effect(on(the(band(gap(of(Si1RxGex.(For(10%(Ge,(the(reduction(in(band(gap(
is( 92meV( for( strained( Si1RxGex( ,( compared( with( 50meV( for( unstrained( Si1RxGex.( The(
variation( of( band( gap( with( Ge( content( for( strained( Si1RxGex( can( be( described( by( the(
following(empirical(equation(based(from(a(linear(approximation(which(is(dependent(on(
the(Ge(fraction(in(the(film(and(in(the(substrate[215].(
(
( ∆!!!!"#$!!"#$%&'( ! = 0.74 − 0.53!! !( Eq.'2.2'

(
Where(!(is(the(Ge(content(in(the(film(and(!!(is(the(Ge(content(in(the(substrate.((Another(
approximation(is(made(which(a(polynomial(approximation(of(the(third(order([214].(
(
( ∆!!!!"#$!!"#$%&'( ! = 0.96! + 0.42!! − 0.17!!( Eq.'2.3'

(
It( is( noticeable( that( the( band( gap( of( the( strained( alloys( decreases( so( rapidly( that( it(
becomes(even(smaller(than(that(of(bulk(Ge(when(x>0.6.&Note(that(the(band(gap(is(indirect(
for(both(strained(and(unstrained(SiGe(alloys.(
(
The( band( alignment( for( compressively( strained( Si1RxGex( on( unstrained( Si( is( a( Type( 1(
band(alignment.(The(majority(of(the(band(offset(at(the(heterojunction(interface(occurs(in(
the( valence( band,( with( only( a( small( offset( in( the( conduction( band.( It( is( generally(
accepted( that( conduction( band( offset( comprises( less( than( 10%R15%(of( the( total( band(
offset,(depending(on(the(Ge(composition.(The(valence(band(offset(can(be(approximated(
as(a(function(of(Ge(composition(!([213](
(
The(optical(absorption(of(strained(SiGe(will(also(be(different(from(relaxed(or(bulk(SiGe.(
Early( measurements( were( made( at( 90°K,( the( normalized( measured( absorption(
coefficient(data(are(shown(in(Figure(2.8([216].(It(shows(results(for(three(Ge(fractions(of((
25%,(40%(and(60%(
(
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(
Figure'2.8'Absorption'Coefficient'of'Strained'SiGe'at'90K''[216]'

One( model( of( the( absorption( coefficient( for( constrained( SiGe( used( the( one( phonon(
MacFarlane(model( as(a( reference( [131],[196].(This(model( takes( into( consideration( the(
Ge(fraction,(temperature(of(operation(and(wavelength(of(the(incident(optical(wave.(
(
(

!!"#$%&'($) = ! ! ∙
ℎ! − !! − !!!!"!" !

!

1 − !
!!!!"!" !

!"
+

ℎ! − !! + !!!!"!" !
!

!
!!!!!"!" !

!" − 1
( 'Eq.'2.4'

(
The(model(is(a(function(of(Ge(content(!(and(the(parameters(! ! (and(!!!!"!" ! (which(
are(extracted(from(stained(SiGe(measurements([216].((
(
( ! ! ≈ 3200 ∙ (1 − 1.61! + 9.581!!)( ' Eq.'2.5'

(
( !!!!"!" ! = 0.0408 + 0.0013! + 0.0533!!( ' Eq.'2.6'

(
This( model( is( valid( for( Ge( fraction( of( up( to( 40%.( Figure( 2.9( shows( the( absorption(
coefficient( at( 300°K( for( strained( SiGe( as( a( fraction( of( Ge( for( different(wavelengths( of(
800nm,(980nm,(1300nm(and(1550(nm.(This( shows( that( the(absorption(coefficient(has(
lower( values( as( the( frequency( increases.( ( The( two( data( points( show( estimated(
absorption(coefficients(of(Si0.8G0.2([217](
(
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(
Figure'2.9'Absorption'coefficients'of'strained'SiGe'at'different'wavelengths:'0.8μm'(circle),'0.98μm'
(square)','1.3μm'(diamond)','1.55μm'(triangle)'Plain'circle'and'diamond''respectively'provide'

measured'values'at''[196]'

The( absorption( coefficient( as( modeled( in( Eq.( 2.4( was( used( in( the( estimation( of( the(
quantum(efficiency(of(a(SiGe(HPT(which(should(good(agreement(with(measured(values(
[184].((

2.2 SiGe,HPT,Technology,and,design,rules,validations,
(
The( HPT’s( that( are( the( subject( of( this( study( are( implemented( using( the( Telefunken(
GmbH(SiGe(Bipolar(process(technology.(One(key(aspect(to(this(research(is(to(implement(
in(such(a(commercial(technology(without(the(addition(of(masks(and(processing(steps.(
(
The( Telefunken( SIGE2RRF( Bipolar( Silicon( Germanium( process( technology( is( tailored(
specifically(for(maximum(RF(performance.(This(has(an(fT(of(up(to(80GHz(and(fMAX(of(up(to(
90GHz.((This(RF(bipolar(technology(allows(the(production(of(wafer(with(applications(in(
highRspeed( cellular,( highRspeed( networking,( wireless( LAN( and( high( performance(
standard(RF(devices(and(used(is(for(different(applications([218]R[220]([221].(
(
This( process( is( a( 0.8μm( lithography( double( polysilicon( heterojunction( bipolar(
technology.(The(minimum(emitter(size(is(0.8x1.4μm2((layout(size)(for(vertical(NPN(HBT(
transistors( which( provides( actual( size( after( processing( of( 0.5x1.1μm2.( This( process(
technology(offers(NPN(HBTs( (fT(=(50GHz(and( fMAX(≈(90GHz)(and( selectively( implanted(
collector((SIC)(NPN(((with(fT(=(80GHz(and(fMAX(≈(90GHz),(lateral(PNP(transistors,(diodes(
(PN,( Zener,( ESD,( Varactor( and( Schottky),( passive( devices( such( as( inductors( capacitors(
and( resistors.( This( technology(provides( circuits(working( above(10GHz( and(potentially(
up(to(60GHz(in(some(configurations([219](.(
(
Table'2.2'Electrical'parameters'of'the'SiGe2LRF'process'technology'

 NPN TFSiGe2 RF @ 32°C (0.5 µm x 10 µm, CEB) 
Parameter Condition non SIC Condition SIC Value non SIC Value SIC Units 

fT VCE = 2.8 V VCE = 1.5 V 50 80 GHz 
fMAX  90 90 GHz 
HFE IE = -1 mA, VCB = 0 V 300 360  
VAFI IB = 10 µA, VSUB = 0 V 40 60 V 

BVCEO IC = 2 µA, VE = 0 V 4.3 2.4 V 
BVCBO IC = 2 µA, VB = 0 V 11 10 V 
(
Figure(2.10(shows(the(simplified(schematic(of(the(cross(section(of(the(SiGe(HBT.((
(

densities of states. A new model dedicated to numerical 
simulations is developed to take into account the 
reduction in the effective density of states with 
Germanium content and temperature. Matutinovic-Krstelj 
[5] proposes a theoretical model that considers how 
bands are changed from the Silicon case, with ,so SiGe

E  
the split-off energy between the highest and lowest 
valence band energies of the SiGe case, ,so Si

E , the split-
off of the Si case, 

hl
E , the degeneracy energy distance 

responsible of heavy and light holes in the top valence 
band, and last 

cb
E , the conduction band splitting. 

Such a full theoretical model can be developed but is 
shown to be not quite convenient for simple integration 
into a numerical simulator. A simplified model is then 
build on the basis of numerical approximation of this first 
model. An approximation form using a sum of two 
exponential terms is developed for the Nc.Nv product 
reduction, while the Nc reduction is simply expressed by 
a single exponential term. Expression of the Nc reduction 
is temperature dependent and is given as follows: 

 
)

) ( )2 1 0, 69
exp

3 3
c SiGe

c Si

N x

N k T
+  (3) 

On a counterpart, coefficients of the Nc.Nv product 
reduction are fit parameters that change with temperature. 
At 300K, it comes. 
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)
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+

(4) 

Results that take into account the temperature 
dependence of the Nc.Nv product will be presented in a 
simple analytical form elsewhere. 

Optical absorption coefficient 

Then, a model of the optical absorption coefficient is 
used, [6], which is developed on the basis of a one-
phonon model applied on measurements published by 
Lang et al. [7]: 

2 2

1 exp exp 1

g phonon g phonon

absorption

phonon phonon

h E E h E E
A

E kT E kT

 (5) 

Fitting the model to data of Lang, it comes: 

 23200 1 1.161 9.581A x x x  (cm-1.eV-2) (6) 

 20.050 1 0.026 1.066
phonon

E x x x  (eV) (7) 

At the knowledge of the authors not any other 
measurements, dealing with the wavelength dependence 
at different Germanium content values, were performed 
on single strained SiGe layers. Partial results were only 
found in some case, giving either higher or lower values. 
Lang et al measurements are then taken as a starting point 
for furthers investigation and examination. However, 
until today, the validity of such a model appears to be 

convenient, as it will be discussed in the later part of the 
paper. 

III. THE SINGLE SIGE LAYER HPT STRUCTURE  

The preceding absorption model is used to plot the 
SiGe absorption coefficient as a function of the 
Germanium content at different wavelengths, see Fig. 1. 
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Fig. 1: Optical absorption coefficient at 300K of strained SiGe 
layers as a function of the Germanium content as derived from 
[7] measurements. 1.1µm and 1.2µm data are from [8]. 

A separation in two main applications regions can be 
derived from this figure: - short range optical 
communications where the optical wavelength lies 
between 0.8 and 1µm; - long range optical 
communications where wavelength range from 1.3 to 
1.55µm. In the last case, the Germanium content has to 
be higher than 40%, which makes the need in multiplying 
the SiGe/Si stacks due to the quite low SiGe layer’s 
maximum thickness available for stability reasons. This 
leads to the use of multiple quantum wells structures, 
MQW, which are not industrially producible for now. In 
the first case, the Germanium content could be low or 
medium and afford the possibility to be compatible to 
industrial requirements. In each of this category, 
Germanium does not play the same role. 

The HPT structure proposed here is based on a purely 
bipolar technology presented elsewhere [9]. The base 
profile is an abrupt one with Germanium content in the 
order of 20%. The base doping is significantly increased 
as compared to a pure Si HBT. This is advantageously 
taken into account for the enlargement of the lateral size 
of the HPT. That way the optical coupling to the fibre is 
eased without lowering the dynamic performance of the 
phototransistor. The HPT is vertically illuminated 
through a 10 by 10 micrometer optical window drawn 
above the emitter. A 5x5µm² HPT is also proposed. 

A photograph of the 10x10µm² HPT is shown on 
Fig. 2 with a sketch of the vertical stack. This structure is 
opposed to MQW-SiGe HPTs where a multiple quantum 
well was put in the base-collector region to get detection 
at 1.3µm, [1], [2]. The SiGe HPT device is however only 
designed for short-range applications as the detected 
radiations are in the 0.81µm wavelength range. 
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(
Figure'2.10'Schematic'crossLsection'of'SiGe2LRF'technology'from'Telefunken'

A(typical(transition(frequency(curve(is(given(in(Figure(2.11(for(a(typical(size(0.9x10μm2(
HBT(with(and(without(collector(selective(implantation.(The(SIC(transistor(reaches(up(to(
75R80GHz,(while(nonRSIC(transistor(reaches(50GHz(only. 
(

(
a)( ( ( ( ( b)(

Figure'2.11'Simulation'of'fT'versus'Ic'curve'of'a'0.9x10µm2''SiGe'HBT'from'SiGE2RF'Telefunken'
GmbH'technology;'a)'without'SIC'option;'b)with'SIC'option'

2.2.1 Simulation,of,SiGe,HBT,characteristics,(Sizes,Related,to,the,HPT),
(
The( characteristics( and(performance( of( a( reference(HBT( are( discussed( in( this( section.(
This(will(provide(some(insights(on(how(modifications(to(implement(HPT(will( influence(
the(DC(and(RF(performance.(The(reference(HBT(has(the(dimensions(of(0.5x10µm2(for(the(
emitter(width(and(length(respectively.(The(plots(are(generated(from(simulations(of(the(
models(provided(by(the(foundry.(
(
Output( characteristics( (IcRVce)( of( a( transistor( show( the( collector( current( (Ic)( as( a(
function(of(the(collector(voltage((Vce)(and(the(base(currents((Ib).(These(curves(will(help(
shows(a(transistor(as(a(linear(amplifier.(This(provides(a(guide(on(where(AC(signals(can(
be( superimposed(on(DC(bias( levels.(The( collector( current( can(be( expressed( in(Eq.( 2.7,(
where(B’(and(E’(are(the(internal(nodes(of(the(intrinsic(transistor(as(shown(in(Figure(2.13.(
Eq.( 2.8( shows( the( value( of( the( collector( current( as( a( function( of( the( external( series(
resistances(of(the(HBT.(
(
( !! = !!!"#

!!!!!!
!" ( ' Eq.'2.7'

(
(

!! = !!!"#
!!" − !!!! − !!!! 1 + !

!" (
' Eq.'2.8'
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The(IcRVce(plot(shows(a(finite(slope(in(the(collector(current(in(the(liner(region(that(is(due(
to(the(base(width(modulation(see(Figure(2.13(and(Figure(2.14(.(It(is(used(to(extract(the(
Early(Voltage.(It(also(show(that(the(plots(will(not(be(equally(spaced(which(means(that(the(
current(gain(β(varies(with(the(base(current(Ib.(

(
Figure'2.12'Schematic'diagram'of'an'HBT'showing'the'internal'collector,'internal'base,'internal'

emitter.'

Figure( 2.13( shows( the( output( characteristics( of( a( 0.5x10μm2(HBT.( The(Vce( values( are(
swept(from(0V(to(3.5(V(at(different(constant(Ib(values(starting(from(500nA(up(to(2uA.((In(
this(plot,(the(saturation(region(from(0R0.2V(Vce.;(the(cutRoff(region(near(Ic(=(0(line;(and(
the(active(region(from(0.5VR2.5V(and(the(breakdown(region(above(3V(are(shown.((
(

(
Figure'2.13'Output'response'of'a'0.5x10μm2''HBT'(simulation)'with'Vce'='0VL'3.5V'and'Ib'is'swept'

from'500nA'up'to'2μA'in'500nA'steps.'

The(output(response(exhibits(an(Early(voltage(of(10R12V(as(shown( in(Figure(2.14.(The(
output(characteristics(also(show(that(the(transistor(starts(to(show(avalanche(currents(at(
3V.((
(
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(
Figure'2.14'Early'Voltage'of'0.5x10μm2'non'sic'HBT'(simulation)'

The(output(conductance(is(a(measure(of(collector(variation(with(baseRcollector(reverse(
bias.(The(baseRcollector(depletion(region(widens(and(reduces(the(neutral(base(width(as(
the( reversed( biasedRcollector( voltage( increases,( while( keeping( a( fixed( emitterRbase(
voltage.(The(reduction(of(the(neutral(base(width(leads(to(an(increase(in(the(gradient(of(
the(injected(electron(distribution(in(the(pRtype(base.(Since(the(electron(diffusion(current(
across( the( base( is( directly( proportional( to( this( gradient,( the( collector( current( will(
increase.(A( low(output(conductance( is(desirable( to(achieve( invariant(output(current( in(
lowRfrequency(analog(applications.(
(
Figure(2.15(shows(the(output(response(of(different(sized(HBTs(under(1μA((Ib.(There(are(
two(sets(of(sizes(0.5μm(emitter(width,(with(different( lengths(and(0.9μm(emitter(width,(
with( different( lengths.( ( These( simulations( show( that( at( a( fixed( width,( the( change( in(
length(from(5μm(to(40μm(results(in(a(very(slight(increase(in(output(current.(This(will(be(
relevant(in(the(discussion(of(HPT(types(where(the(intrinsic(transistor(emitter(width(is(at(
a(fixed(value(and(the(emitter(length(is(also(the(length(of(the(optical(window.(While(at(a(
fixed( length( of( 10µm( the( difference( in( output( current( between( 0.5μm( and( 0.9μm( is(
significant.( This( will( be( relevant( to( HPTs( with( the( same( intrinsic( transistor( emitter(
length(and(a(different(emitter.(

(
Figure'2.15'Output'response'of'0.5'x3.0μm2,'0.5'x'5.0μm2,'0.5'x'10μm2,'0.5x'20.0'μm2'HBTs'at'Ib'='

1μA''
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The(Gummel(plots(are(combined(plots(of(the(base(current(Ib(and(the(collector(current(Ic(
as(a(function(of(the(base(emitter(voltage(Vbe((which(is(plotted(in(a(semi(logarithmic(scale(
when( the( base( collector( voltage( (Vbc)( is( 0( or( constant.( This( plot( is( used( in( device(
characterization( as( is( reflects( the( quality( of( the( base( emitter( junction.( Different(
parameters(can(be(extracted(from(this(plot,(such(as(the(common(emitter(current(gain(β,(
the(base(and(collector(ideality(factors(η,(series(resistances(and(leakage(currents.(In(the(
Gummel( plot,( the( log( of( collector( current( of( an( ideal( bipolar( transistor( should( be(
proportional( to( Vbe/kT(,( corresponding( to( an( inverse( slope( of(approximately(
60mV/decade( of( collector( current( at( room( temperature.( The( increase( in( the( collector(
current((and(the(current(gain)(of(the(HBT(compared(to(the(homoRjunction(transistor(is(
due(to(the(narrower(band(gap(in(the(base(since(both(devices(have(the(same(integrated(
base(dopant(concentration.(Since(the(base(current(of(Silicon(and(SiGe(HBTs(are(virtually(
identical,( the( current(gain(enhancement(due( to(Germanium( incorporation( is( similar( to(
the( collector( current( enhancement.(Therefore,( the( superior( current( gain(potential( of( a(
SiGe( HBT( can( be( traded( for( an( increased( fMAX(and( reduced( base( resistance( leading( to(
higher(power(gain,(faster(switching(speed(and(a(lower(noise(figure.((
(
Figure(2.16(shows(the(simulated(Gummel(plot(of( the(reference(HBT.(Superimposed(on(
the( figure( is( the(common(emitter(current(gain.( It(has(a(peak(value(of(around(360.(The(
different( regions( in( this( plot( are( identified.( The( low( current( region( shows( the(
recombination(and(tunneling(effects.(A(linear(region(is(observed(for(both(Ic(and(Ib(in(the(
Vbe(range(of(0.55V(to(0.85V(and(the(high(current(region(is(seen((where(there(is(a(change(
in(slope(of(Ic.(This(is(where(the(series(resistance(and(Kirk(effect(are(exhibited.(
(

(
Figure'2.16'Gummel'plot'of''a'0.5'x10μm2'HBT'at'Vbc'='0V'(simulation)'

Another(similar(Gummel(plot(is(made(where(Vce(is(set(to(2V(and(the(Vbe(is(swept(from(
0V(–(3.5(V.((This(biasing(reflects(a(typical(biasing(scenario(under(normal(forward(biasing(
conditions.(In(Figure(2.17,(Ib(is(the(absolute(value(of(Ib.(This(means(that(at(low(values(of(
Vbe(up(to(0.3V(with((2V(Vce,(the(Ib(current(is(flowing(out(of(the(base.((
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(
Figure'2.17'Gummel'Plot'of'a'0.5x10μm2'HBT'at'fixed'Vce'='2V'(simulation)'

The( current( gain( of( the( different( sized( HBTs( are( also( extracted( to( show( the(
characteristics(of(different(devices.(Figure(2.18(shows(the(current(gain(β(of(the(different(
HBT(sizes.(It(presents(a((summary(of(all(the(extracted(current(gain(β((as(a(function(of(the(
length(of( the(HBT.(Two( line(series(are(shown(with(one(series(having(a(width(of(0.5μm(
and( the( other( is( 0.9μm.( ( Larger( devices,( whatever( the( length( is,( will( have( a( higher(
current( gain( than( smaller( devices.( This( behavior( will( be( used( in( the( analysis( of( the(
characteristics(of(the(fabricated(HPTs.(
(

(
Figure'2.18'Beta'of'different'HBT'sizes'(Simulated)'

Table(2.3(provides(a(summary(of(the(biasing(conditions(for(the(peak(beta(of(the(different(
devices.( From( the( table,( the( length( increases( from(3μm,(5μm,(10μm,(20μm,(30μm(and(
40μm(with(a(constant(width(of(0.5μm.( (The(current(gain(slowly( increases( from(316( to(
351.(With(fixed(length(of(10μm,(the(β(from(width(0.5μm(to(0.9μm(increases(from(341(to(
529.( This( increase( in( current( gain( is( achieved( at( higher( collector( currents( and( is(
primarily( due( to( the( change( in( the( cross( sectional( area( of( the( emitter( in( which( the(
current(gain(β((is(directly(proportional.(
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(
Table'2.3'Biasing'conditions'for'the'peak'beta'of'different'devices'(Simulations)'

Width 
µm 

Length 
µm  

Area 
µm2  

Beta  
(Peak) 

Vb 
(V) 

Vc 
(V) 

Ib 
(µA) 

Ic 
(mA) 

Jc 
(A/µm2) 

0.5 3 1.5 316 0.76 0.76 0.45 0.14 9.47E-05 
0.5 5 2.5 329 0.76 0.76 0.70 0.22 9.28E-05 
0.5 10 5 341 0.76 0.76 1.34 0.46 9.12E-05 
0.5 20 10 347 0.76 0.76 2.57 1.00 1.00E-04 
0.5 30 15 351 0.76 0.76 5.13 2.00 1.33E-04 
0.5 40 20 351 0.77 0.77 6.70 2.00 1.00E-04 
0.9 3 2.7 459 0.77 0.77 0.70 3.20 1.19E-04 
0.9 5 4.5 496 0.77 0.77 1.10 1.00 2.22E-04 
0.9 10 9 529 0.77 0.77 1.91 1.00 1.11E-04 
0.9 20 18 547 0.77 0.77 3.57 2.00 1.11E-04 
0.9 30 27 554 0.77 0.77 5.13 3.00 1.11E-04 
0.9 40 36 557 0.77 0.77 6.60 4.00 1.11E-04 
(
The( SRParameters( of( the( transistor( provide( the( high( frequency( characteristics( of( the(
device.(The(RF(electrical(gain(of( the(transistor( is(a(key( indicator(of( the(behavior(of( the(
carriers(into(the(structure.(The(transition(frequency(fT(of(the(transistor(can(be(extracted(
from(SRParameters(under(different(bias(conditions.(A(typical(representation(is(usually(fT(
as(a( function(of(the(collector(current(Ic.(This( is(not(a(direct(description(of(the(speed(of(
the(transistor.(It(gives(a(good(indication(on(the(transit(times((maximum(fT(of(the(curve)(
and(capacitances((linear(slope(for(the(increase(in(fT((in(the(low(collector(current((region).(
(
For( the( reference(HBT,( at( 2V(Vce( a( peak( fT( of( almost( 50GHz( is( achieved(with( an( Ic( of(
approximately(3mA.(Figure(2.19(shows(the( fT(and(fMAX(of( this( transistor(at(1.5V(and(2V(
Vce.(The(fT(is(maximized(at(49GHz(when(Ib(is(8.5μA(and(Ic(is(3mA(.(The(fMAX(is(maximized(
at(60GHz(when(Ib(is(8μA(and(Ic(is(3mA.((
(

(
Figure'2.19'fT''and'fMAX'vs.'Ic'of'reference'HBT'at'Vce'values'of'1.5V'and'2V'

Table(2.4(shows(a(summary(of(peak(fT(of(differently(sized(nonRSIC(transistors.(It(shows(
that( the(peak( fT( is(around(47Ghz( for(all( the(devices(and( is(achieved(at(higher(collector(
currents(as(the(size(of(the(transistor(increases.(
(
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Table'2.4'Peak'fT'of'different''HBT''sizes'

Width 
µm  

Length 
µm   

Area 
µm2   

fT (peak) 
GHz 

Vce 
V 

Ib 
µA 

Ic 
mA 

Jc 
A/µm2   

0.5 3 1.5 45 2 3 1 6.67E+08 
0.5 5 2.5 46 2 5 2. 8.00E+08 
0.5 10 5 47 2 9 3 6.00E+08 
0.5 20 10 47 2 17 6 6.00E+08 
0.5 30 1.5 47 2 25 9 6.00E+08 
0.5 40 20 47 2 33 12 6.00E+08 
0.9 3 2.7 47 2 3 2 7.41E+08 
0.9 5 4.5 47 2 5 3 6.67E+08 
0.9 10 9 48 2 8 4 4.44E+08 
0.9 20 18 48 2 16 9 5.00E+08 
0.9 30 27 48 2 23 13 4.81E+08 
0.9 40 36 47 2 31 18 5.00E+08 
(
Figure( 2.20( shows( all( the( simulated( SRParameters( of( the( reference( 0.5x10µm2(HBT( at(
Vce(=(1.5V(and(different(base(currents(that(maximizes(either(fT((or(fMAX,(max(S21((and(0dB(
S21.((This(analysis(is(of(interest(to(take(comparisons(with(HPTs(loaded(with(50Ω.(The(3dB((
cutoff( frequency( ( is( of( special( interest( as( it( is( the(main( frequency( characteristics( that(
could(be(extracted(in(an(easy(way(from(the(HPT(responsivity(curves(versus(frequency,(
and(that(could(be(related(to(the(device(optimizations(as(will(be(seen(in(Chapter(3(and(4.(
,

(

(
Figure'2.20'Simulated'SLParameters'from'50'MHz'to'40'GHz'of'the'reference'HBT'at'different'biasing'

points'('Max'S21','0dB'S21','Peak'fT'and'fMAX)'

A(summary(of(the(S21(values(is(presented(in(Table(2.5.(When(the(transistor(is(biased(to(
have( the(maximum( 50Ω( gain,( its( cutoff( frequency( is( 4.5GHz.( A( biasing(with( 0dB( 50Ω((
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gain(shows(a(cutoff(frequency(of(approximately(15GHz.(This(gives(a(basis(of(comparison(
for( further( HPT( analysis( with( fR3dB( ranging( from( 4.5GHz( to( 16GHz( depending( on( the(
biasing.(This(is(also(useful(to(know(for(a(circuit(designer.(
(
Table'2.5'Summary'of'simulated'S21'of'the'reference'0.5x10µm2'''HBT'

 Gain dB Cutoff GHz Ib (µA) Vb( V) Ic(mA) Vc (V) 
Max Gain(50MHz) 15.34 4.5 11 0.841 3.59 1.5 
0 db (50MHz) 0 16 0.830 0.746 0.300 1.5 
Peak fT 14.36 7 7.65 0.824 2.6 1.5 
Peak fMAX 14.36 7 7.65 0.824 2.6 1.5 
(

2.2.2 Fabricated,HPT,Structures,
(
The(design(of(the(HPT(using(the(SiGe2RF(involves(using(the(material(and(semiconductor(
layers( that( are( available( to( define( a( standard( HBT( using( this( technology.( To( ensure(
compatibility( with( the( process( technology,( there( are( no( new( material( layers( and/or(
processing(masks(added.(The(HPT’s(are(designed(using(the(available(masks(and(layers.(
of(a(CEB(type(nonRSIC(HBT(with(a(cross(section(as(shown(in(Figure(2.10(While(enlarging(
the(structure(an(creating(an(optical(window(opening(for(a(vertical(illumination.(
(
The(first(HPT(structure(type((xBC(type)(is(implemented(by(extending(the(baseRcollector(
region(while(keeping(the(emitter(width(at(a(minimum(size(of(0.8μm(in(the(layout(view(
and(an(actual(emitter(width(of(0.5μm.(This(allows(for(a(faster(intrinsic(transistor,(which(
is( defined( by( the( area( under( emitter.( The( extended( baseRcollector( region( defines( the(
optical(window(and(the(intrinsic(baseRcollector(PN(photodiode.(This(structure(is(similar(
to(other(IIIRV(HPTs(and(SiGe(HPT([189],([192](,([186](
(
In( a( vertical( device,( the( base( layer( should( be( as( thin( as( possible.( This( aids( in( the(
improvement(of(the(transit(time(resulting(to(faster(transistors.((The(emitter(stripe(width(
should( be( as( small( as( possible( such( that( the( base( emitter( capacitance( is( small.( These(
principles( that( helps( to( make( fast( transistors( could( be( applied( in( the( design( of( fast(
phototransistors(as(well.(
(
In( the( reference(HBT(mask( layout,( the( exposed( base( polysilicon( is( always( silicided( to(
keep(the(polysilicon(resistances(at(a(minimum.(This(means(that(a(Titanium(Silicide((TiSi)(
layer(will(be(grown(on(top(of(the(extended(base(polysilicon(layer(of(the(HPT.((
(
Figure( 2.21( shows( the( resulting( HPT( structure.( This( structure( is( called( and( extended(
base( collector( HPT( (xBC( HPT)( The( bottom( layer( is( the( PRtype( substrate.( All( over( the(
structure(is(a(yellow(layer(that(represents(all(the(oxide(and(nitride(layers(as(the(result(of(
the(processing(steps.(All(the(green(parts(represent(the(first(metal(layer(that(is(in(contact(
with(the(different(semiconductor(materials.((
(
The(transistor(base(is(a(SiGe(material(that(is(approximately(20%(of(Germanium(with(an(
abrupt( doping( profile.( These( are( assumed( properties( and( are( not( supplied( by( the(
foundry.( The( emitter( is( the( violet( part( with( a( small( width( that( is( NRtype( material( of(
0.5μm.((On(top(of(it(is(another(violet(layer,(which(represents(the(emitter(polysilicon.((The(
collector(is(connected(to(a(N+(subRcollector(contact.(The(resulting(intrinsic(transistor(is(
the(layers(under(the(emitter(region.(The(optical(window(is(defined(by(the(extended(base(
and(collector(and(the(resulting(TiSi(layer(on(top(of(it.(The(illumination(will(pass(through(
the(oxide(and(the(nitride(layers.(Then(it(passes(through(the(TiSi(where(high(reflections(
are(expected.(And(finally,(it(goes(through(the(base(and(collector(layers.(
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(

(
Figure'2.21'Simplified'schematic'cross'section'of'an'extended'Base'Collector'HPT'(xBC)'

The(second(HPT(structure( type((xEBC(type)( is(designed(by(extending( the(emitter(base(
and(collector(altogether.(This(is(similar(to(a(SiGe(HPT(structure(in(the(previous(studies(of(
Polleux([131]( ,(and(Yin([184].(This(structure(is( intended(to(handle(higher(currents(and(
provide(high(current(gains(due(to(the( increase( in(the(emitter(stripe(width.(This(HPT(is(
essentially(one(large(HBT.(It(is(composed(of(two(intrinsic(transistors:(The(area(under(the(
emitter( contact( defines( the( first( intrinsic( transistor( and( this( could( not( be( vertically(
illuminated;( The( optical( window( defines( the( second( intrinsic( transistor.( Figure( 2.22(
shows(the(resulting(HPT(structure:(xEBC(HPT.(Illumination(is(only(available(in(the(EBC(
layer( that( is( defined( by( the( optical( window( that( is( at( the( edge( of( the( emitter( metal(
contact.(
(

(
Figure'2.22'Simplified'schematic'cross'section'of'an'extended'Emitter'Base'Collector'HPT'(xEBC)'

Different( HPT( structures( were( designed( to( minimize( the( optical( losses( in( the( optical(
signal.(One(technique(is(to(remove(the(silicidation(in(the(extended(base(polysilicon.((This(
is(accomplished(with(the(use(of(the(mask(used(to(define(a(silicide(block(out.(This(mask(is(
used(in(the(design(of(polysilicon(resistors.(This(is(applicable(to(an(HPT(structure(that(is(
of(extended(base(collector((xBC)( type.( (Figure(2.23(shows(the(resulting(HPT(structure:(
xBCrT(HPT.(This(is(similar(to(the(xBC(structure(however(the(TiSi(layer(is(omitted.(As(the(
reflection(from(the(TiSi(are(removed,(it(is(expected(that(it(will(have(an(increase(in(optical(
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signal(penetrating(the(structure.(It(is(also(expected(that(there(will(be(an(increase(in(the(
resistance(in(the(base.(
(

(
Figure'2.23'Simplified'schematic'cross'section'of'an'extended'Base'Collector'with'removed'TiSi'layer'

(xBCrT)'

Another(way( to( improve( the(amount(of(optical(signal(passing( through( the(device( is(by(
removing( the( oxide( and(nitride( layers( on( top( of( the( optical(window.( This( approach( is(
used(in(an(xBC,(xEBC(and(xEBCrT(type(of(HPTs.(The(mask(layer(that(is(used(to(define(the(
pad(access( for(wirebonding(or( flip(chip( is(used(to(define(the(area(where(the(oxide(and(
nitride(layers(will(be(etched.(There(is(an(expected(increase(in(the(optical(signal(going(to(
the(device(using(this(approach.(However,(the(actual(depth(of(the(etched(oxide(could(not(
be( determined( because( this( etching( process( is( time( controlled( to( etched( down( to( a(
topmost(metal(layer.(The(etching(is(at(least(this(value(but(could(be(made(deeper.(Figure(
2.24(represents( the( final(HPT(when( the(etched(oxide( is(applied( to(an(xBCrT(structure.(
This(structure(is(called(xBCrTeO.(
(

(
Figure'2.24'Simplified'schematic'cross'section'of'an'extended'Base'Collector'with'removed'TiSi'and'

etched'oxide'HPT'(xBCrTeO)'

Different( structures( were( implemented( in( three( prototyping( runs( during( the( thesis(
study.( (The(variations(in(the(design(included(different(window(the(mentioned(different(
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sizes,( the( type( of( optical( windows,( and( the( addition( of( a( SIC( option( in( the( HPT.( ( The(
naming(scheme(for(the(fabricated(HPTs(is:(
(
<Prototype(Run(Number>R<Optical(Window(Size><optical(window(type>(
<xBC(or(xEBC><extras><extras>(
(

Prototype( Run(
Number(

R1,(R2,(R3(

Optical( Window(
Size, 03(=(3x3μm2(

05(=(5x5μm2(
10(=(10x10μm2(
20(=(20x20μm2(
30(=(30x30μm2(
40(=(40x40μm2(
50(=(50x50μm2(

Optical( Window(
Type(

xBC((=(extended(Base(Collector(
xEBC(=(extended(Emitter(Base(Collector(

Optical( Window(
Shape(

SQ(=(Square((
CR(=(circular,(applicable(to(xEBC(type(only(

Extras( rT(=(removed(Titanium,(applicable(only(to(xBC(type(
eO(=(etched(oxide(
sic(=(if(the(collector(uses(SIC.(

(
As(an(example,(R1R10SQxBCrTeO(corresponds(to(Prototype(Run(1,(with((square(optical(
window(size(of(10x10µm2(((of(an(extended(base(and(collector(with(an(removed(titanium(
and(etched(oxide.(The(complete( list(of( tested(HPT(structures(among(those(which(were(
fabricated(in(this(research(is(provided(in(Table(2.6.((
(
Table'2.6''Complete'list'of'tested''HPT'structures'

CODE' Device'Name' Emitter'
Width(μm')'

Emitter''
Length'(μm')'

1' R1R03SQxBCrT( 0.5( 1.6(
2' R1R05SQxBCrT( 0.5( 3.9(
3' R1R10SQxBCrT( 0.5( 8.9(
4' R1R30SQxBCrT( 0.5( 28.9(
5' R1R50SQxBCrT( 0.5( 48.9(
6' R1R03SQxBC( 0.5( 1.6(
7' R1R05SQxBC( 0.5( 3.9(
8' R1R10SQxBC( 0.5( 8.9(
9' R1R30SQxBC( 0.5( 28.9(
10' R1R50SQxBC( 0.5( 48.9(
38' R1R05SQxBCrTeO( 0.5( 3.9(
39' R1R10SQxBCrTeO( 0.5( 8.9(
40' R1R30SQxBCrTeO( 0.5( 28.9(
41' R1R50SQxBCrTeO( 0.5( 48.9(
57' R1R05SQxEBC( 5.9( 3.9(
58' R1R10SQxEBC( 11( 8.9(
62' R1R03xBCrTsic( 0.5( 1.6(
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63' R1R10xBCrTsic( 0.5( 8.9(
R1C1' R2R10SQxEBC( 11( 8.9(
R1C2' R2R10SQxEBCeO( 11( 8.9(
R1C3' R2R10SQxEBCsic( 11( 8.9(
R1C4' R2R10SQxEBC_sic_eO( 11( 8.9(
R1C7' R2R20SQxEBC( 20.9(( 18.9(
R1C8' R2R20SQxEBCeO( 20.9( 18.9(
R1C9' R2R20SQxEBCsic( 20.9( 18.9(
R1C10' R2R20SQxEBCsiceO( 20.9( 18.9(
R1C13' R2R30SQxEBC( 30.9( 28.9(
R1C14' R2R30SQxEBCeO( 30.9( 28.9(
R1C15' R2R30SQxEBCsic( 30.9( 28.9(
R1C16' R2R30SQxEBCsiceO( 30.9( 28.9(
R2C2' R2R50SQxEBC( 50.9( 48.9(
R2C3' R2R50SQxEBCeO( 50.9( 48.9(
R2C4' R2R50SQxEBCsic( 50.9( 48.9(
R2C5' R2R50SQxEBCsiceO( 50.9( 48.9(

(
In(order(to(facilitate(on(wafer(testing,(all(the(HPT(structures(are(placed(in(a(fixture(with(
ground( signal( ground( (GSG)( RF( probing( pads( with( a( 100μm( pitch.( RF( 50Ω( pads( are(
shielded( to(have( improved(noise(performance.(This( is( illustrated( in(Figure(2.25(which(
shows(the(mask(layout(design(for(a(10x10μm2((and(a(50x50μm2(HPT.((

(
a)( ( ( ( ( ( b)(

Figure'2.25'Illustration'of'the'layout'of'two'SiGe'HPT'structures:'a)'10x10µm2''xBCrT';b)'50x'50µm2'''
xBCrT.'Figure'2.26'shows'chip'microphotograph'of'the'fabricated'(R1L10SQxBCrT)'and'(R1L

50SQxBCrT)'HPTs.'

( (
a)( ( ( ( ( ( b)(

Figure'2.26'Photograph'of'two'fabricated'cells'of'low'noise'RF'GSG'pads'and'a)'10x10µm2'HPT'R1L
10SQxBCrT'and'b)'50x50µm2''HPT''R1L50xBCrT'
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2.3 Electrical,validation,of,the,HPT,structures,
(
The(implemented(HPTs(are(modified(versions(of(a(reference(HBT.((It(is(important(thus(to(
verify(if(the(modifications(made(in(the(mask(layout(for(the(design(of(HPT(are(compatible(
to( the( fabrication( process.( In( the( dark( conditions,( the( electrical( characteristics( of( the(
HPT(should(exhibit(similarities(to(HBTs(in(terms(of(DC(and(in(RF(responses.((
(

2.3.1 DC,Characterization,
(
DC(characterization(of(the(HPT(involves(measuring(the(output(IcRVce(characteristics(of(
the( HPT( and( the( Gummel( measurements.( Figure( 2.27( shows( the( photograph( of( the(
measurement( bench( for( DC( and( RF( measurements.( A( semiconductor( parametric(
analyzer(was(used( to( supply( and(measure( the(base( and(emitter( currents( and(voltages(
through(bias(tees(integrated(in(a(vector(network(analyzers.(The(output(characteristics(of(
the( HPT( were( measured( by( sweeping( the( collector( voltage( Vce( from( 0V( to( 3V( while(
setting(Ib(at(different(current(levels.((
(

(
(

Figure'2.27'OnL'wafer'DC'and'RF'characterization'bench'

Figure(2.28(shows(the(measured(output(characteristics(of(the(R1R10SQxBC(HPT(and(the(
simulation(of( the(0.5x10μm2(nonRsic(HBT(superimposed.(They(have( the( same( intrinsic(
HBT(size(with(an(enlarged(BC(junction(in(the(case(of(the(HPT.(Comparing(the(HPT(output(
characteristics(to(the(HBT(characteristics,(the(following(are(observed: 

• a(lower(collector(current(
• a(wider(saturation(region,(
• a(higher(Early(voltage(~30V,(and(

(
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(
Figure'2.28'Ic'vs.Vce'of'R1_10x10SQxBC'HPT'(measurements)''as'compared'with'simulation'of'the'

reference'HBT'(0.5x10µm2).'

The( modification( in( the( structure( of( an( HBT( to( implement( an( HPT( affects( the( series(
resistances( and(passive( capacitances( of( the(device.(According( to( ( Eq.( 2.7( the( ( external(
base( ( and( emitter( and( ( emitter( resistance( has( an( impact( in( the( collector( current.( The(
enlargement( in( the( HPT( thus( reduce( the( current( gain( as( shown( in( Figure( 2.28.( The(
transistor(series(resistances(could(be(estimated(using(Figure(2.29(as(a(reference(RB(is(the(
resistance( of( the( base.( It( is( sum( of( two( resistance( components:( 1)( the( RBX,( is( the(
resistance( between( the( edge( of( the( active( transistor( area( and( the( base( contact.( The(
transistor(geometry,(and(the(extrinsic(base(sheet(resistance(estimate(this(resistance.(2)(
The( intrinsic( base( resistance( of( the( active( base( region,( which( is( located( beneath( the(
emitter.( It( can( be( estimated( as( from( the( transistor( geometry( and( the( intrinsic( base(
resistance.((
(

(
Figure'2.29'Cross'section'of'a'basic'bipolar'transistor'showing'the'components'of'the'base'and'

collector'resistance.'[222]'

In( an( xBC( HPT,( the( second( component( in( the( base( resistance( increases( due( to( the(
increased(extrinsic(base( forming(the(optical(window.(This(results( to(an( increased(base(
resistance.( (The(HPT(with(xBC(thus(results( in(a( lower(collector(current(given(the(same(
base(current(as(illustrated(in(Figure(2.28.((The(collector(resistance(RC((will(also(increase(
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due( to( the( extended( collector.( The( extrinsic( transistor( is( enlarged( to( form( the( optical(
window.( The( extrinsic( base( resistance( is( thus( increased.( The( intrinsic( base( resistance(
maybe(also(be(increased,(but(in(a(less(extent(as(the(distance(from(the(base(contact(of(the(
active(intrinsic(transistor(is(kept(constant.(
(
Figure( 2.30( shows( the( Gummel( plot( of( R1R10SQxBC( HPT( and( the( 0.5x10μm2( nonRsic(
HBT.(The(lowering(of(the(Ic(is(slightly(visible(due(to(log(scale(of(the(plot(line.(Ib(is(lower(
in( the( linear( region( and( is( slightly( higher( in( the( high( injection( region.( The( current(
measurements( tend( to( flatten( out( in( the( order( of( 10R10A( in( the( low( Vbe( region.( This(
shows(actually(the(limits(of(the(measurement(equipment((current(leakage(in(RF(cables)(
and(not(the(recombination(currents.(
(

(
Figure'2.30'Gummel'Plot'of'R1L10SQxBCrT'HPT'(measurements)'as'compared'with'simulation'of'the'

reference'HBT'0.5x10μm2'HBT'

Figure( 2.31( shows( the( extracted( current( gain( β( of( the( two( devices.( In( the( HPT( as(
explained( previously,( a( decrease( of( the( peak( current( gain( is( seen.( In( this( figure,( the(
location(of(the(biasing(point(for(the(peak(current(gain(is(the(same(in(both(devices.(
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(
Figure'2.31'Beta'plot'of'R1L10QSxBC_'HPT,'Ic',Ib'and'β''of'0.5x10μm2'

The(DC(tests(enable(to(verify(the(electrical(behavior(of(the(transistor(and(help(to(identify(
nonRfunctioning( devices( as( well( as( to( identify( proper( biasing( values.( It( is( also( an(
essential(test(to(extract(DC(parameters(for(the(nonRlinear(model(of(the(HPT.(
(
We( have( seen( that( extending( the( base( and( the( collector( to( make( an( HPT( lowers( the(
output( current( Ic( and( lowers( of( the( current( gain( as( compared( to( and(HBT(having( the(
same(intrinsic(transistor.(The(DC(verification(of(several(HPTs(are(presented.((The(HPTs(
are(sorted(by(size.(The(different(HPT(types(are(represented(with(different(colors.(
(

• XX(SQxBC( ( (blue)(
• XX(SQxBCrT(( ( (red)(
• XX(SQxBRrTeO(( (green)(
• XX(SQxBCrTsic((( (brown)(
• XX(SQxEBC(( ( (violet)(

(

2.3.1.1 3x3μm2((HPTs(
(
Figure( 2.32( shows( the( output( characteristics( IcRVce( of( the( different( kinds( of( 3x3µm2(((
square(HPTs.(Namely(xBC,(xBCrT,(xBCrT_sic((a)(is(for(measurement(made(with(Ib(=(1μA(
and( (b)( for( Ib(=(10μA.( In( this(measurement( the(extended(base( ( collector(HPT( ( show(a(
value( of( ( 261μA( ( when( Vce( =( 1.5V( and( Ib( =( 1μA( .( The( extended( base( collector( with(
removed( titanium(shows(a( lower(collector(current( in( the(active(region(with(a(value(of(
217μA((under(the(same(biasing(condition.((This(is(attributed(in(the(increase(in(resistance(
of( the( extrinsic( base( of( the( HPT( due( to( the( removal( of( the( silicided( titanium.( ( The(
collector(resistance(for(both(the(xBC(and(xBCrT(is(has(the(same(values(as(can(be(seen(in(
the(slopes(of( the(HPTs(at( the(start(of( the(active(region.(This(means( that( the(difference(
between( the( two( HPT( types( changes( the( base( resistance( only( and( the( collector(
resistance(remains(the(unchanged.(The(extended(base(collector(with(removed(titanium(
and(sic(HPT(exhibits(and(increase(in(collector(current(due(to(the(selective(implantation(
of(the(collector(with(a(value(of((330μA((at(the(same(bias(conditions.(This(is(accompanied(
by( the( early( appearance( of( the( avalanche( currents( and( breakdown( voltage( at( 2V.( The(
same(trends(could(be(observed(in(the(10μA(base(bias.(
(
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(
a)( ( ( ( ( ( b)(

Figure'2.32'IcLVce'curves'of'different'3x3µm2'''HPTs'(a)'Ib'='1μ'A'(b)'Ib='10μA'

Figure(2.33(shows(the(3x3μm2((HPTs((a)( (Gummel(measurements(and(the((b)(common(
emitter(current(gain(β((as(a(function(of(Vbe.(The(highest(beta(is(seen(in(the(xBCrTsic(HPT(
with(a(peak(value(of((327(which(is(attributed(to(the(increase(in(collector(current(which(is(
the(effect(of(using(SIC.(This(is(followed(by(the(xBC((with(a(β(of(244(and(a(reduced((β((of((
210(for(the(xBCrT.((This(is(related(to(the(characteristics(of(the(collector(current.(
(

(
a)( ( ( ( ( ( b)(

Figure'2.33''Different'3x3μm2'HPTs''a)Gummel'plot'of''the'different'3x3'HPTs'b)extracted'β'

2.3.1.2 5x5(μm2(HPTs(
(
Figure(2.34(shows(the(output(characteristics(of(the(5x5μm2(HPTs:((xBCrT,(xBCrTeO,(and(
xEBC.(The(etched(oxide(is(expected(to(have(no(any(effect(in(the(DC(characteristics(of(the(
HPT,(since(this(process(happens(at( the(top(most(oxide( layer,(which( is( in( the(surface(of(
the(wafer(and(away(from(the(active(device.(It(is(observed(at(1.5V(and(1μA(that(there(is(a(
2%(change(in(collector(current(and(0.05%(change(when(Ib(=(10μA.(The(low(percentage(
of(change(in(collector(current(means(that(for(this(size,(oxide(etching(barely(affects(the(DC(
characteristics( of( the( HPT(when( ( compare( to( a( non( oxide( etched( version.( ( The( xEBC(
shows( increase( ( in( collector( current( due( to( increase( in( size( of( the( intrinsic( transistor(
which( is( almost( the( same( size( as( the( optical( window.( The( output( characteristics( also(
shows(that(collector(resistance((Rc)(the((for(the(xBC(is(higher(than(xEBC.(This(is(seen(in(
the(in(the(slope(of(the(collector(current(in(the(saturation(region.(This(indicates(that(the(
transistor( active( region( is( more( distributed( in( the( xEBC( HPT,( thus( providing( vertical(
electron(flow(closer(to(the(collector(contact.(
(
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(
a)( ( ( ( ( ( b)(

Figure'2.34'IcLVce'curves'of'different'5x5μm2'''HPTs'(a)'Ib'='1μA'(b)'Ib='10μA'

Figure(2.35(shows(that(the(Gummel(plot(of(the(xBCrT(and(xBCrTeO((are(essentially(the(
same( value.( Ic( and( Ib( increases( for( the( xEBC( HPT( which( is( expected( from( a( larger(
intrinsic( transistor.( The( resulting( current( gain( ( β( ( of( the( two( xBC( types( are( the( same(
region(of(peak(value(approximately(298(and(the(current(gain( (β( (of(xEBC(is(higher(and(
reaches(a(value(of(382.(
(

(
a)( ( ( ( ( ( b(

Figure'2.35'Different'5x5μm2'HPTs''a)Gummel'plot'of''the'different'3x3'HPTs'b)extracted'beta'

2.3.1.3 10x10(μm2(HPTs(
(
In( this(optical(window(size(10x10µm2,( it( is(noted( the(measurement( for(xBC(exists(and(
this(will(starting(point(of(the(discussion.((Removal(of(titanium((rT)(results(in(decrease(of(
collector( current( as( in( the( case( of( the( 3x3µm2( ( HPT(measurements.( For( this( size,( the(
value(of(the(collector(current(of(the(etched(oxide(HPT(is(different( from(the(non(etched(
oxide(HPT(with( a( value( that( is( lower.( This( is( due( to( the( large( surface( for( the( etching(
which(may(deepen( the( etched( region,( thus( affecting( the( active( layer,( altering( the(base(
region(which(is(not(protected(by(the(Titanium.(
(
The(measurement(of( the(SIC( (HPT(version( is(similar( to( that(of( ( removed(titanium(HPT(
below(the(start(of(its(breakdown(voltage(which(starts(to(appear(at(1.75V(Vce(for(the(low(
current(biasing.(In(the(higher(current(biasing,(the(SIC(HPT(shows(a(higher((Rc(resistance((
as( with( the( smaller( SIC( HPT,( ( however( with( less( pronounced( increase.( Finally,( xEBC(
results( in(higher(collector(currents,( similar( to( that(of(observed( in( the(5x5µm2( ( (HPTs( ,(
both(in(the(1μA((bias(and(10μA((bias.(
(
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(
a)( ( ( ( ( ( b)(

Figure'2.36'IcLVce'curves'of'different'10x10µm2''HPTs'(a)'Ib'='1μA''(b)'Ib='10μA 

Figure(2.37(shows(the(Gummel(plot(and(the(extracted(current(gain(β(.(The(β(of(the(xEBC(
HPT( is( the(highest(of( all( 10x10µm2(HPTs.( (This( is( attributed( to( the( increased( intrinsic(
transistor( size.( This( is( followed(by( the( xBC(with( a( peak( value( of( 305.( The( xBCrT(HPT(
shows(a(slightly(lower(peak(beta(of((292.(The(xBCrTsic(HPT(has(approximately(the(same(
β( of( 290(but( rolls( off( at( a( slower( rate( compared( to( the( xBCrT(HPT.( It( can( be( said( the(
effect(of(using(SIC(has(little(impact(on(the(DC(characteristics(of(large(HPTs.(The(xBCrTeO(
HPT( shows( a( lower( beta( curve(with( approximately( a( 18%( reduction( compared( to( the((
xBCrT(HPT(,(this(may(be(attributed(to(some(issues(during(the(oxide(etching(as(observed(
in(the(IcRVce(curves.(
(

(
a)( ( ( ( ( ( b)(

Figure'2.37'Different'10x10μm2'HPTs''a)Gummel'plot'of''the'different'3x3'HPTs'b)extracted'beta'

2.3.1.4 50x50µm2(HPTs.(
(
In(this(size,(there(are((no(significant(change(in(the(xBC(and(xBCrT.(The(xBCrTeO(results(
in( a( slightly( lower( collector( current.( A( ( similar( trend( that( was( seen( in( the( 10x10µm2((
HPT.(The(series(resistances(dominate(the(DC(characteristics(of(the(HPT.(
(

0 0.5 1 1.5 2 2.5 3 3.50

1

2

3

4

5

x 10-4

Vce(V)

Ic
(A

)

10x10SQ HPT Different Types Ic at 1uA Ib

 

 

10xBCrT Laser OFF Ib = 1e-006
10xBC Laser OFF Ib = 1e-006
10xBCrTeO Laser OFF Ib = 1e-006
10xEBC Laser OFF Ib = 1e-006
10xBCrT_sic Laser OFF Ib = 1e-006

0 0.5 1 1.5 2 2.5 3 3.50

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5 x 10-3

Vce(V)

Ic
(A

)

10x10SQ HPT Different Types Ic at 10uA Ib

 

 

10xBCrT_sic Laser OFF Ib = 1e-005
10xBCrT Laser OFF Ib = 1e-005
10xBC Laser OFF Ib = 1e-005
10xBCrTeO Laser OFF Ib = 1e-005

0 0.2 0.4 0.6 0.8 110-12

10-10

10-8

10-6

10-4

10-2

100

Vb (V)

Ic
 (A

) a
nd

 |I
b|

 (A
)

10xBCrT Laser OFF Gummel Plot

 

 
Ic10xBCrT Laser OFF
Ib10xBCrT Laser OFF
Ic10xBC Laser OFF
Ib10xBC Laser OFF
Ic10xBCrTeO Laser OFF
Ib10xBCrTeO Laser OFF
Ic10xEBC Laser OFF
Ib10xEBC Laser OFF
Ic10xBCrT_sic Laser OFF
Ib10xBCrT_sic Laser OFF

0.4 0.5 0.6 0.7 0.8 0.9 1
50

100
150

200

250
300

350
400

450

500

Vbe

Be
ta

10xBCrT Laser OFF Beta vs Vbe

 

 
10xBCrT
10xBC
10xBCrTeO
10xEBC
10xBCrT_sic



Chapter(2(SiGe(HPT(Technology(for(850nm,(Operation(and(Characterization(Techniques(

Study(of(SiGe(HPT(for(Radio(over(Fiber(applications(( 74(

(
a)( ( ( ( ( ( b)(

Figure'2.38'IcLVce'curves'of'different'50x05'HPTs'(a)'Ib'='1uA'(b)'Ib='10uA 

(
The(beta(curve(for(all(the(measured(50x50μm2(HPTS(showed(that(there(is(no(significant(
change(in(the(different(types.(It(is(primarily(due(to(the(large(size(of(the(optical(window(
that,(the(extrinsic(resistances(dominate(the(HPT(resistances.(
(

(
a)( ( ( ( ( ( b)(

Figure'2.39'Different'50x50μm2'HPTs''a)Gummel'plot'of''the'different'3x3'HPTs'b)extracted'beta'

The(measured(peak(current(gain(of( the(different(HPTs(are(summarized( in(Table(2.7.( It(
shows(that(for(xBC(HPTs,(the(10x10µm2((HPT(has(the(highest(peak(current(gain!β!of!305!
with!a!Vbe!of!0.78V.!The!xBCrT!HPTs!shows! that! that!10x10µm2( (HPT(has( the(highest(
peak(value(of(292(with(0.77V.(In(xBCrTeO(HPTs,(the(5x5µm2((HPT(has(the(peak(value(of(
299(at(0.79V(for(its(current(gain(β.(The(smallest(HPT(with(the((xBCrTsic(HPT(structure(
benefits(from(the(increase(in(Ic(due(to(the(selective(implantation(of(the(collector.(It(has(a(
peak(β(of(299(at(0.76V.(Finally(for(xEBC(HPTs,(the(largest(optical(window(of(50x50µm2((
presents(the(highest(measured(β(of(803(at(0.65V.(
( (
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Table'2.7'Summary'of''measured'peak''β'and'corresponding'Vbe'value'

Device,Name, Peak,Beta,Values, Vbe,

R1T03SQxBC, 244# 0.8#

R1T10SQxBC, 305# 0.76#

R1T50SQxBC, 213# 0.78#

R1T03SQxBCrT, 210# 0.81#

R1T05SQxBCrT, 292# 0.78#

R1T10SQxBCrT, 292# 0.77#

R1T50SQxBCrT, 211# 0.775#

R1T05SQxBCrteO, 299# 0.79#

R1T10SQxBCrteO, 249# 0.7#

R1T50SQxBCrteO, 208# 0.79#

R1T03xBCrTsic, 326.7# 0.76#

R1T10SQxBCrTsic, 290# 0.76#

R1T05SQxEBC, 382# 0.74#

R1T10SQxEBC, 446.6# 0.64#

R2T10SQxEBC, 612# 0.675#

R2T20SQxEBC, 707# 0.65#

R2T30SQxEBC, 737# 0.675#

R2T50SQxEBC, 803# 0.65#

(

2.3.2 Dynamic,behavior,and,RF,characterization,
(
RF( characterization( consists( of( measuring( the( four( SRparameters( of( the( transistor( in(
commonRemitter( configuration( over( the( 10MHzR40GHz( range.( The( nonRilluminated(
SRParameters( of( the(HPTs( show( the( electric( frequency( characteristics( of( the(HPT.( It( is(
expected( that( the( SRParameters( will( show( similarities( to( the( reference( HBT.( It( is(
expected( however( that( the(modifications(will( have( a( pronounced( effect( in( the( cutRoff(
frequencies(of(the(different(HPT(structures.(((
(
Figure(2.40(shows(the(photo(of(the(measurement(platform.(RF(response(is(obtained(with(
a( 40GHz( vector( network( analyzer( from( Agilent.( The( measurement( provides( SR
parameters(of(the(electrical(two(ports(of(the(phototransistor.(Biasing(is(performed(using(
the( Agilent( B1500,(with( the( same( process( as( previously(mentioned.( Collector( voltage,(
Vce,(and(base(current,(Ib,(are(swept(in(order(to(provide(a(complete(set(of(SRparameters(
measurement(across(the(IcRVce(network.((
(
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(
a)( ( ( ( ( ( b)(

(
c)(

Figure'2.40'The'series'of'photographs'show'(a)'the'on'wafer'measurement'bench,'(b)'the'GSG'
probes'with'the'HPT'test'chip,'and'(c)'microscope'view'of'the'R1L10SQxBCrT'HPT'

Using( GSG( fixtures( for( onRwafer( measurement( requires( deRembedding( of( the( GSG(
fixtures’( effect( on( the( measurement.( Structures( for( deRembedding( the( on( wafer(
measurements(were(included(in(the(runs.(They(are(shown(in(Figure(2.41((
(

( ( (
a)(( ( ( ( ( ( b)(

(
c)(

Figure'2.41'RF'deLembedding'structures.'(a)'open'(b)'short'(c)'thru'

PostRprocessing(of(the(measurements(includes(the(measurements(of(the(deRembedding(
structures(and(using(the(deRembedding(equations.((OpenRdeRembedding((OPD)(is(one(of(
the(simplest(deRembedding(procedures(as( it(only(uses(one(deRembedding(structure.(To(
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perform(open(deRembedding,(a(set(of(open(pads(are(used.(This(method(assumes(that(the(
parasitics( leading( to( the(DUT( is(modeled( by( a( parallel( admittance.( This( admittance( is(
determined( form( the( measured( admittance( of( the( OPEN( pads.( DeRembedding( is(
implemented(by(subtracting(the(open(admittance(from(the(admittance(of(the(DUT(with((
pad( and( interconnects.( This( allows( to( have( deRembedded( measurements( that( are(
sufficient( for( the( frequencies( under( study.( ( The( twoRstep( deRembedding( uses( an( open(
and( a( short( standard.( This(method( assumes( that( the( parasitics( leading( to( the( DUT( is(
modeled( by( a( parallel( admittance( and( a( series( impedance.( The( first( step( for( this( deR
embedding(is(performed(by(subtracting(the(YRparameters(of(the(open(standard(from(the(
YRparameters( of( the( DUR( with( pad( and( interconnects.( This( YRparameter( is( then(
converted( to( ZRparameters.( The( second( step( is( subtracting( the( ZRparameters( of( the(
series( impedance( from( the( ZRparameters( computed( from( step( one.( This( series(
impedance(is(computed(as(the(difference(of(the(admittance(of(the(short(standard(and(the(
admittance( of( the( open( standard.( Figure( 2.42( shows( the( SRParameters( of( the( R1R
SQ10xBC((HPT(at(a(bias(point(of(Vce=(1.5V(and(Vbe(=(0.84V.(Three(sets(of(measurements(
are(presented,(raw(measurements((RAW),(openRdeembedded(measurements((OPD)(and(
two(step(deRembedded(measurements((2STD).(OPD(and(2TSD(shows(similar(results( in(
the( measurements( up( to( 40GHz.( Using( simpler( structures( would( suffice( for( the(
characterizations.(

(

(
a)( ( ( ( ( ( b)(

(

(
c)( ( ( ( ( ( d)(

(
Figure'2.42'Complete'SLParameters'of'R1L10SQxBCrT''HPT,'raw'measurement'compared'with'OPD'

and'2STD'deLembedding'
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Figure(2.43(shows(the(fT(at(1.5V(and(Vce(of(the(RAW(and(deRembedded(measurements.(It(
show(a( peak( fT( of( around(40GHz( for( the( deRembedded(measurements.( The( simulation(
results( of( a( reference( device( with( a( peak( fT( at( 47GHz( is( also( superimposed.( The(
modifications( to( make( an( extended( base( collector( HPT( results( in( the( reduction( of( fT(
which(is(primarily(due(to(the(higher(capacitance(in(the(base(and(collector(region.(

(
Figure'2.43'Extracted'fT'of''R1L10SQxBC'HPT'with''different'deLembedding'techniques'
(measurements)'and'the'fT''of'the'0.5x10µm2''reference'HBT'superimposed'(simulation)'

We(present(hereafter(the(extracted(fT(of(the(different(HPTs(following(the(color(scheme(
presented( in( the( extracted( current( gain( β( ( of( the( different( HPTs( that( were( grouped(
according( to( the(size.(Figure(2.44(shows(the(extracted( fT(versus( Ic(plot(of( the(different(
3x3(HPTs(namely(xBC,(xBCrT.(and(xBCrTsic.(The(fT(of(the(xBC(and(xBCrT(is(in(the(same(
region(of((43GHz.(Using(the(selective(implanted(collector(in(the(structure,(increases(the(
peak( fT( to( 46( GHz.( However,( this( is( achieved( at( higher( collector( currents( but( falls(
abruptly(after(the(fT(reaches(its(peak(value.(

(
Figure'2.44'Measured'fT'vs.'Ic'of''R1L03SQxBC,'R1L03SQxBCrT,'R1L03SQxBCrTsic'

Figure(2.45(shows(the(fT(vs(Ic(of(the(different(5x5µm2(HPTs.( ( It(shows(that(etching(the(
oxide(above( the(optical(window(does(not( severely(affect( the( fT( of( the(device.(Both( the(
R1R05SQxBCrT(HPT(and(R1R05SQxBCrTeO(HPT( (has(a(peak( fT(of( (47GHz(and( fall(off(at(
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the(same(rate.(The(R1R05SQxEBC(HPT(has(approximately(the(same(fT(but(is(achieved(at(
higher(collector(currents.(This(is(due(to(the(enlarged(intrinsic(transistor.(

(
Figure'2.45'Measured'fT'vs.'Ic'of''R1L05SQxBCrT,'R1L05SQxBCrTeO,'R1L05SQxEBC'

Figure( 2.46( shows( the( extracted( ( fT( of( the( different( types( of( 10x10µm2(HPT.( The( R1R
10SQxBC( HPT( shows( a( peak( fT( of( 42( GHz.( R1R10SQxBCrT( HPT( version( shows( a(
narrowing(of(the(fT (curve(due(to(the(TiSi(removal(but(with(approximately(the(same(peak(
fT of 42GHz.((
(
Due( to( the( increased(Rc,( (both( the(R1R10SQxBCrT(HPT(and(R1R10SQxBCrTeO(HPT(has(
the(approximately(the(same(peak((fT value(which(means(that(the(RF(performance(is(not(
degraded(by(the(oxide(etching.(Despite(the(DC(behavior(is(affected(by(a(20%(β(reduction,(
capacitances(and(transit( times(are(not(affected(by(the(electrical(active(part(of(the(HPT.(
The(sic(version(keeps(the(wide(fT(curve(while(benefiting(from(an(increase(in(the(peak(fT.((
The(xEBC(has(a(slight(higher(peak(value(of(44GHz(as(compared(to(the(nonRsic(xBC(types.(
Similarly( to( the(5x5µm2(xEBC(HPT,( it( requires(a(higher(collector(current( to(achieve( its(
peak(value(due(to(the(increased(intrinsic(transistor(size. 
(

(
Figure'2.46'fT'vs.'Ic'of''different'10x10'HPTs'
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Figure(2.47(shows(the(50x50µm2(HPTs.(Both(the(R1R50SQxBCrT(and(R1R50SQxBCrTeO(
HPT( shows( a( peak( fT( of( 17GHz.( Even( for( these( large( HPTs,( oxide( etching( does( not(
severely( affect( the( RF( performance( of( the( HPT,( while( it( had( some( effects( on( dc(
performances.(
(

(
Figure'2.47'fT'vs.'Ic'of,'R1L50SQxBCrT'HPT'and'R1L50SQxBCrTeOHPT'

(
Table(2.8(shows(a(summary(of(the(RF(characteristics(of(the(various(HPTs(with(the(values(
of( the( peak( fT( ( and( the( bias( current( that( is( required( to( reach( it.( ( All( xBC( HPTs( from(
3x3µm2,( 5x5µm2( and( 10x10µm2( have( an( fT( ( in( the( range( of( 42GHzR47GHz.( Only( the(
50x50µm2( sized( optical( window( HPTs( suffers( a( severe( penalty( in( fT.( The( extended(
Emitter,(Base(and(Collector((xEBC)(HPTs(exhibits( lower(values(of( fT(as(optical(window(
size( is( increased.( Their( fT( range( from( 32GHz( to( 40GHz( This( is( primarily( due( to( the(
increase( in( the( base( collector( capacitance( of( the( intrinsic( transistor,( which( is( directly(
proportional(to(the(optical(window(size.(Finally,(the(required(current(to(reach(the(peak(
fT(of(the(transistors(increases(as(a(function(of(the(optical(window(size(for(all(the(different(
HPT(types.(The(table(also(lists(the(maximum(measured(maximum(gain(of(the(device(and(
its( corresponding( R3dB( cutoff( frequency.( ( Generally( we( can( classify( the( xBC( types( as(
Group(1(and(xEBC(types(as(Group(2(HPTs.(Group(one(HPTs(benefit(from(smaller(intrinsic(
transistor(which(can(be(seen(in(the(measured(cutoff(frequencies(as(high(as(13GHz(for(a(
5x5(µm2(optical(window(size(and(as(low(as(250(MHz(for(the(50x50µm2(optical(window(
size.( In( the(group(2(HPTs(which(has( larger( intrinsic( transistors,( the( cutoff( frequencies(
are( 500(MHz( for( the( 10x10( and( as( low( as( 275(MHz( for( the( 50x50( µm2.( This( will( be(
important(for(the(optoRmicrowave(((HPT(behavior(analysis(in(further(chapters.(
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Table'2.8'Summary'of'peak''fT'''and'maximum'S21'values.'

Device,Name, FT,(GHz), IC,(mA), Vce,(V), RF,,Max,S21,
at,50,MHz,

(dB),

FT3dB,
(GHz),

Gain,
Bandwidth,

R1T03SQxBCrT, 43.48# 0.46# 1.5# ----# -----# #--#

R1T05SQxBCrT, 46.19# 1.1# 1.5# 5.7# 12.6# 71.82#

R1T10SQxBCrT, 49.01# 2.5# 1.5# 13.12# 4.35# 57.072#

R1T50SQxBCrT, 17.03# 11.25# 2# 22# 0.25# 5.5#

R1T03SQxBC, 42.96# 0.39# 1# ----# ---# #--#

R1T10SQxBC, 41.54# 2.4# 1.5# 12.31# 5.6# 68.936#

R1T50SQxBC, 7.54# 15# 2# 23# 0.25# 5.75#

R1T05SQxBCrteO, 47.12# 1.05# 1.5# 5.8# 13.93# 80.794#

R1T10SQxBCrteO, 41.6# 2.6# 1.5# 12.5# 3.15# 39.375#

R1T50SQxBCrteO, 17.83# 13.8# 2# 23# 0.25# 5.75#

R1T05SQxEBC, 45.85# 3.15# 1.5# 13# 3# 39#

R1T10SQxEBC, 43.77# 6.9# 1.5# 19.3# 1.3# 25.09#

R1T03xBCrTsic, 46.4# 7.4# 1.5# ----# ---# #----#

R1T10SQxBCrTsic, 45.31# 7.8# 1.5# 17.54# 2.95# 51.743#

R2T10SQxEBC, 35#GHz# 7mA# 2V# 19.26# 0.499# 9.61074#

R2T20SQxEBC, 33#GHz# 10mA# 2V# 23.86# 0.35# 8.351#

R2T30SQxEBC, 34#GHz# 19mA# 2V# 25.2# 0.25# 6.3#

R2T50SQxEBC, 32#GHz# 30mA# 2V# 26.02# 0.275# 7.1555#

(
In(summary,(for(the(DC(and(RF(characterization(of(the(HPT,(The(extended(base(collector(
HPT((xBC)(sets( the(reference(characteristics(as( this( is( the(most(simple(modification( in(
the(reference(HBT(structure(which(keeps(the(size(of(the(intrinsic(transistor(as(small(as(
possible(with( the( emitter(width( of( 0.5µm( and( the( emitter( length( is( dependent( on( the(
optical(window( size.( Removing( the( Titanium( in( the( extrinsic( base( polysilicon( reduces(
the(collector(current(and(the(peak(current(gain(β(of( the(HPT(by(up(to(20%(and(shows(
only(little(degradation(on(the(cutoff(frequency(of(the(HPT.(Etching(the(oxide(on(top(of(the(
optical(window,(shows(minimal(variations(on(the(DC(and(RF(characteristics(of(the(HPT.(
It(can(be(concluded(that(this(processing(step(does(not(affect(the(HPT(electrically.(Finally,(
the( extended( base( emitter( and( collector( HPT( benefits( from( enhancement( in( peak(
electrical(beta(but(suffers(from(low(cutoff(frequencies(as(compared(to(the(Group(1(HPTS(
of(the(same(optical(window(size.(

2.4 Optical,and,OptoTMicrowave,Characterization,Setups,for,HPTs,
(
Optical( and( optoRmicrowave( characterization( is( the( most( direct( analysis( of( the(
phototransistor( behavior.( This( section( aims( at( providing( a( brief( illustration( on( the(
impact(of(illumination(on(the(DC(measurements(to(validated(the(sensitivity(of(our(bench(
and(to(set(up(the(experimental(bench(for(optoRmicrowave((((measurements(that(will(be(
used(in(the(succeeding(chapters.(
(
In( optoRmicrowave( characterization,( two( operation( modes( have( to( be( measured:( the(
phototransistor(mode,(i.e.(with(a(biasing(suited(for(the(transistor(mode(activation((Vbe(
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above(0.7V(roughly),(and(the(photodiode(mode((Vbe(below(0.4V(roughly).(Some(relevant(
optoRmicrowave(parameters(are:(optoRmicrowave(gain(GOM(,(optical(transition(frequency(
fTopt(and(optoRmicrowave(SRparameters(SOM.((
(
Figure( 2.48( shows( the( schematic( of( the( optoRmicrowave( measurement( bench.( The(
Network(Under(Test( (NUT)( is( the(network( in(between(A(and(B.( It( includes( the(VCSEL,(
optical(splitter,(optical(probe,(HPT(and(the(GSG(probe.(The(measured(S21(as(shown(by(the(
VNA( is( the( link( gain( of( this( network( (dB).( ( Port( 1( of( the( VNA( directly( modulates( an(
850nm( VCSEL.( The( directly( modulated( optical( signal( is( connected( to( a( 90/10( optical(
splitter.(The(10%(value(of(the(optical(signal(is((continuously(monitored(to(ensure(proper(
the(system(is(properly(connected.(This(is(also(used(to(compute(for(the(optical(power(that(
is( inserted(to(the(optical(probe.(The(90%(of(the(optical(signal( is(used(to( illuminate(the(
phototransistor.(Illuminating(the(phototransistor(is(achieved(by(using(an(optical(probe,(
which(is(attached(to(a(nanopositioner.(The(nanopositioner(allows(the(optical(probe(to(be(
positioned( to( about( 50μm( above( the( optical( window(with( the( aid( of( a( 45°( mirror( to(
observe(the(height(of(the(probe(through(a(microscope(as(seen(in(Figure(2.49.((The(optical(
probe(has(a(lensed(fiber(with(a(spot(size(that(is(determined(experimentally(to(be(26μm(
[223].The(base(of(the(HPT(is(connected(to(a(GSG(probe.(The(base(is(biased(with(a(bias(tee(
with(a(50Ω(load(attached(to(the(RF(input(of(the(bias(tee.(The(collector(is(connected(via(
GSG( probe( to( the( port( 2( of( the( VNA.( Port( 2( of( the( VNA( is( a( port( used( for( the(
measurement(and(to(provide(the(collector(bias.(The(VNA(used(for(the(experiment(is(an(
8753ES(40GHz(VNA(and(it(is(connected(to(an(Agilent(B1500(semiconductor(parametric(
analyzer.( Control( and( automation( of( measurements( are( implement( using( customized(
Easy(Expert(application(tests and Matlab scripts.(

(
Figure'2.48'Measurement'bench'for'the'optoLmicrowave'characterization'of'HPTs'

It( is( then( important( to( note( that( the( measurement( of( the( HPT( is( actually( the(
measurement( of( the( link( composed( of( the( laser,( the( injection( fiber( and( the(
phototransistor.(A(10Gbps(Avalon(VCSEL(was(used(for(the(measurements.( (Figure(2.49(
shows(the(photographs(of(the(optoRmicrowave(measurement(of(the(R1R10SQxBC(HPT(as(
an(example.(The(GSG(probes(are(on(the(GSG(pads(and(the(Lightwave(probe(is(positioned(
on(top(of(the(HPT.(The(center(of(location(of(the(optical(window(of(the(HPT(is(determined(
by(scanning(the(optical(probe(in(the(X(and(Y(the(vicinity(of(the(optical(window(as(can(be(
seen(in(Figure(2.49(b).(The(location(with(the(highest(measured(link(gain(for(the(PD(mode(
of(operation(is(set(to(be(the(center(of(the(HPT(optical(window. 
(
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(
a)( ( ( ( ( b)(

Figure'2.49'Lightwave'probe'on'top'of'HPT'structure.'

Figure( 2.50( shows( the( measured( link( gain( of( the( laser( and( HPT( in( two( modes( of(
operation(of((the(HPT,(the(PD(mode(and(HPT(mode(at(Vce(=(2V.(In(PD(mode,(the(base(of(
the(HPT(is(set(to(0V,(the(emitter(is(grounded(and(the(collector(is(set(at(2V.(In(HPT(mode,(
the(base(is(biased(at(25μA,(the(emitter(is(grounded(and(Vce(=(2V.(The(low(frequency(link(
gain(in(the(PD(mode(is(R41dB(with(an(optoRmicrowave(cutoff(frequency(of(approximately(
180MHz.( In( the(HPT(mode(of( operation,( the( low( frequency( link( gain( is( R39dB(and( the(
optoRmicrowave( ( ( ( cutRoff( frequency(of( approximately(190MHz.( ( The(optical( gain( is( at(
2dB(for(the(10SQxBC(HPT(at(this(specific(biasing(point.(

(
Figure'2.50'Link'Gain'of'10xBC'HPT'mode'and'PD'Mode'

2.4.1 Absolute,characterization,and,deTnormalization,
(
The( measurement( of( any( analog( optical( link( with( a( VNA( needs( some( calibration(
procedure(on(the(electrical(reference(plane:(one(at(the(input(of(the(laser,(and(one(at(the(
output( of( the( photoRdetector.( Thus,( an( absolute( value( for( the( link( power( transfer( is(
available,( in( phase( and( in( module. However,( it( is( important( to( extract( the(
phototransistor( response( from( the( laser( and( fiber( characteristics.( It( is( done( through(
optoRelectrical(deRembedding(that(requires(a(separate(characterization(of(the(laser(used(
for(measurements(with(a(calibrated(photodiode.(
(
For( this( thesis,( the( optoRmicrowave( ( ( ( ( measurements( of( the( phototransistors( were(
implemented( at( different( times( and( conditions.( Thus,( different( phototransistor(
optoRmicrowave( ( ( ( (measurement(sets(were(made.(This(means( that(each(measurement(
set(should(have(at( least(a(reference( link(measurement,(which( is(composed(of( the( laser(
providing( the( same( optical( power( as( with( the( phototransistor( measurements( and( a(
reference( photodiode.( At( the( minimum,( this( provides( normalized( HPT( responsivity(
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measurements.(A(characterized(photodiode(allows(for(the(extraction(of(the(responsivity(
of(the(HPT.((
(
Figure( 2.51( shows( a( schematic( representation( of( the( optoRmicrowave( measurement(
bench(for(the(characterization(of(one(reference(analog(optical(link.(The(Network(Under(
Test( (NUT)( 1( is( the( network( between( the( VNA( port( 1( and( VNA( port( 2.( It( includes( a(
VCSEL,(an(optical(splitter((10/90),(a(photodiode(and(an(optical(power(meter.(VNA(port(1(
of( the( directly( modulates( an( 850nm( Avalon( VCSEL( rated( for( 10Gbps( operation.( The(
directly( modulated( optical( signal( is( connected( to( a( 10/90( optical( splitter.( The( 10%(
optical( signal( is( used( for( system( monitoring( and( the( 90%( optical( signal( is( used( to(
illuminate( the( Adopco( photodiode.( Port( 2( of( the( VNA( is( connected( the( output( of( the(
photodiode.((

(
Figure'2.51'Measurement'bench'for'the'characterization'of''reference'link'made'with'an'Avalon'

laser'and'Adopco'photodiode.'

The(cutoff( frequency(from(the(measured( link(gain( is(dominated(by(the(device(with(the(
lower(cutoff(frequency.(The((measured(optoRmicrowave(link(gain(is(shown(in(Figure(2.52(
with( the( monitored( 10%( power( of( the( optical( signal( that( is( R18.47dBm.( It( will( be(
identified(as(Reference(Link(01(in(succeeding(discussions.(It(can(be(seen(that(there(is(a(
flat( response( in( the( region( from( 50( MHz( to( 700MHz( and( a( lowering( in( response(
afterwards.(The(measurements(do(not(show(a(very(clean(roll(off(in(the(optoRmicrowave(
link(measurement(response,(which( is(primarily(due( to(poor(electrical( connections(and(
possible( issues( in(the(PCB(assembly(mount(of(the(VSCEL(module.(The(Avalon(VCSEL(is(
rated(for(10Gbps(operation(with(cutoff(frequency(in(the(9GHz(region([224].(The(Adopco(
photodiode( is( rated( for( 10Gps( operation( and( an( expected( cutoff( frequency( of( 7.5GHz((
[225].( (The(cutoff( frequency(that( is(observed( in(the(reference( link( is(dominated(by(the(
cutoff(frequency(of(the(PCB(assembly(of(the(laser(module.((The(limits(of(the(flat(response(
will(help(in(the(identification(the(optical(cutoff(frequency(of(the(phototransistors.((
(
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(
Figure'2.52''Measured'GOM_Link'of'the'reference'analog'optical'link'composed'of'an'Avalon'VCSEL'with'
an'Adopco'PD'connected'to'the'90%''optical'output'of'the'VCSEL.'The'monitored'10%'value'of'the'

optical'signal'is'L18.47dB.''

Reference( Link(02( is( implemented(using( the( same(measurement( setup( in( Figure(2.51.(
However,(different(components(were(used.(It(used(a(VI(Systems(Laser(Module(operating(
at(850nm(with(a(slope(efficiency(of((0.3W/A(thru(fiber(probe(and(Photometer,(and(a(New(
Focus(Photodiode(Module( (with(a(responsivity(of( (0.11(A/W(at(850nm.(As(specified( in(
the(data(sheet( ,(the((laser(has(a(cutoff(frequency(of(25GHz(as(specified(in(the(datasheet(
and(the(PD(a(cutoff(frequency(of((25GHz.(
(
Simple( computation( of( the( link( gain( from( the( given( responsivity( and( slope( efficiency(
shows(that(the(link(gain(is(:(
(
Link(Gain(=(((20(log10(((0.3(W/A(*(0.1(1A/W)(=(R29.62(dB(
(
This( value( is( consistent( with( the( measured( link( gain.( The( resonance( of( the( link( gain(
occurs( at( 10( GHz,( and( the( cutoff( frequency( is( at( 18GHz(which( is( near( the( R3dB( cutoff(
frequency(of(the(VCSEL(as(specified(in(the(datasheet.(This(cutoff(frequency(is(primarily(
due( to( the( cut( off( frequency(of( the(VCSEL(module.( Inserting( a(50/50( splitter( after( the(
90%(branch(produces(an(optical( loss(of( R3dB.(This(results( in(a( R6dB( loss( in( the(optical(
link(gain(which(can(be(observed(in(the(blue(line.( (This(blue(line(is(labeled(as(Reference(
Link( 03( .( Reference( Link( 04( is( the( link( gain( measured( using( an( ESYCOM( assembled(
Transceiver( optical( ( subRassembly( (TOSA)( and( the( New( Focus( photodiode.( Reference(
Link( 02( injects( 2.44mW( at( the( input( of( the( lensed( fiber.( Reference( Link( 03( injects(
1.22mW(and(Reference(Link(04((injects(1.8mW(.(
(
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(
Figure'2.53'Measured'reference'link'using'New'Focus'photodiode'with'VI'systems'laser'(Reference'

Link''02'and'03')''and'ESYCOM'TOSA'[226]'(Reference'Link'04)'

(
The(optoRmicrowave(gain(of(the(HPT(GOM_HPT,dB((is(the(ratio(between(the(output(power(of(
the( receiver( and( the( output( power( of( a( reference( photodiode( calibrated( to( 1A/W.(
Practically(this(is(extracted(using((two(GOM(measurements:(
(

!!"!!"#,!" = !!" !"#!!"#$%!!"# !" − !!" !"#!!"#$%!!!" !" + !!! !"!!"# ,!" 
 
with(!!" !"#$!!"# !" (the( measured( gain( ( for( the( analog( optical( link( composed( of( the(
VSCEL(and(HPT.(!!" !"#!!!" !" (is( the( link(gain(measured( for( the( link(with( the(reference(
photodiode(and(!!! !"!!"# ,!" (is(the(known(responsivity(of(the(reference(photodiode.((

(
Figure'2.54'Extraction'step'of'the'HPT'responsivity'of'R2L10xEBC'from'optoLmicrowave'link'

measurements.'HPT'bias:'Vce'='2V,Vb'='0.85V,'Ib'='L6.375uA,Ic'='9.71mA.'At'50MHz'Responsivity'is'
0.336A/W,'cutoff'is'295MHz'and'Gain'bandwidth'='0.98898'GHz'A/W'

Figure( 2.54.( shows( the( resulting( plots( from( the( extraction( of( the( GOM( HPT( (dB)( of(
R2R10xEBC(HPT.( It( shows( the( final(extracted(GOM(of( the(HPT( together(with( the( initial(
measured( link( gain( of( the(HPT( and( the( reference( link( gain( used( for( the( removing( the(
VCSEL(characteristics.(The(REF(link(gain(line(is(subtracted(from(the(Link(Gain(line,(which(
results(in(link(Gain(norm.(The(responsivity((dB)(of(the(reference(photodiode(is(added(to(
the(Link(Gain(norm(which(results(in(the(HPT(responsivity((dB).(At(50MHz,((the(link(gain(
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is(measured(as((R20.46dB,( (the(reference(link(is(at(R30.01dB(and(the(responsivity(of(the(
reference( PD( in( dB( is( ( R19.17dB.( ( ( The( HPT( optoRmicrowave( responsivity( is(
thus((R9.46(dB)(and(0.34(A/W(in(linear(terms(at(low(frequency.(

2.4.2 Optical,influence,on,electrical,DC,performance,
(
Optical(responsivity(in(DC(of(the(phototransistor(can(be(measured(by(using(the(same(DC(
characterization( used( for( electrical( measurements( such( as( the( IcRVce( curves( and(
Gummel(plots(with( the(difference(of(having( illumination( in( the(optical(window.(Figure(
2.55( shows( a( schematic( of( measuring( the( optical( influence( on( the( DC( and( RF(
performance(of( the(HPT.(The(biasing( and(measurements(of( the(base( and( collector( are(
done( using( a( semiconductor( parametric( analyzer( that( is( directly( connected( to( a( VNA.(
The( optical( illumination( and( alignment( procedure( follows( the( procedure( described(
earlier.(

(
Figure'2.55'Measurement'setup'to'measure'the'optical'influence'on'DC'performance'of'HPTs'

Figure( 2.56( shows( the( IcRVce( curve( of( the( R1R10SQxBCrT(HPT( under( illuminated( and(
nonRilluminated( conditions.( ( The( nonRilluminated( condition( (blue( curves)( shows( the(
electrical(output(characteristics(of(the(HPT.(Vce(is(swept(from(0V(to(3.5V(and(Ib(is(swept(
from(5μA((to(20μA(in(5μA(steps.(Under(the(same(biasing(conditions,(the(HPT(is(vertically(
illuminated( with( an( 850nm( VCSEL( and( a( 1.2mW( output( power( is( fed( to( the( optical(
probe.( This( results( in( an( illuminated( IcRVce( curve( (red( curves)( with( a( noticeable((
increase( in( the(output( collector( current.( ( It( can(be(observed( for( the(plots( that( as( Ib( is(
increased,( the( change( in( collector( current( becomes( less.( A( DC( responsivity( can( be(
extracted( from( these( measurements( by( subtracting( the( nonRilluminated( collector(
current(from(the(illuminated(collector(current(with(same(base(current(bias(dividing(the(
difference(by(the(optical(power(of(the(illumination.(An(equation(for(this(DC(responsivity(
is(presented(in(Eq.(1.22.(
(
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(
Figure'2.56'IcLVce'curves'of'R1L10xBCrT'under'illuminated'and'nonLilluminated'conditions'

Figure(2.57(shows(the(extracted(DC(responsivity(for(a( (5μA(biased(R1RSQxBCrT(HPT.(It(
has( a( flat( DC( responsivity( of( 0.86( A/W( in( the( Vce( range( of( 1VR2.8V.( We( can( see( a(
decreasing( responsivity( is( noticed( as( Ib( is( increased,( especially( at( the( love( Vce( value.(
This(can(be(explained(by( the(modulation( (of( the(BC(spaceRcharge(region,(which(affects(
the( photogenerated( current.( This( observation( is( consistent( ( with( the( fact( that( the( BC(
photocurrent(is(exclusively(responsible(for(the(DC(HPT(photoresponse(control.(

(
Figure'2.57'Extracted'DC'responsivity'of''R1L10SQxBCrT'HPT'and''R1L10SQxEBC'HPT'under'different'

bias'conditions,'including'coupling'losses''with'1.2mW'output'from'VCSEL'

Figure(2.58(shows(the(extracted(DC(responsivity(of(the(different(10x10µm2(square(HPTs(
of( prototyping(Run(1( having( a( 5μA( Ib( as( the( bias( value.( ( The( extended(BaseRCollector(
HPT(has(the(lowest(responsivity,(at(high(Vce(values,(the(non(illuminated(measurements(
are(higher(than(the(illuminated(measurements.(Removal(of(the(silicided(titanium((TiSi)(
shows(a(pronounced(increase(in(responsivity(as(high(as(0.82(A/W(for(the(2V(Vce(biasing(
condition.(Further(increase(in(responsivity(is(seen(due(to(the(etching(of(the(oxides(with(a(
responsivity(of(1.2A/W(at(2V.(Finally(the(extended(EmitterR(BaseRCollector(HPT(exhibits(
the( highest( extracted( responsivity( of( 2.5A/W( at( 2V( Vce.( Compared( to( xBCrTeO( the(
current(gain( increases( from(240(up(to(415(at( Ib(=(5μA(and(Vce(=(2V.(The(current(gain(
increases(thus(by(a((factor(of((1.73x(and(the(DC(HPT(responsivity(increases(by(3(times.(
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(
Figure'2.58.'Extracted'responsivity'of'different'10x10µm2''square'HPTs'from'RUN1'including''

coupling'losses'with'1.2mW'output'from'VCSEL'

Figure(2.59(shows(the(extracted(responsivity(of(the(50x50µm2(HPTs.(The(extended(base(
collector( (xBC)( HPT( has( a( responsivity( of( 0.3A/W( at( 2V( Vce.( Removing( the( titanium(
increases( the( responsivity( to( 4.2A/W( at( 2V.( The( etched( oxide( version( exhibits( the(
highest(responsivity(at(4.8A/W(at(2V(Vce.(The(trend(in(the(increase(of(responsivity(due(
to(layer(modifications(is(the(same(as(observed(in(the(10x10µm2((HPTs.(
(

(
Figure'2.59'Extracted'DC'responsivity'of'different'50x50µm2''HPTs'

( (
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2.5 Conclusion,
(
In( this( chapter( the( electrical( and( optical( characteristics( of( relaxed( and( strained( SiGe(
alloys(were(presented.(We(briefly(discussed( the( SiGe(HBTs(of( the(Telefunken(process.(
Their(characteristics(and(performances(were(presented(and(put(as(a(reference(point(for(
the( further( HPTs( fabricated( in( this( process.( In( the( last( part( of( the( chapter( we( have(
introduced(the(1st(HPTs(implemented(using(the(Telefunken(SiGe2RF(Process.(The(main(
topologies( of( HPT( were( fabricated( are:( xBC( HPT( where( only( the( Base( and( Collector(
regions(are(enlarged(to(collect(the( light;(and(the(xEBC(HPT(where(all( the(emitter,(base(
and(collector(regions(are(extended((
(
We( then,( presented( the( different( methods( for( the( characterization( of( the( HPT.( The(
performances(of(a(0.5x10µm2(HBT(and(a(10SQxBC(HPT(with(identical(intrinsic(transistor(
size((of(0.5x10µm2(are(compared.(It(showed(decrease(in(current(gain(β(,(increase(in(Early(
Voltage,(less(max(RF(gain(at(50(MHz,(reduction(in(cutoff(frequency(at(max(RF(gain(bias.((
The( different( HPTs( structure( were( verified( electrically( and( the( modifications( in( a(
reference( HBT( to( design( an( HPT( showed( process( compatibility( despite( process( rule(
violations.(This(confirms(the(viability(of(our(approach.((
(
The(DC(optical(measurements(showed( that(extending( the(base(and(collector( results( in(
measurable(optical(responsivities.(The(removal(of(silicided(titanium(and(the(etching(of(
the( oxide( provide( the( needed( vertical( stack( variation( to( improve( responsivites( by( a(
factor(of( (5.7( times( (and(6.7( times( (with(values(of( (0.85(A/W(and( (1(A/W(respectively,(
with(only(decrease(of(the(transistor(current(gain(from(305(to(292.((
(
Finally(the(extended(emitter(base(and(collector(HPT(exhibits(the(highest(DC(responsivity(
with(a(value(of(2.5(A/W,(including(the(coupling(losses(from(the(optical(probe.(This(is(due(
to( the(high( gain(of( this( structure.( It( also(proved( that( illumination( through( the( emitter(
does(not(interfere(with(the(optical(absorption(in(the(base(and(collector.((
(
The(optoRmicrowave( characterization(of(R1R10xSQxBCrT( showed(a(2dB(optical( gain( is(
available( when( comparing( the( PD( and( HPT( mode,( with( an( optoRmicrowave( cutoff(
frequency((of(the(HPT(in(the(170MHz(range.((This(is(only(an(illustration(of(one(case(and(
is(better(studied(in(the(next(chapters.(The((following(chapters(will(further(investigate(the(
optoRmicrowave(behavior(of(these(SiGe(HPT.(( (
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3 SiGe,HPT,OptoTmicrowave,behavior,
(
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3.1 Introduction,
(
This( chapter( is( focused(on( the( study(and(analysis(of( the(different( fabricated(SiGe(HPT(
structures( using( the( techniques( and(measurement( systems( presented( in( Chapter( 2.( It(
presents( the( operating( modes( of( the( SiGe( HPT;( photodiode( PD( mode( and(
phototransistor((HPT)(mode.(In(Section(2,(the(PD(mode(of(operation(of(the(SiGe(HPT(is(
used(to(provide(an(understanding(on(how(the(optimizations(used(for(the(different(SiGe(
HPT( structures( provide( improvements( in( its( response.( The( efficacy( of( the( different((
optimization(are(studied.(In(Section(3(the(three(terminal(configuration(of(the(SiGe(HPTs(
(3TRHPT)(is(put(into(perspective.(The(presence(of(the(base(contact(in(the(fabricated(HPT(
provides(another(parameter(to(optimize(the(optical(HPT(performance.((The(base(contact(
could( be( biased( using( voltage( sources( or( current( sources.( It’s( effect( in( the( DC( optical(
response( will( be( analyzed( in( depth.( Finally,( Section( 4( focuses( on( the( phototransistor(
mode(of(operation(of(the(different(HPTs.((The(optoRmicrowave(responsivity(of(the(HPTs(
are( extracted( at( different( bias( points.( This( allows( to( find( an( optimum( bias( point( that(
maximizes(the(gain(and(the(frequency(response(of(the(HPT.(
(

3.2 Optimization,on,the,optical,path,of,the,HPT,,
(
This( section( deals( with( the( optimization( of( the( technology( to( improve( the( optical(
injection( in( the( phototransistor.( The( photodiode( response(will( be( best( suited( for( this(
analysis.( In( vertical( illumination( of( the( SiGe( HPT,( the( optical( signal( enters( into( the(
phototransistor(through(different(nitride(and(oxide(layers(which(are(by(products(of(the(
planar(processing(of(the(fabrication(technology.(The(optical(signal(then(passes(through(
the(opening(defined(by(the(optical(window(and(down(to(the(semiconductor(layers(of(the(
SiGe( HPT( structure.( Optimizations( for( the( transmission( of( the( optical( signal( can( be(
achieved(in(two(ways.(The(first(is(variations(in(the(vertical(stack(in(of(the(HPT(structure(
that(minimizes( the(optical( losses(due( to( transmissions(and(reflections( thus(preserving(
the(transistor(effect(that(is(inherent(in(the(SiGe(HPT.(The(second(is(matching(the(optical(
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window( to( the( optical( spot( size( of( the( optical( signal( in( order( to(maximize( the( overall(
response.(This(assumes(that(the(optical(signal(has(fixed(spot(size.(

3.2.1 HPT,vertical,stack,optimizations,
(
OptoRmicrowave( measurements( are( used( in( analyzing( the( performances( of( different(
SiGe(HPT(structures(with(different(vertical(stack.(The(HPT(response(under(photodiode(
(PD)( mode( of( operation( is( used( to( illustrate( the( effect( of( the( variation( in( the( upper(
vertical(stack(of( the(different(HPTs(on(the(optical( injection( into(the(device.( Indeed,( the(
photodiode(mode(of(operation(shows(the(response(of(the(HPT(without(the(effect(of(the(
electrical( amplification( from( the( intrinsic( transistor( of( the( HPT.( This( provides( a( clear(
indication( that( the(observed(response( is(due(only( to( the(photodetection(of( the(HPT.( It(
will( illustrate( the( efficacy( of( the( techniques( used( in( the( different( HPT( structure( to(
improve( the( transmission( of( the( optical( signal.( The( PD( mode( of( operation( is(
implemented( by( setting( the( collector( voltage( Vce( at( 2V.( This( reverse( biases( the( baseR
collector(junction(of(the(SiGe(HPT.(The(baseRemitter(voltage,(Vbe(is(then(set(to(0V,(which(
turns(off(the(baseRemitter(junction(of(the(SiGe(HPT.(Figure(3.1(shows(a(representation(of(
the(850nm(optical(beam(with(a(26µm(diameter(spot(size( illuminating(the(R1R10SQxBC(
HPT.(The(rectangle(that(covers(the(area(of( the(entire(HPT(defines(the(undoped(PRType(
substrate( and( everywhere( else( is( the( p+( channel( stop.( It( shows( that( the( optical( beam(
fully( covers( the( entire( surface( area( of( the( 10x10μm2(HPT.( However,( there( are( optical(
power( losses(due(to(the( larger(optical(beam(as(compared(to(the(optical(window(of(the(
HPT.(Using(the(optoRmicrowave(measurement(bench(presented(in(Chapter(2,(the(optical(
signal(power(that(is(fed(to(the(optical(probe(is(estimated(to(be(1.08mW(when(the(laser(
monitored(output(power(is(of(0.014mW.(
(

(
Figure'3.1'Layout'view'of'the'R1L10SQxBCrT'HPT'and'sketch'of'the'26µm'spot'size'optical'beam'

used'for'the'illuminated'measurements.'

The(optoRmicrowave(measurement(results(of( the( laser(+(HPT(in(photodiode(mode( link(
for( the( operation( of( the( different( types( of( 10x10μm2( square( HPTs( are( presented( in(
Figure(3.2.(It(presents(the(measured(link(gain(as(a(function(of(frequency(for(the(different(
HPTs:(10x10µm2(HPT(with(reduced(emitter((R1R10SQxBC),(10x10µm2(HPT(with(reduced(
emitter((shape(and(TiSi(removed((R1R10SQxBCrT),(10x10µm2(HPT(with(reduced(emitter((
shape,(TiSi( (and(superficial(oxide(layer(removed((R1R10SQxBCrTeO)(and(the(10x10µm2(
HPT(with(extended(emitter(base(and(collector((regions((R1R10SQxEBC).(We(focus(on(the(
10x10µm2( (HPTs( to( keep( the( optical(window( constant( and( to( therefore( analyze(more(
directly(the(difference(of(the(optical(stack(only.(
(
The(different(values(of( the(measured( responses(are(attributed( to( the(difference( in( the(
optical(powers( that(reach(the(active(area(of( the(phototransistor.(The(measurements(of(
the( 10x10μm2( HPTs( initially( suffer( from( optical( losses( brought( about( by( the( optical(
beam( having( a( spot( size( that( is( greater( than( the( optical( window.( ( This( mismatch(
amounts( to( 81%( of( the( optical( beam( signal( to( illuminate( the( area( outside( the( active(
collection( region( of( emitter,( base( and( collector( of( the( phototransistor.( Comparing( the(
different(HPT( implementations( that( have( the( same( optical(window( sizes( ensures( that(
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this(mismatch(is(the(same(for(each(type.(The(simplified(crossRsection(of(the(R1R10SQxBC(
HPT( under( nonRilluminated( and( illuminated( conditions( is( shown( in( Figure( 3.3(
illustrating( the(path(of( the(optical(beam.(Table(3.1( shows( the(optical(properties(of( the(
different(materials(that(constitute(the(vertical(stack(of(the(HPT(at(850nm(illumination.(In(
the( PD( mode( of( operation,( the( analog( optical( link( using( the( extended( BaseRCollector(
(xBC)( HPT( has( the( lowest( response( with( a( link( gain( of( R40.9dB( at( 50MHz( with( a(
measured(collector(current(Ic(of(193μA.(This(low(response(is(due(to(reflections(caused(
by( the(TiSi( layer( in( the( silicided( extended(base(polysilicon( to( the( optical( beam( that( is(
detected(by(the(HPT.(The(removal(of(the(TiSi(layer(in(the((xBCrT)(HPT(results(in(a(higher(
link(gain(of((R37.2dB(and(a(measured(Ic(of(244μA.(This(increase(is(due(to(the(removal(of(
the(reflections(caused(by(the(TiSi(layer.(Removing(the(nitride(and(oxide(layers(on(top(of(
the(optical(window(in(addition(to(the(absence(of(the(TiSi(in(the((xBCrTeO)(HPT(further(
increases( the( optical( power( reaching( the( active( layers.( It( shows( further( improvement(
resulting( to( a( link( gain( of( R35.1dB( and( a(measured( Ic( of( 320μA.( Finally,( the( extended(
emitter(base(and(collector((xEBC)(HPT(has(the(highest(link(gain(at(50MHz(with(a(value(of(
R33.3dB.(For(the(xEBC(HPT,(the(optical(signal(passes(through(a(one(less(oxide(layer(due(
to( the(extension(of( the(emitter(polysilicon( that( is(not(silicided.(The(emitter(polysilicon(
replaces( the( area( occupied( by( the( oxide( in( extended( BaseRCollector( type( HPTs( and(
appears( having( a( higher( transmittance( as( compared( to( the( oxide( layer( of( the( same(
thickness.((

(
(

Figure'3.2'Link'gain'(dB)'of''laser'+'HPT'in'PD'mode'operation.'Vce'='2V,'Vbe'='0V.'Optical'power'is'
estimated'to'be'1.08mW.'The'spot'size'of'beam'is''measured'to'be'26µm[223].'

The( measured( link( gains( are( normalized( to( the( Reference( 01( link( measurement( as(
shown( in(Chapter(2.( In(Figure(3.4,( the(normalized(GOM( relative( to(0dB(of( the(different(
10x10μm2(HPTs(are(presented.(This(helps( to( illustrate( the(difference( in( the( frequency(
response( of( the( HPTs.( The( extracted( fR3dBom(of( the( four( HPT( types( are( in( the( range( of(
154MHz( up( to( 170MHz.( The( lowest( cutoff( frequency( is( observed( in( the( xBC( HPT,(
followed( by( the( xBCrTeO( HPT( with( 156MHz,( the( xBCrT( HPT( with( 163MHz( and( the(
highest( is( from(xEBC(HPT.(The( low(frequency( link(gain((50MHz)(PD(mode(response(of(
the( HPTs( are( summarized( in( Table( 3.2.( The( DC( responsivity( is( extracted( using( the(
equation(presented(earlier(in(Chapter(1.(
(
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(
a)( ( ( ( ( ( b)(

Figure'3.3'Simplified'cross'section'of'the'R1L10SQxBC'HPT,'without'illumination'and'under'
illumination'of'an'850nm'optical'beam'with'a'26µm'spot'size.'(a)'nonLilluminated'(b)illuminated'

Material' λ' n' R' T'
oxide' 850( 1.5379( 0.04485( 0.9104((
nitride' 850( 1.99354( 0.11015( (
TiSi' 850( 2.982( 0.52527( 0.010543(
Polysilicon'(n+)' 840( 3.71562( 0.33165( 0.95711(
Polysilicon'(p)L' 840( 3.71562( 0.33165( 0.96554(
(nL)'epitaxy'
collector'(si)'

850( 3.66208( 0.32605( 0.97192(

Nburriedlayer(n+)'
(subcollecor)(si)'

850( 3.66208( 0.32605( 0.85364(

Table'3.1'Optical'Properties'of'different'material'that'are'in'the'vertical'stack'of'the'HPT'[227]'

(

(
Figure'3.4''Relative'optoLmicrowave'measurements'of'the'laser'+HPT'(PD'Mode)'

( (



Chapter(3(SiGe(HPT(OptoRmicrowave(behavior(

Study(of(SiGe(HPT(for(Radio(over(Fiber(applications(( 95(

(
HPT' Link'

Gain'
(@50'
MHz')'
(dB)'

Vce'
(V)'

Vb'
(V)'

Ic'
Illum'

(μA)(

Ic'Dark'
(A)'

(Gummel'
Meas)'

DC'
Responsivity'
PD'Mode'
A/W'

OptoL
microwave'
cutoff'

frequency'
fL3dBom'

(MHz)''PD'
Mode'

10xBC' R40.89( 2( 0( 193( 1.46ER10( 0.179( 154.0(
10xBCrT' R37.20( 2( 0( 244( 8.70ER10( 0.226( 162.6(
10xBCrTeO' R35.05( 2( 0( 320( 5.89ER08( 0.297( 155.8(
10xEBC' R33.34( 2( 0( 331( 1.49ER10( 0.306( 170.6(
Table'3.2'Low'frequency'optoLmicrowave'response'link'gain'(PD'Mode'Vce'='2,'Vbe'=0')'of'the'
different'10x10μm2'Run1'HPTs'under'an'illumination'of'1.08mW'and'a'spot'size'of'26μm'in'

diameter.'

In(summary,( the(optimizations( in( the(optical( stack(of(a(10x10µm2(HPT(shows( that( the(
removal( of( TiSi( layer( and( oxide( etching( improves( optical( responsivity( when( used(
separately(or( combined( in(extended(Base(and(Collector(HPTs(with(minimal(penalty( in(
the(optoRmicrowave(cutoff(frequency.(Extending(the(emitter,(to(prevent(having(silicided(
polysilicon( layers( produces( an( HPT( with( an( increased( intrinsic( transistor( size( which(
benefits( from( increased( electrical( current( gain( β( but( suffers( from( low( electrical( cutoff(
frequency.(However,(the(optoRmicrowave(measurement(shows(that(for(this(size(of(HPTs,(
illumination( through( the( emitter( polysilicon( instead( of( the( base( polysilicon( reduces(
optical( losses( and( exhibits( enhancement( in( responsivity( and( optoRmicrowave( cutoff(
frequency.((It(indicates(that(the(transit(time(of(the(photo(generated(carriers(is(the(most(
limiting(parameters(in(a(SiGe(HPT(at(850nm.(

3.2.2 Maximizing,coupling,efficiency,
(
Optical(transmission(could(also(be(improved(by(maximizing(the(coupling(of(the(optical(
beam(to(the(detector(surface.(This(minimizes(the(optical(power(that(is(not(detected.(An(
optical(detector(surface(area,(which(is(equal(to(or(greater(than(the(optical(spot(size(used(
in(an(optoRmicrowave(system(will(greatly( improve(measured(analog(optical( link(gains.(
The( current( measurement( system( uses( an( optical( beam( with( a( spot( size( of( 26µm( in(
diameter(as(discussed(previously.((Table(3.3(shows(a(summary(of(calculated(percentages(
of(the(optical(beam(entering(the(optical(window(of(the(different(HPTs.(
(
Optical' beam'
Spot'Size'area'
(µm2)'

Optical'
Window(um2)'
Square'

Detector'
area'
(µm2()''

%'of'Light'
hitting'the''
optical'
window'

%'Loss' Loss'in'dB'

531' 5x5( 25( 5( 95( 13(
531' 10x10( 100( 19( 81( 7(
531' 20x20( 400( 75( 25( 1.25(
531' 30x30( 900( 100( 100( 0(
531' 50x50( 2500( 100( 100( 0(
Table'3.3'Estimation'of'the'amount'of'optical'power'that'passes'through'the'optical'window'from'an'
illumination'with'26μm'diameter'spot'size.'

Figure(3.5(shows(the(top(view(of(the(10x10µm2(HPT(and(50x50µm2(HPT(and(the(26µm(
spot(size(that(is(used(to(illuminate(the(HPT.((The(81%(loss(of(optical(signal(is(seen(in(the(
top(view(of(the(10x10µm2(HPT(and(the(100%(coupling(is(clearly(shown(in(the(50x50µm2(
HPT.((In(both(conditions,(the(illuminating(beam(is(inside(the(undoped(PRtype(substrate.(
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This( results( to( photocurrents( from( the( photodiode( that( is( formed( by( the( subcollector(
(n+)(and(the(substrate((p).(This(is( illustrated(in(the(next(section.( (Figure(3.6(shows(the(
simplified( cross( section( of( the( R1R50SQxBC( HPT( without( illumination( and( with(
illumination(from(a(26μm(optical(beam.(
(

(
a)( ( ( ( ( ( b)(

Figure'3.5'Comparison'of'the'of'the'spot'size'with'respect'to'the'(a)'10x10μm2''HPT'and'the'(b)'
50x50μm2''HPT'

(
a)( ( ( ( ( ( b)(

Figure'3.6''Simplified'cross'section'of'the'R1L50SQxBC'HPT'and'850nm'optical'beam'with'a'26μm'
spot'size.(a)'without'illumination''and'(b)'with'illumination'

The(response(of(the(laser(and(HPT(in(PD(mode(will(be(compared(for(similar(types(of(HPT(
having(an(optical(window(of(10x10µm2(and(50x50µm2.(This(will(illustrate(the(effects(of(
the( optical( window( size( under( an( illumination( of( the( same( optical( beam( since( the(
amplification( due( to( the( intrinsic( transistor( is( not( present.( Figure( 3.7(a)( shows( the(
normalized( GOM( (PD(mode)( response( of( R1R10SQxBC( HPT( and( R1R50SQxBC( HPT.( The(
10x10µm2( HPT( has( a( response( of( R34.61dB( and( the( 50x50µm2( HPT( has( a( R31.87dB(
response.(The(increase(in(response(between(the(different(sized(extended(BaseRCollector(
(xBC)(HPTs(is(2.74dB.(It(is((due(to(the(100%(coupling(of(the(26µm(diameter(spot(size(to(
the(50x50µm2(HPT.(The(low(increase(in(response(of(the(R1R50SQxBC(as(opposed(to(R1R
10SQxBC(may(be( ( attributed( to( the( fact( that,(with(100%(coupling(of( the(power(of( the(
optical(beam,(the(optical(signal(is(subjected(to(greater(reflection(losses(due(to(the(larger(
surface( area( of( the( TiSi( layer( in( the( R1R50SQxBC( HPT( but( also( an( mainly( to( greater(
recombination( of( photo( generated( carriers( before( reaching( the( contact.( ( Figure( 3.7(b)(
shows(a(normalized(0dB(optical(frequency(response(of(the(two(HPTs(the(10x10(HPT(has(
a( cutoff(of(154.05MHz(and( the(50x50(HPT(has(a( cutoff(of(153.81MHz.(For( this( type(of(
HPT,( the( increase( in( optical( window( shows( negligible( change( in( the( optical( cutoff(
frequency( fR3dB( OM( of( the( HPTs.( However,( at( higher( frequencies,( R1R50SQxBC( exhibits(
higher(frequency(slope(at(higher(frequencies.(That(proves(that(the(frequency(limitations(
on( the(PD(mode(are(rather(on( the( transit( time(even( if( capacitance( limitations(sharpen(
further(the(frequency(slope.(

( (
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Figure'3.7'GOM'of'laser'+'10xBC'HPT'and'laser'+'50xBC'HPT'''in'PD'mode'operation'(a)'measured'link'
gain'and'(b)'normalized'to'0dB'

Figure( 3.8(a)( shows( the( normalized( GOM( (PD( mode)( response( of( response( of( the(
10SQxBCrT(HPT(and(a(50SQxBCrT(HPT.(The(10x10µm2(has(a(response(of(R30.91dB(and(
the(50x50µm2(HPT(has(a( response(of( R24.37dB.(The(50x50µm2(HPT(photodiode(mode(
response(has(6.6dB( improvement(over( the(10x10µm2(HPT.(This( is( almost( as( expected(
due(to(the(100%(optical(coupling(provided(by(the(larger(optical,(window(which(is(7dB(
improvement(expected( from( the( coupling( ratio.( In( terms(of( the(difference( in( response(
between(R1R50SQxBC(HPT(and(R1R50SQxBCrT(HPT,(a(7.5dB(increase(in(response(is(due(
to(the(removal(of(the(silided(titanium((TiSi),(which(causes(very(high(reflection(losses.(In(
the( 10x10µm2(HPTs,( the( removal( of( TiSi( layer( results( to( an( increase( of( only( 3.7dB( as(
opposed(the(10x10µm2(HPT(with(the(TiSi(layer.(Both(devices(suffer(from(coupling(losses(
due( to( the(mismatch( in( the(optical(window(size(and(the(benefits(of( the(removal(of( the(
TiSi( layer( is( limited(to(the( illuminated(surface(of( the(10x10µm2(HPT.( In(terms(of(optoR
microwave( frequency( response,( the( 50xBCrT(HPT( has( a( lower( optoRmicrowave( cutoff(
frequency(of(140MHz((as(compared(to(163MHz(of(the(10xBCrT(HPT.((It(can(be(observed(
that(the(change(in(optical(cutoff(frequency(for(this(type(of(HPT(is(minimal(given(that(the(
difference(in(the(optical(window(is(huge.(The(transit(times(are(the(most(limiting(factor(as(
seen( previously.( The( lack( of( TiSi( layer( however( brings( out( two( effects:( the( base(
resistance(is(increased,(and(makes(the(RC(limitation(competing(with(transit(times(within(
the(50x50µm2(HPT.(

(
a)( ( ( ( ( ( b)(

Figure'3.8'GOM'of'laser'+'10xBCrT'HPT'and'laser'+'50xBCrT'HPT'''in'PD'mode'operation'(a)'
measured'link'gain'(b)'normalized'to'0dB'

Figure(3.9(a(shows(the(normalized(GOM(PD(mode(response(of(the(R1R10SQxBCrT_eO(HPT(
and( the( 50xBCrTeO( HPT.( The( 10x10µm2( HPT( has( a( response( of( R30.91dB( and( the(
50x50µm2( (HPT(has( a( response( of( R24.37dB.( For( this( type( of(HPT,( the( increase( in( the(
optical( window( size( results( in( a( 6.54dB( increase( response.( As( in( the( case( before,( the(
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removal( of( TiSi(may(have( reduced( the( recombination( of( holes( at( the(BC( junction,( and(
thus(the(device(benefits(fully(from(the(size(enlargement.(
(
The( R1R10SQxBCrTeO( HPT( has( an( improvement( of( 2.15dB( as( compared( to( the( R1R
10SQxBCrT(HPT.(Whereas,(only(0.12dB(increase(is(observed(between(the(R1R50SqxBCrT(
HPT( and( the( R1R50SQxBCrTeO(HPT.( In( terms( of( optoRmicrowave( frequency( response,(
the( R1R50SQxBCrTeO( HPT( has( a( lower( R3dB( optoRmicrowave( cutoff( frequency( of(
144MHz( ( as( compared( to( 156MHz( of( the( R1R10SQxBCrTeO( HPT.( Thus,( etching( the(
superficial( oxide( on( the( xBCrTeO( HPT( does( not( affect( the( frequency( limitations( and(
benefits(to(the(reduction(of(coupling(losses.(

(
a)( ( ( ( ( ( b)(

Figure'3.9'GOM'of'laser'+'R1L10SQxBCrTeO'HPT'and'laser'+'R1L50SQxBCrTeO'HPT'''in'PD'mode'
operation'(a)'measured'link'gain'(b)'normalized'to'0dB'

Prototyping(Run(2(has(extended(Emitter,(Base(and(Collector(((xEBC)(HPTs(with(different(
optical( window( sizes( of( 10x10μm2,( 20x20μm2,( 30x30μm2( and( 50x50μm2.( The( optoR
microwave( measurements( of( these( HPTs( were( implemented( with( a( VCSEL( from( VI(
Systems( and( the( reference(Photodiode( is( from(New(Focus.( Figure( 3.10( shows( the(GOM(
(dB( n.u)( in( PD( mode( of( the( phototransistors( with( different( optical( window( sizes( of(
extended(emitter,(base(and(collector.(These(measurements(are(relative(to(the(Reference(
Link(2(as(presented(earlier(in(Chapter(2.(In(10MHz(of(operation,(the(R2R10SQxEBC(HPT(
has( a( response( of( 6.68dB,( the( R2R20SQxEBC( HPT( has( a( response( of( 10.7dB,( the( R2R
30SQxEBC(has(9.1dB(and(the(R2R50SQxEBC(HPT(has(8.4dB.(From(the(measurements,(at(
75%( to( 100%(coupling,( the( relative( response( is( approximately( 10dB( at( 10MHz(which(
shows( an( approximated( 3dB( increase( in( response( as( compared( to( the( R2R10SQxEBC((
HPT(with(19%(coupling.((
(

(
(

Figure'3.10'relative'GOM'of'''xEBC'HPTs'from'10x10µm2'''to'50x50µm2''in'PD'mode'operation'
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Table( 3.4( shows( a( summary( of( the( performance( of( the(HPT( in( PD(mode( operation( of(
10x10(and(50x50(HPTs(of(different(HPT(types.(
(

' Link'
Gain'
(@50'
MHz)'
(dB)'

Cutoff'
In' PD'
mode'
'

Ic' las' on''
(μA)'
Vbe=0V''
Vce=2V'
'

Ic'las'off''
(μA)'
Vbe''=0'V'
Vce'='Vbe'

Popt'in'
(mW)'

DC'
Responsivty'
(A/W)''
PD''Mode'

R1L10SQxBC' R40.89( 187((1)( 193( 0.00015( 1.08(( 0.179((
R1L10SQxBCrT' R37.2( 205((1)( 244( 0.00087( 1.08( 0.226(
R1L10SQxBCrTeO' R35.05( 198((1)( 320( 0.0059( 1.08( 0.297(
R1L10SQxEBC' R33.34( 221((1)( 331( 0.00015( 1.08( 0.306(
R1L50SQxBC' R38.13( 186((1)( 235( 0.11( 1.08( 0.217(
R1L50SQxBCrT' R30.66( 159((1)( 465( 0.14( 1.08( 0.430(
R1L50SQxBCrTeO' R30.54( 166((1)( 498( 0.17( 1.08( 0.461(
R2L10SQxEBC' R25.39( 295((2)( 798( 0.00068( 2.44( 0.327(
R2L20SQxEBC' R22.44( 199((2)( 1114( 0.00056( 2.44( 0.457(
R2L30SQxEBC' R24.31( 125((2)( 927( 0.00096( 2.44( 0.379(
R2L50SQxEBC' R23.97( 97.5((2)( 975( 0.00065( 2.44( 0.400(

Table'3.4'Summary'of'measured'performance'of'different'HPTs'with' (1)'measured'with'an'Avalon'
VCSEL'and'Reference'Link01'and'(2)'measured'with'VI'systems'VCSEL'and'Reference'Link'02'

In(summary,(the(measurements(show(that(coupling(losses(are(avoided(if(the(spot(size(of(
the( optical( beam( is( fully( enclosed( by( the( optical( window( of( the( HPT.( This( is( best(
observed(in(between(the(R1R10SQxBCrT(HPT(and(R2R50SQxBCrT(HPT(wherein(there(is(
approximately( a( 7dB( increase( in( the( HPT( response( of( in( the( larger( HPT.( 7dB( is( the(
estimated( coupling( loss( ( in( 10x10μm2( under( a( 26μm( spot( size( illumination.( The(
extended(BaseRCollector(HPTs(and( its(variants(show(that( its( frequency(response( is(not(
severely(affected(from(the(improvements(brought(by(the(reduction(of(coupling(losses(via(
optical(window(size(optimization.(
(
Finally,( the(effect(of( the(vertical( stack( is( in( the(PD(mode(of(operation(of( the(HPT(with(
100%(coupling.(This(limits(the(effects(of(the(transistor(action(of(the(HPT(and(the(effects(
of(coupling(mismatch.(The(R1R50SQxBC(HPT(has(a(response(of(R38.13(dB(which(is(used(
as( the( base( line( responses.( The( removal( of( the( TiSi( layer( in( R1R50SQxBCrT( gives( an(
increase(in(response(of(7dB,(and(the(additional(removal(of(the(oxide(on(top(of(the(optical(
window( in(R1R50SQxBCrTeO(HPT( gives( a( total( increase( of( 7.4dB.( This(means( the(TiSi(
layer(produces(a(severe(amount(of(reflections(and(the(oxide(and(nitride(layer(has(lesser(
transmission( losses( associated( to( it.( Using( and( emitterRbaseRcollector( extended( HPT(
structure((xEBC)(provides(a(further(increase(by(6.5dB.(It( is(seen(by(comparing(the(R1R
10xSQxBC(and(R1RSQxEBC.(

3.3 Effect,of,Base,Biasing,on,SiGe,HPT,
(
The(early( implementation(of(HPTs( in( the( literature(was( implemented(with( the(base( is(
left( floating.( [143].This( has( been( referred( to( as( twoRterminal( HPTs( (2TRHPTs).( In( this(
configuration,(the(average(power(of(the(incident(light(provides(the(bias(current(for(the(
HPT.(The(incident(power(on(the(HPT(dictates(the(operating(point(of(the(HPT,(and(when(
the( incident( power( is( low,( the( HPT(may( be( biased( in( low( current( gain( region( which(
results( in( low(optical(response.(The(presence(of(a(base(contact( in( three(terminal(HPTs(
(3TRHPT)(configurations(were(shown(to(produce(improved(performance([228]([229].(In(
a(typical(common(emitter(3T(HPT(biasing,(the(base(is(supplied(with(a(voltage(source(or(
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current(source(to(provide(more(control(to(the(optical(response(of(the(HPT(by(having(a(
means(to(push(the(HPT(operating(point(to(a(level(where(the(current(gain(is(of(optimum(
value.(The(HPT(base(can(be(either(voltage(or(current(biased.((
(
The(HPT(performance( is(very(much(dependent(on( its(biasing.( ( It(controls( the(different(
modes(of(operation(of(the(HPT.(A(detailed(analysis(of(the(HPT(performance(as(a(function(
of( bias( values( provides( a( clear( picture( of( the(HPT(operation( and(provides( a(means( to(
optimize(HPT(response.(This(study( is( implemented(by(closely(monitoring( the(supplied(
bias(and(the(response(that(is(associated(with(the(specific(bias(values.(The(R2R10SQxEBC(
HPT( is( initially( used( to( illustrate( the( performance( of( the( HPT( under( the( two( biasing(
conditions:(current(base(biasing(and((voltage(base(biasing.(

3.3.1 SiGe,HPT,Base,Biasing,in,dark,conditions,
(
The(biasing(range(of(the(SiGe(HPT(can(be(explored(by(sweeping(the(bias(in(the(base(of(
the( HPT( while( setting( a( fixed( voltage( bias( in( the( collector( of( the( HPT.( ( Gummel(
measurements( are( produced(where( the( base( is( supplied(with( a( voltage( source( that( is(
swept( from( an( initial( value( to( a( final( value.( This( illustrates( the( base( biasing( with( a(
constant( voltage( (CV).( On( the( other( hand,( the( IcRVce( measurements( for( the( output(
characteristics( of( the( HPT( illustrate( the( HPTs( characteristics( under( constant( current(
(CC)(biasing(that(is(applied(to(the(base.(((
(
Figure(3.11(a)(shows( the(Gummel(curve(of( the(HPT(with(Vcb(=0V.(The(base(voltage( is(
initially( provided( with( 0V,( which( puts( the( HPT( in( a( reverse( active( mode.( It( is( then(
increased(up(to(1V(where(the(HPT(goes(to(a(forward(active(mode(up(to(saturation.(The(
collector( and( base( currents( are(measured( as( a( function( of( the( supplied( voltage( in( the(
base.( In( this( nonRilluminated( condition,( the( measured( Ic( and( Ib( clearly( shows( the(
different(regions(in(the(HPT(operation:(the(low(current(region,(the(linear(region(and(the(
high(current(region.(In(the(low(Vbe(bias(range,(the(measured(Ic(and(Ib(saturates(in(the(
range(of(10R10A.(In(the(linear(region,(the(Ic(and(Ib(has(an(ideality(factor(of(0.96(and(0.94(
respectively.((Finally(in(the(high(current(region,(the(change(in(the(slope(of(Ic(and(Ib(are(
evident.((
(
The( typical( IcRVce( output( characteristics( of( the( HPT( as( shown( in( Figure( 3.11(b),(
illustrates( how( an( input( base( current( influences( the( output( collector( current.( Dark(
condition( is( respected.( The(base( current( Ib( are( swept( from(1μAR20μA( in( steps( of( 1μA(
and( 20μA( R100μA( in( steps( of( 10μA.( (With( 2V( Vce,( the( collector( current( Ic( is( equal( to(
650μA(with(an(Ib(of(1μA((and(equal(to(17.5mA(with(an(Ib(of(100μA.((

(
a)( ( ( ( ( ( b)(

Figure'3.11'R2L10SQxEBC'HPT'(a)'Gummel'curve,'Vcb'=0V,'Vb'is'swept'from'0V'to1'V'(b)'Ic'–Vce'
curves'Ib'is'swept'from'1μAL100μA'
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Using( the( IcRVce( measurements,( the( measured( Vbe( is( presented( as( a( function( of( the(
supplied(Ib,(at(selected(Vce(values.(It(represents(the(induced(voltage(in(the(BaseREmitter(
junction(due(the(Vce(bias(and(the(Ib(bias.(This(is(shown(in(Figure(3.12(a)(where(each(line(
series( in( this( plot( corresponds( to( a( fixed( Vce( value.( A( fixed( base( bias( Ib( of( 1μA(
corresponds(to(a(Vbe(value(of(0.72V(when(Vce(is(2V.(Following((the(2V(Vce(series,(a(Vbe(
value(of(0.82V(at(10μA(Ib( (and(0.92V(at(100μA(Ib(are(achieved.(These(values(will(have(
approximately( the( same( values( when( referred( to( Gummel( curves( shown( in( Figure(
3.11(a).(
(
Shown( in( Figure( 3.12(b)( is( the( collector( current( as( a( function( of( the( measured( base(
voltage( and( the( different( curves( shows( varying( Vce( from( 1V( to( 2.5V.( The( collector(
current(shows(increase(as(Vce(is(increased.(
(

(
a)( ( ( ( ( b)(

Figure'3.12'R210xEBC'Vbe'vs'Ib''plot'extracted'from'IcLVce'measurements'at'selected'Vce'values'of'
0V,0.5V'1V,'1.5v,2V'and'2.5V.'(a)'Vb'vs.'Ib'(b)'Ic'vs'Vb'

The(current(gain(β(can(be(extracted(using(the(two(type(measurements;(Gummel(curves(
from(Vbe(=(0V(to(1V,(and(IcRVce(curves(from(1μA(to(100μA.((The(extracted(current(gain(
curves(are(presented(as(a(function(of(the(input(parameters(Vbe(and(Ib(in(Figure(3.13((a)(
and( (b).(Figure(3.13( (a),( shows( the(extracted(current(gain(β(vs.(Vbe.(The( first( curve( is(
from(the(Gummel(measurements(with(Vcb(=0(and(Vbe(is(from(0(to(1V.(The(second(curve(
is((from(the(IcRVce(measurements(with(Vce(=2V(and(Ib(is(swept(from(1μA(R100μA(which(
results(in(a(Vbe(from(0.73V(to(0.93V(as(presented(in(Figure(3.12(a).(From(the(Gummel(
measurements,(β(has(a(peak(value(of(610(with(Vbe(in(the(range(of(0.65((to(0.725V.(The(
IcRVce(measurements(show(that(the(peak(current(gain(is(with(Ib(equal(to(1μA.((

(
a)( ( ( ( ( b)(

Figure'3.13'Extracted'β'of'the'R2L10xEBC'(a)'Beta'vs'Vbe'from'(b)'Beta'vs.'Ib'

(
Shown(in(Figure(3.14(a)(is(the(current(gain(β(as(a(function(of(an(output(parameter,(the(
collector( current.( ( In( both( measurement( types( the( collector( current( is( a( measured(
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parameter.((The(voltage(sweep(from(01R1V(results(in(a(collector(current(that(has(a(value(
from(1.42x10R8A(up(to( (21.6mA(and(for(the(IcRVce(measurement(the(resulting(collector(
current( is( from(668uA(to(18.9mA.(Figure(3.14(b)(shows(the(current(gain(β( for( the(R3R
10xEBCeO( HPT( with( constant( voltage( and( constant( current( in( the( base( to( further(
illustrate(that(the(resulting(unilluminated(DC(current(gain(β(of(the(HPT((yields(the(same(
current(gain(β(as(long(as(the(resulting(current(in(the(collector(will(have(the(same(value(
whether(it(is(from(a(voltage(bias(or(a((current(bias.(

(
a)( ( ( ( ( b)(

Figure'3.14'Extracted'β''vs.'the'measured'collector'current'.'a)'of'the'R2L10xEBC'HPT'b)'R3L
10SQxEBC_eO'HPT'

In( the(nonRilluminated(condition,( a(desired(current(gain( could(be(achieved(either(by(a(
voltage(bias(or(a(current(bias( in(the(base(CV(biasing(starting(from(0VR1V(offers(a(wide(
range( of( collector( currents( from( 10R8A( up( to( hundreds( of( mA( and( CC( biasing( could(
achieve(the(same(range(as(long(as(very(low(current(could(be(provided(in(the(base(of(the(
HPT.(A(gain(of(650(could(be(achieved(with(a(1μA(or(0.725V(biasing(in(the(base.(However,(
as( seen( from( the( output( characteristics( of( the( HPT,( this( very( low( biasing( could( not(
support(large(swings(in(the(collector(current.(In(order(to(allow(for(larger(DC(swings,(the(
HPT(should(be(biased(in(the(lower(gain(region(of(400(to(500(which(is(20μA((to(30μA((Ib,(
or(0.825V(to(0.85V(Vb(or(5.5mA(to(7mA(in(terms(of(the(collector(current(Ic.(
(
The(electrical(frequency(response(is(also(analyzed(in(terms(of(the(type(of(bias(presented(
in( the( base( of( the( HPT.( The( SRParameters( of( the( HPT( are( measured( using( constant(
voltage(in(the(base.(The(measured(RF(Gain((S21)(of(the(HPT(at(50MHz(as(a(function(of(the(
collector(current(is(shown(in(Figure(3.15(a)((CV)(bias(in(the(base(The(peak(S21(occurs(at(
0.95V(or(21.22mA(with(a(value(of(19.26dB(for(this(HPT.(The(effect(of(the(type(of(the(base(
bias( in( the( measured( low( frequency( S21( is( shown( in( Figure( 3.15(b)( with( the( R3R
10SQxEBCeO( HPT.( Similarly,( from( the( DC( current( gain( β( results( as( shown( in( Figure(
3.14(b).(The(measured(S21(results(at(50(MHz(will(have(the(approximately(the(same(value,(
as( long(as( the(resulting(collector(current(has( the(same(value.(While( trivial,( this(mainly(
validates( our( measurement( bench( and( will( help( us( conclude( on( the( optoelectronic(
behavior(later(on.(
(
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(
a)( ( ( ( ( ( b)(

Figure'3.15'S21'(50MHz)'vs.'Ic''of'(a)'R2L10SQxEBC'(b)R3L10QxEBC_eO'

Figure( 3.16(a)shows( the( extracted( fT( as( a( function( of( ( the(measured( collector( current(
from( voltage( biasing( the( base.( It( shows( that( the( peak( fT( is( achieved( in( the( region( of(
2.7mA(to(9.2mA(Ic,(which(corresponds(to(0.78V(to(0.85V(in(terms(of(base(voltage(input(
or(4.5μA((to(18.8mA(in(base(current( input.(Figure(3.16(b)(shows(the(extracted(fT(using(
CV(and(CC(measurements(of(the(R3R10SQxEBC_eO(HPT.(Again,(it(illustrates(the(extracted(
fT(will(have(the(same(results(as(long(the(collector(current(is(the(same(value.((

(
a)( ( ( ( ( ( b)(

Figure'3.16'Extracted'fT'vs.'Ic'of'(a)'R2L10SQxEBC'HPT'(b)R3L10QxEBC_eO'HPT'

In( summary,( under( the( nonRilluminated( condition,( CC( sweeps( and( CV( sweeps( only(
provide(variations(in(the(range(of(measured(collector(currents.(Furthermore(it(appears(
that( the( HPT( could( be( biased( in( the( high( current( gain( region,( however,( this( region(
results( in( low(S21(values.(The( frequency( response( requirements( in( the(HPT(provides(a(
good(parameter( to(optimize( for(DC(biasing.( Finally,( the(measurements( shows( that( the(
R2R10SQxEBC(HPT(will(have(an(RF(gain(of(15dB(with(a(collector(current(of( (2.8mA.( In(
this( collector( bias( level,( the( fT( of( the( HPT( is( at( 32( GHz( and( the( DC( current( gain( is(
approximately(590.(

3.3.2 Illuminated,SiGe,HPT,and,DC,Responsivity,
(
The(presence(of(the(illumination(in(the(HPT(affects(the(DC(bias(of(the(HPT.(This(sections(
shows(how(the(bias(currents(and(voltages(are(affected(by(the(average(optical(power(that(
is(used(to(illuminate(the(HPT.(The(DC(responsivity(of(the(HPT(is(extracted(under(CV(bias(
and(CC(bias(in(the(base(shows(significant(differences.(
(
(
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3.3.2.1 Constant(Voltage(Biasing(
(
Figure( 3.17( shows( the( Gummel( plot( of( the( R2R10SQxEBC( HPT( in( the( nonRilluminated(
condition(and(under(illumination(of(an(850nm(2.44mW(optical(beam.((

(
Figure'3.17'Gummel'Plot'of'R2L10SQxEBC'under'no'illumination'and'illuminated'condition'of'

2.44mW. 

Under(the(illuminated(condition,(it(is(observed(that(at(high(base(bias,(>(0.97V(the(effects(
of( the( optical( absorption( are( negligible( on( the( biasing( level( as( compared( to( the( dark(
currents(from(the(transistor(operation(of(the(HPT.(At(low(Vbe(bias,(the(base(current(Ib(
saturates( at( around( 28μA( flowing( out( of( the( base( contact( and( the( collector( current( Ic(
saturates( at( around(856μA.(These( currents( correspond( to( the(photocurrent( generated(
by(the(optical(absorption,(which(are(far(greater(than(the(HPT’s(transistor(action(at(this(
bias(level.((
(
The( base( current( is( plotted( as( the( absolute( value( of( the( measured( illuminated( base(
current.(The(notch(shows( the(reversal( in( the(direction(of( the(base(current.( ( In( the( low(
base(bias,(and(with(adequate(optical(power,( the(hole( injection(into(the(base(due(to(the(
optical( absorption( can( exceed( than(what( is( required( for( recombination(with( electrons(
that( are( injected( from( the( emitter.( This( produces( a( net( flow( of( holes( out( of( the( base(
connection.(This(results(in(illuminated(base(currents(that(have(lower(value(as(compared(
to(the(dark(base(current.(At(high(baseRemitter(bias,(the(hole(injection(due(to(the(optical(
absorption(is(negligible(compared(the(that(of(the(base(contact.((
(
The(difference(in(the(value(of(Ic(and(Ib(at(low(vbe(shows(that(at(850nm(of(operation,(the(
increase( in( collector( current( is( attributed( to( the( optical( absorption( in( the( parasitic(
photodiode(that( is( formed(by(the(HPT(subRcollector(and(the(pRtype(substrate.(This( is(a(
clear(difference(with(respect(to(InGaAs/InP(HPTs.(((
(
The(effects(of(the(intensity(of(the(illumination(are(illustrated(in(Figure(3.18((a)(and((b)(
where( the( illuminated( HPTs( collector( and( base( current( are( shown( at( 1.22mW( and(
2.44mW(of( illumination.( Photocurrent( levels( increase(with( the( intensity( of( the( optical(
power( as( expected.( The( location( of( the( notch( on( the( Ib( curve( also(moves( to( a( higher(
baseRemitter(voltage(bias(as(the(optical(power(increases.((

(
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(
a)( ( ( ( ( b)(

Figure'3.18'Collector'and'base'currents'of'R2L10SQxEBC'under'different'illumination'power'
levels(a)'Ic'vs'Vbe'(b)'|Ib|'vs'Vbe'of'

In(summary,(at(low(baseRemitter(junction(bias(and(high(enough(optical(power,(the(base,(
collector( and( subcollector( together( operate( as( a( photodiode( whose( photocurrent(
generation( swamps( out( the( device’s( transistor( action.( That( is,( the( effects( of( electron(
injection(into(the(base(from(the(emitter(are(negligible.(By(contrast,(at(high(baseRemitter(
bias( the( transistor( action( is(well( established( and( the(photocurrent( constitutes( a( small(
base(current(injected(into(the(device,(which(becomes(amplified(by(the(device’s(operation(
to(provide(the(device’s(optical(gain.(The(substrate(parasitic(photodiode(proves(however(
to(have(a(deep(impact(on(Ic.(
(
The(measured(collector(current(from(the(illuminated(and(dark(Gummel(measurements(
is(used(to(extract(the(DC(responsivity(of(the(HPT.(The(HPT(responsivity(equation(initially(
presented(in(Chapter(1(is(again(presented((
(

! !
! = !!!""#$ − !!!"#$

!!"!!"#
(

(
The( illumination( of( the( HPT( under( constant( voltage( bias( causes( an( initial( significant(
increase( in( the(measured( collector( current(due( to( the(photocurrent( from( the(parasitic(
substrate(photodiode.(As(the(baseRemitter(region(becomes(forward(biased(the(difference(
between( the( illuminated( Ic(and(dark( Ic( starts( to( increase(until( it( reaches(a(peak(value(
where( it( starts( to(descend(at(a( lower(values(as(Vbe( is( increased.(Figure(3.19(a)(shows(
the( resulting( DC( responsivity( for( the( 10x10µm2( HPT( in( xEBC( configuration( under(
2.44mW(of(illumination(as(function(of(the(supplied(Vbe.((
(
The(peak(responsivity(is(at(0.49A/W(with(Vbe(equal(to(0.825.(While(it(is(0.35(A/W(in(the(
photodiode(mode( (Vbe( =0V)Shown( in( Figure( 3.19(b)( is( the( DC(HPT( responsivity( as( a(
function(of(the(measured(Ib.((The(peak(responsivity(has(a(measured(Ib(of(R17.6μA.(Figure(
3.19(c)(shows(the(responsivity(as(a(function(of(the(measured(collector(current,(and(the(
peak(occurs(at(Ic(=(6.51mA.(
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(
a)( ( ( ( b)(

(

(
c)(

Figure'3.19'Extracted'DC'Responsivity'of'the'R2L10SQxEBC'HBT'under'constant'voltage'bias'from'
Gummel'measurements'where'Vbe'='Vce'with:'(a)''DC'Responsivity'vs.'Vbe(supplied)',(b)'DC'

Responsivity'vs.'Ib(measured),(c)'DC'Responsivity'vs.'Ic(measured)'

Table(3.5(summarizes(the(measured(collector(and(base(currents(under(constant(voltage(
bias(in(the(base,(which(has(the(highest,(extracted(responsivity.(
(
'
'

Vc'
(V)'

Ic'
(mA)'

Vb'
(V)'

Ib'(μA)' Ic'dark'
(mA)'

Pin'
(mW)'

Responsivity'

R1L10xEBC' 2( 6.508( 0.825( R17.6( 5.312( 2.44( 0.4902(
Table' 3.5'Measured' collector' and' base' currents' of' R1L10xEBC'HPT'with' the' highest' extracted'DC'
responsivity'

The( DC( responsivity( extracted( from( the( Gummel( measurements( reflects( a( biasing(
wherein(Vce(=(Vbe.(However,(In(the(common(emitter(operation(of(the(HPT,(the(voltage(
bias(in(the(collector(is(at(fixed(value(that(is(typically(higher(than(the(Vbe((1.5,2,2.5V).((
(
Figure(3.20(shows(a(summary(of( the(extracted(DC(responsivity(as( function(of(Vbe(of(a(
30x30µm2((HPT((R3R30xEBCeO)(as(an(example(at(different(values(of(Vce.((It(can(be(seen(
that( the( extracted( responsivity( is( within( the( range( of( each( other.( The( extracted( DC(
responsivity( shows( no( significant( difference.( It( can( be( concluded( that( the( DC(
responsivity( that( is( extracted( from( illuminated(Gummel(measurements( (Vce( =(Vbe)( is(
sufficient(for(DC(responsivity(estimation(under(3TRHPT(constant(voltage(operations.(

(
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(
Figure'3.20'DC'responsivity'vs'Vbe'of''R3L30xEBCeO'HPT'at'different'values'of'Vce.'

Figure(3.21(shows(the(extracted(DC(responsivity(from(Gummel(measurements(of(three(
HPTs( ;( R3R05SQxEBCeO,( R3R10SQxEBCeO( and(R3R30SQxEBCeO.( In( (a),( Vce( is( equal( to(
Vbe,( i.e.,( standard( Gummel( conditions.( In( (b)( is( the( extracted( responsivity( versus( Vbe(
with(Vce(=(2V.(This(shows(that(both(approaches(could(be(used(in(the(estimation(of(DC(
responsivities(under(3T(HPT(operation(with( constant(voltage(bias.(Vbc(value(has(very(
less(influence(on(the(responsivity.(
(
Under(the(PD(mode(of(operation((Vb(=0V)(the(extracted(responsivity(increases(in(value(
as(the(optical(window(is(increases.(This(shows(the(decreasing(optical(mismatch(losses(as(
the(optical(window(fully(covers(the(optical(beam(width.((In(the(HPT(mode(operation,(the(
HPT(with(the(optical(window(of(30x30µm2(HPT(provides(the(highest(peak(responsivity(
and( the( highest( current( gain( at( the( specific( bias( point.( The( 5x5µm2( HPT( exhibits(
lowering(of(the(DC(responsivity,(as(Vbe(has(a(value(greater(than(0.7V.(This(means(that(
with(the(power(of(the(illumination(that(is(used,(the(HPT(bias(is(shifted(to(the(very(high(
current(region(where(the(collector(current(and(current(gain(starts(roll(off.(

(
a)( ( ( ( ( ( b)(

Figure'3.21'Responsivity'of'different'R3LSQxEBCeO'HPT''vs.'Vbe'in'3T'HPT'constant'voltage'mode'(a)'
Vce'='Vbe'and'(b)'Vce'='2V,'including'coupling'losses'

Table( 3.6( shows( a( summary( of( the(HPTs( that(were(measured(with( a( constant( voltage(
base(biasing.(
(
(
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' Vce'(V)' Ic(mA)' Vbe'(V)' Ib'(μA)' Resp'(A/W)'
R3L05SQxEBCeO' 2( 6.55( 0.90( 18.6( 0.05(
R3L10SQxEBCeO' Vbe( 0.244( 0.85( R10.35( 0.22(
R3L10SQxEBCeO' 2( 15.93( 0.90( 59.09( 0.20(
R3L30SQxEBCeO' Vbe( 9.84( 0.80( 1.79( 0.34(
R3L30SQxEBCeO' 2( 21.71( 0.85( 25.08( 0.36(
Table'3.6'Summary'of'extracted'DC'Responsivity'for'constant'voltage'base'biasing'

3.3.2.2 Constant(Current(Biasing(

3.3.2.2.1 Photogenerated##currents#and#voltages.#
(
The(effect(of( illumination(of(a(2.44mW(optical(beam(on(the( IcRVce(curves(of(an(HPT( is(
shown((in(Figure(3.22.(Highlighted(in(the(figure(are(the(dark(Ic(and(illuminated(Ic(with(
current(bias(in(the(base(of(1μA.((

(
Figure'3.22'ICLVce'curve'at'Ib'=1uA'to'20uA'under'dark'and''2.44mW'illumination'conditions'

respectively'

The( high( value( in( the( illuminated( Ic( is( attributed( to( the( generated( photocurrent( that(
adds( to( the( initial( base( bias( and( that( is( amplified( by( the( transistor( action( of( the(HPT.(
Without(illumination,(the(supplied(bias(current(in(the(base(Ibbias(sets(the(bias(point(of(the(
HPT.(The( illumination(pushes( the(bias(point(of( the(HPT( to( Ib(=( (Iph(+( Ibbias)(where( the(
current(gain(β(will(have(a(new(value(that(is(dependent(on(the(new(bias(point.(As(a(result,(
in(a(first(approximation,((the(measured(collector(current(Icillum(for(the(HPT(will(be(given(
by:(
( !!!""#$ = (!!! + !!!"#$) ∗ ! + ! !!!( ' Eq.'3.1'

 
( !!!""#$ = ! + 1 !!! + !"!!"#$ ' Eq.'3.2'

Under(constant(base(current(biasing,( illumination(of(the(HPT(causes(an(increase(in(the(
Vbe(voltage.(This(is(primarily(due(to(the(addition(of(the(photocurrent(in(the(base(to(the(
initial(base(bias(Ib.(Figure(3.23(shows(a(Vbe(vs.(Vce(plot,(which(is(extracted(from(the(IcR
Vce(measurements(of(the(HPT(under(dark(and(illuminated(conditions.(It(shows(Vbe(as(a(
function(of(Vce(at(a(constant(base(current(bias(of(1uA.(In(the(dark(condition,(Vbe(is(0.66V(
at(Vce(=(0V.(It(then(increases(to(0.72V(when(Vce(is(0.2(V(and(is(approximately(constant(
until(2.5V(Vce.((As(the(HPT(is(illuminated(Vbe(increases(by(0.08V(and(is(now(0.74V(at(0V(
Vce.(This(value(increases(up((to(0.87V(when(Vce(increases(to(0.7V(and(is(the(same(value(
until(Vce(=(2V.(In(the(linear(region(the(change(in(Vbe(due(to(the(optical(illumination(of(
2.44mW(is(0.15V(illumination.(Further(examination(of(the(IcRVce(measurements(shows(
that(the(difference(in(Vbe(for(the(linear(region(when(Ib(=(10μA(is(0.06V(
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(
Figure'3.23'R210xEBC'Vbe'vs'Vce'for'Ibbias'of'1μA'

Shown( in( Figure( 3.24(a)( is( the( Ic( vs.( Vbe( curve( that( is( extracted( from( the( dark( and(
illuminated(measurements( of( the(HPT.( It( shows( that(with( an( initial( 1μA( base( current(
bias,(the(measured(Vbe(increases,(and(the(collector(current(increases((to(a(value(that(is(
estimated(by(the(equation.(The(illuminated(collector(current( ( is(the(sum(of(two(effects:(
the(light(induces(bias(shift(and(then(Ic(is(increases;(the(light(adds(up(to(Ic(and(additional(
photogenerated(current(that(is(not(controlled(by(the(transistor(effect.(It(does(follow(the(
Eq.( 3.2.( The( solid( curve( shows( that(dark( Ic( of( the(HPT(with( ( a( bias( of( 2V(Vce( and( the(
current(is(from(1μA(to(100μA.(The(curve(with(blue(tick(marks(shows(the(subset(dark(IC(
with(1μA(up(to(20μA.(The(red(tick(marks(shows(the(illuminated(Ic(with(ib(=(1μA(to(20μA.((
The(location(of(Ic(when(Ib(is(1μA(is(at(Vbe(equal(to(0.87V(but(its(value(is(higher(than(the(
Ic(at(0.87V(in(dark(conditions.(The(effect(of(the(illumination(intensity(the(in(the(collector(
current( behavior( under( constant( current( biasing( in( base( of( the(HPT( is( seen( in( Figure(
3.24(b).(This( indicates( the( lower(photo(generated(current(by(the(1.22mW(illumination(
as(compared(to(the(2.44mW(illumination.(
(

(
a)( ( ( ( ( b)(

Figure'3.24'IcLVbe'curve'form'IcLVce'measurements'1μA'–'20μA'in'dark'and'illuminated'conditions.'

In(summary,(the(illumination(of(the(HPT(under(constant(current(biasing(pushes(the(base(
biasing( point( from( Ibdc( to( Ibdc( +( Iphoto( ( with( Iphoto( generated( from( the( base( Rcollector(
region.( The( initial( Vbe( is( shifted( to( higher( Vbe( value.( This( results( to( an( increased(
measured( collector( current( Ic.( The( difference( between( the( dark( and( illuminated(
collector(current(is(the(induced(photocurrent(Icopt(due(to(optical(injection.((
(
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3.3.2.2.2 Responsivity#behavior#
(
The( measured( collector( current( in( dark( and( illuminated( conditions( can( be( used( to(
extract( the( DC( Responsivity( of( the( HPT.( Figure( 3.25(a)( shows( it( as( a( function( of( the(
current(base(bias(Ib.(The(peak(responsivity(occurs(at(the(lowest(Ib(value.(It(is(4.95A/W(
at(2V(Vce(and(1μA(Ib.((Figure(3.25(b)(shows(the(same(extracted(DC(responsivity(values(
as( a( function( of( the( measured( Vbe( under( illumination.( It( shows( that( the( peak(
responsivity( occurs(when( the(measured( illuminated( Vbe( is( 0.87V,(which( is( consistent(
with(Ib(=1μA.(Figure(3.26(shows(the(responsivity(curves(as(a(function(of(Vce(at(different(
constant(base(currents.( It( can(be(seen( the( lowest(supplied(base(current( (1μA)(exhibits(
the(highest(extracted(responsivity.(The(extracted(DC(responsivity(goes(lower(as(higher(
base( currents( are( supplied( at( specific( values( of( Vce.( Finally,( Figure( 3.27( shows( the(
responsivity(vs.(Ib(curve(over(the(entire(range(of(supplied(Ib(of(1ua(to(100uA(at(different(
Vce( values( of( 1V,( 2V( and( 2.5V.( The( lowest( Ib( and( higher( Vce( exhibits( the( highest(
responsivity(as(high(as(5.1A/W.(

(
a)( ( ( ( b)(

Figure'3.25'DC'Responsivity'of'R2L10SQxEBC'vs'Ib'at'Vce'='2V'for'constant'current'biasing'in'the'
base'under'2.44mW'of'illumination'

(

(
Figure'3.26'R2L10SQxEBC'HPT''DC'Responsivity'vs.'Vce'at'diffent'Ib'under'2.44mW'of'illumination'

(
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(
Figure'3.27'R2L10SQxEBC''Responsivity'(A/W)'vs'Ib'(Ib'=1uA'–'100uA)'under'2.44mW'of'

illumination.'

Such(a(behavior(versus( Ib( is(quite( important.( It( shows(peak( responsivity(much(higher(
than(what(was(observed(with(constant(Vbe(measurements.(In(the(next(curve,(we(verify(
the(phenomenon(as(a(function(of(the(optical(power(with(an(xEBC(with(etched(oxide(HPT(
(R3_10SQxEBCeO).( In( this( case,( we( consider( Ib( currents( as( low( as( 100nA( and( up( to(
100μA.(At(100nA(Ib,(which(is(a(very(low(bias(in(the(base,(the(HPT(could(be(considered(as(
2T( HPT( configuration( where( average( optical( power( of( the( illumination( provides( the(
needed( base( current( to( bias( the( HPT.( Figure( 3.28(b)( shows( the( measured( collector(
current(in(the(HPT(with(Ib(bias(of(100nA(with(different(optical(powers.((
(

(
a)( ( ( ( b)(

Figure'3.28'R3L10SQxEBCeO'a)IcLVce'curved'in'nonLilluminated'condition'b)'IcLVce'curves'with'Ib'
=100nA'at'different'optical'power'levels'

Figure(3.29(shows(the(responsivity(of(this(HPT(as(function(of(((a)(Vce((at(different(values(
of(Ib(and(((b)(Ib(at(specified(values(of(Vce(under(1.8mW(of(illumination.(For(this(HPT,(the(
extracted(responsivity(is(2.82A/W(from(an(Ib(of(100nA(R1μA.(The(DC(responsivity(from(
this( very( low( bias( region( is( almost( constant.( This(means( that( the(measured( collector(
current(under(the(illuminated(condition(provides(the(dominating(base(bias.(It(could(be(
considered( that( this( biasing( range( is( similar( to( the( 2T( HPT( operation.( Higher( base(
currents( in( constant( base( current( biasing( results( in( lower( extracted( DC( responsivity,(
when(the(HPT(operates(in(the(high(bias(region,(the(collector(current(is(severely(limited(
by(high( current( effects.( Finally,( Vce( values,( as( long( as( it( lies( in( the( linear( region,( have(
minimal(impact(on(the(responsivity.(
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(
a)( ( ( ( b)(

Figure'3.29'Extracted'DC'responsivity'of'R3L10SQxEBCeO''with'1.8mW'optical'input'a)'vs'Vce'at'
different'values'of'supplied'Ib''b)'vs'Ib'at'Vce'='1.5V,'2V,'and'2.5V'

3.3.2.2.3 Effect#of#the#HPT#structure#on#responsivity#curves#
(
Figure(3.30( shows( the( comparison(of( the(extracted(DC(responsivity( from( the(different(
sized( xEBC( HPT( of( Run2( under( 1.22mW( illumination.( Figure( 3.30( (a)( shows( the(
responsivity(versus(Vce(when(the(supplied(base(current(is(1μA.(The(highest(responsivity(
is( from( the( 50SQxEBC( HPT( where( 100%( of( the( optical( beam( passes( thru( the( optical(
window.(This(is(followed(by(the(20SQxEBC((HPT(with(75%(of(the(optical(beam(pass(thru(
the( optical(window( and( finally( the( lowest( response( is( from( the( 10SQxEBC(HPT( (with(
only(15%(of(the(optical(signal(which(enters(the(optical(window(A(record(responsivity(of(
12.83A/W(was(exhibited(with(the(50x50µm2(HPT(in(EBC(structure(R2R50SQxEBC.(Figure(
3.30( (b)(present( the( responsivity( versus( Ib(when( the( supplied(Vce( is(2V.( It( shows( the(
general(trend(of(lowering(of(the(extracted(DC(responsivity(as(the(supplied(base(current(
is(increased.(

(
a)( ( ( ( ( b)(

Figure'3.30'Extracted'DC'responsivity'of'different'R2LSQxEBC'HPTs'(a)'vs.'Vce'at'supplied'Ib=1uA''
(b)'vs.'Ib'at'Vce'='2V'

Finally,( Figure( 3.31( shows( the( comparison( of( the( extracted( DC( responsivity( from( the(
different( sized( xEBCeO( HPT( of( Run3( under( 1.8mW( of( illumination.( The( general(
characteristic( in( terms(of( increasing( responsivity( as( the(optical(window( increases(and(
coupling(of(the(optical(beam(increases(is(also(observed.((Very(low(current(biasing(in(the(
order(of((nA(shows(constant(extracted(responsivity.((
(
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(
a)( ( ( ( ( b)(

Figure'3.31'Extracted'DC'responsivity'of'different'R2LSQxEBC'HPTs'(a)vs'Vce'at'supplied'Ib=1uA''(b)'
vs'Ib'at'Vce'='2V'

The(difference(between(xBC(and(xEBC(HPTs(are(shown(in(Table(3.7.(It(shows(a(summary(
of(the(measured(peak(DC(responsivity(of(the(different(HPTS(under(constant(current((CC)(
base(bias.(Similar(behaviors(are(expected(for(all(topologies.(A(peak(responsivity(of(12.83(
A/W(is(demonstrated(for(R2R50SQxEBC(HPT(at(1.2mW(
(
' Vce'

(V)'
Ic'
(meas)'
(mA)'

Vbe'
(meas)'
(V)'

Ib'
(supplied)'
(μA)'

PinOPT'
(mW)'

DC'
Responsiv
ity'(A/W)'

R1L10SQxBC' 2( 4.6( 0.87( 20( 1.22( 0.06(
R1L50SQxBC' 2( 1.6( 0.76( 5( 1.22( 0.43(
R1L10SQxBCrT' 2( 2.46( 0.84( 5( 1.22( 0.85(
R1L50SQxBCrT' 2( 6.45( 0.81( 5( 1.22( 4.42(
R1L10SQxBCrTeO' 2( 2.50( 0.83( 5( 1.22( 1.02(
R1L50SQxBCrTeO' 2( 7.00( 0.82( 5( 1.22( 4.79(
R1L10SQxEBC' 2( 5.16( 0.81( 5( 1.22( 2.54(
R2L10SQxEBC' 2( 12.7( 0.87( 1( 2.44( 4.95(
R2L10SQxEBC' 2( 9.4( 0.85( 1( 1.22( 7.20(
R2L20SQxEBC' 2( 15.76( 0.84( 1( 1.22( 12.3(
R2L30SQxEBC' 2( 14.14( 0.81( 1( 1.22( 10.96(
R2L50SQxEBC' 2( 16.49( 0.79( 1( 1.22( 12.83(
R3L05SQxEBC_eO' 2( 2.21( 0.81( 0.01( 1.8( 1.18(
R3L10SQxEBC_eO' 2( 5.18( 0.81( 0.01( 1.8( 2.84(
R3L10SQxEBC_eO' 2( 9.00( 0.85( 11( 1.8( 2.17(
R3L30SQxEBC_eO' 2( 11.42( 0.80( 0.01( 1.8( 6.40(
'Table'3.7'Summary'of'extracted'DC'Responsivity'for'constant'current'base'biasing'(CC).'

3.3.2.3 Conclusion(and(comparison(between(CC(and(CV(modes(
(
In(summary,( illumination(of( the(HPT(shifts( the(bias(point(of( the(HPT.(For(the(case(of(a(
constant(voltage((CV)(that(is(applied(in(the(base,(the(measured(illuminated(base(current(
Ib( will( have( lower( values( as( compared( to( the( base( current( of( nonRilluminated( HPT,(
which( is( the(sum(of( the( forward(dark(current(and(of( the(reverse(photocurrent.(Part(of(
the(photocurrent( is( going(out( the(HPT( through( the(base( contact.(However(part(of( it( is(
amplified(with(the(current(gain(β.(Maximum(responsivity(of(6.4(A/W(has(been(found(for(
a(R3R30SQxEBCeO(HPT.(On(the(other(hand,(the( illumination(of(an(HPT(with(a(constant(
current((CC)(bias(in(the(base(results(in(an(increase(of(the(measured(Vbe.(This(means(that(
the(base(bias(of(the(HPT(is(increased(to(higher(values(that(are(multiplied(with(the(shifted(
current( gain( β.( This( results( in( very( high( measured( collector( currents.( Finally,( the(
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extracted( DC( responsivity( from( CC(measurements(will( have( higher( ( values( as( high( as(
12.83A/W(for(a(R2R50SQxEBC(HPT(under(1μA(Ib(and(2V(Vce.(Such(a(high(responsivity(is(
obtained(only(at(very( low(Ib(values(where( the(HPT(operates(as(2TRHPT.( (This(ensures(
that(all(photocurrent(generated(in(the(base(is(reinjected(in(the(HPT(and(then(amplified.(
(
(Figure(3.32(shows(the(comparison(between(the(extracted(DC(responsivity(from(CC(and(
CV(as(a(function(of(the(measured(illuminated(collector(current.(The(CV(biased(HPT(with(
Vbe=(0V(to(1V,(results(in(Ic(illuminated(range(of((855μA((to(22.76mA((with(a(peak(value(
of(0.49A/A( in( the( Ic(=(6.5mA.(The(CC(biased(HPT(with( Ibe=((1μAR100(μA)(results( in( Ic(
illuminated(range(of((13.29mA(to(21.56mA(with(a(peak(value(of(5A/W(under(2.4mW(

(
Figure'3.32'Extracted'DC'Responsivity'of'R2L10SQxEBC'vs.'Ic'illuminated'under'constant'current'and'

constant'voltage'bias'in'the'base'of'the'HPT'with'illumination'power'of'2.44mW'

3.4 OptoTmicrowave,response,,
(
This(section(shows(the(HPT(mode(optoRmicrowave(response(of(the(fabricated(HPTs.(In(
the(HPT(mode(of(operation,(the(base(of(the(HPT(is(biased.(The(detected(optical(signal(is(
amplified(by(the(transistor(operation(of(the(HPT.((
(
For(HPTs( of( RUN1,( optoRmicrowave( (measurement(were( implemented( using( constant(
current(in(the(base.(The(HPTs(are(operated(in(the(forward(active(mode(with(Vce(values(
at( 1V,( 1.5V,( and( 2V.( and( the( Ib( values( are( from( 5μA( to( 90( μA.( Figure( 3.33( shows( the(
optoRmicrowave((link(gain(GOM_Link(at(50(MHz(as(a(function(of((Ib(with(a(Vce(of(2V.(The(a(
GOM_Link((of(the(xBC(HPT(shows(of((an(average(value(of(R40(dB(across(the(Ib(sweep(range.(A(
the(lowest(bias(of(5μA(an(increase(of((4dB(with(the(removal(of(silicided(titanium((TiSi)(in(
the(xBCrT(GOMLink.(Further( improvement(of(at(most(2dB( is(seen(with( the(etching(of( the(
oxide( in( the( xBCrTeO( HPT.( Finally( the( GOMLink( of( the( xEBC( HPT( shows( the( best(
performance(with(at(most(6dB(improvement(in(response(over(the(xBCrTeO(HPT.(
(
Compared(to(the(PD(mode(improvement(of(6.5dB(when(moving(from(an(xBC(topology(to(
an( xEBC( one,( it( can( be( extracted( from( this( figure( that( the( xEBC( topology( provides( a(
better(amplification(of(the(photocurrent(by(typically(4.5dB(more.(
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(
Figure'3.33'GOM_Link'(dB)'@'50'MHz'vs.'Ib.'The'HPT'is'in'HPT'MODE'operation'with'2V'Vce'and'Ib'

from'5uA'to'90'uA'under'a'1.08mW'optical'beam'with'a'26um''diameter'spot'size.'

Figure(3.34(shows(the(R3dB(cutoff(frequency(of(an(optoRmicrowave(link(measurement(as(
a(function(of(the(base(current(and(a(Vce(of(2V.(The(laser(used(for(this(measurement(has(a(
bandwidth(of( (9GHz.(The(R3dB(cutoff(frequencies(shown(here(are(from(the(influence(of(
the(HPTs(only.(The(R3dB(cutoff(frequencies(of(the(xBC(based(HPTs(has(an(average(value(
of(200MHz.(These(HPTs(have(the(same(peak(fT(value(of(40GHz(as(seen(in(Figure(2.46.(On(
the(other(hand(the(xBC(HPT(has(an(average(value(of( (260MHz.(The(measurements(tells(
us(that(the(xEBC(HPT(has(faster(optoRmicrowave(response(at(850nm.(This( is(due(to(its(
higher(peak(fT(value(of(44GHz.(
(

(
Figure'3.34'Optical'Cut'off'frequency'(L3dBLink)'vs.'Ib'(change'the'colors'to'be'consistent)'

(
Figure( 3.35( shows( the( measured( link( gain( of( the( laser( +( HPT( with( the( HPT( under(
constant( base( current( of( the( different( 10x10μm2( and( 50x50μm2( HPTs( at( 50MHz.( The(
collector(voltage( is(at(2V,( Ib( is(swept( from.(0.5μA(to(90μA.(The(50SQxBC(HPT(shows(a(
2dBR3dB(increase(in(response(with(respect(to(the(10SQxBC(HPT.(For(the(50SQxBCrt(and(
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50SQxBCrTeO,(an( increase(of(9R10dB(was(observed(with(respect( to(the(smaller(optical(
window( counterparts.( The( order( of( GOM( response( from( lowest( to( highest(will( be( from(
xBC,(xBCrt,(xBCrTeO.(This(is(a(similar(performance(as(seen(in(the(10x10µm2((HPTs.(The(
same(is(observed(for(the(50x50μm2(HPTs(however(the(increase(from(etching(the(oxide(
with(bigger(HPTs( is(only(around(1(dB(as(compared(to(3dB( for( the(smaller(sized(HPTs.(((
The(optoRmicrowave((cutoff(frequency(of(the(bigger(devices(are(approximately(140(MHz(
as(shown(in(Figure(3.36,(and(the(smaller(HPTs(are(in(the(area(of(around(200MHz.((The(
larger(HPTs(are(slower(both(in(electrical(and(optoRmicrowave(response(as(expected.(
(

(
Figure'3.35'Gom''at'50'MHz'of'differerent'sized'HPTs'as'function'of'Ib'and'Vce'='2V'

(
(

(
Figure'3.36'Opto'Cutoff'frequency'as'a'function'of'Ib'for'different'sized'HPTs.'

For(HPTs( of(RUN1,( the(GOM( of( the(HPTs( in( relative( units( are( plotted( in( Figure( 3.37.( It(
shows(the(highest(measured(responsivity(from(a(Vce(=(2V(and(a(sweep(of(base(currents.(
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Table( 3.8( shows( the( complete( bias( values( for( the( optoRmicrowave( response( shown( in(
Figure(3.37.(At(50MHz(of(operation,(the( lowest(response(is(seen(from(the(R1R10SQxBC(
HPT( with( a( value( of( R33dB.( ( The( removal( of( titanium( in( the( R1R10SQR1xBCrT( HPT(
results( in( a( 4dB( increase( in( response.( ( An( addition( increase( of( 2dB( is( seen( with( the(
etching(of(oxide( in(the(R1R10SQR1xBCrT_eO(HPT.(Finally,( the(R1R10SQxEBC(HPT(has(a(
10dB( increase( as( opposed( to( the( R1R10SQR1xBCrT_eO( HPT.( This( order( is( initially(
observed(in(the(PD(mode(of(operation.(The(amount(of(increase(for(each(HPT(type(shows(
the(effect(of(the(amplification(of(the(optical(signal(in(the(HPT(mode(of(operation.(

(
Figure'3.37'GOM'(dB'n.u)'of'the'different'HPT'from'prototyping'run'1'in'HPT'mode'of'operation'

The(50x50µm2((HPT(shows(significant(increase(in(responsivity(in(the(low(frequency((as(
compared( to( their( 10x10µm2( ( HPT( counterparts.( This( is( due( to( the( decrease( in( the(
mismatch(loss(between(the(optical(beam(and(the(optical(window(of(the(HPT.(However,(it(
suffers(from(a(lower(optoRmicrowave(cutoff(frequency.(These(measurements(show(that(
the(R1R10SQxEBC(HPT(has(the(highest(response(in(the(GHz(range(of(operation.(
(
' Vce'

(V)'
Ic'
'(mA)'

Vbe'
'(V)'

Ib'
(μA)'

GOM(50(MHz)'
(dB'n.u)'

Cutoff'
Freq'(MHz)'

R1L10SQxBC' 2( 5.10( 0.88( 25( R32.59( 205(
R1L50SQxBC' 2( 14( 0.86( 75( R30.08( 133(
R1L10SQxBCrT' 2( 2.47( 0.84( 5( R29.15( 181(
R1L50SQxBCrT' 2( 17.24( 0.87( 75( R19.11( 142(
R1L10SQxBCrTeO' 2( 4.31( 0.87( 15( R27.5( 202(
R1L50SQxBCrTeO' 2( 16.25( 0.87( 65( R18.35( 143(
R1L10SQxEBC' 2( 9.27( 0.85( 20( R21.64( 264(
Table'3.8' 'Summary'of' 'GOM'(dB'n.u)'of'different'HPTS'with'optical'input'power'of'1.08mW'in'HPT'
mode'

The( xEBC( HPT( shows( the( best( results( from( prototyping( run( 1.( Prototyping( run( 2(
provides( HPT( structures( with( different( sized( xEBC( HPT.( The( measurement( of( the(
optoRmicrowave( response( of( the( Laser( +( HPT( link( provides( the( GOM(Link( provides( the(
starting(point( for( the( extraction(of( the(HPT( responsivity.( The( resulting(measurements(
are(shown(in(Figure(3.38.(In(this(figure,(the(one(axis( is(the(GOM_LinkRHPT(and(another(axis(
which( is( the(Frequency.(The(measurements(are(made( from(11MHz(up( to(24GHz.(Each(
slice(in(the(Vbe(axis(shows(the(Link(Gain(vs.(frequency(plot(when(Vce(=(2V.((This(shows(
that(for(a(0V(Vbe(Base(biasing,(we(observed(a(GOM(of(R26(dB(at(50(MHz(and(a(peak(GOM((
value(of(R20.86dB(at(50(MHz(for(a(base(voltage(of(0.85V.(
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(

(
Figure'3.38'GoM'at'Vce'='2V'and'Vb'from'0V'to'1.1V'

Figure(3.39((a(and(b(shows(the(GOM(Link(at(50(MHz(as(a(function(of(the(base(bias(voltage(
Vbe(at(a(fixed(Vce(of(2V(for(the(different(sized(xEBC(HPTs.(The(GOM(measurements(at(0VR
0.55V(could(be(considered(as(the(PD(mode(biasing(of(the(HPT.(In(this(biasing(region,(the(
Base(Collector(junction(is(reverse(biased(and(the(BE(junction(is(not(yet(forward(biased.(
The(GOM(increases(from(0.6V(and(reaches(its(peak(at(around(0.85V(Vbe,(it(then(starts(to(
fall(off(as(the(HPTs(are(in(the(high(injection(region(of(operation(for(voltages(greater(than(
0.85V.( The( difference( between( the( peak( GOM( and( the( GOM( At( 0V( is( GOPT.( It( is( the( gain(
enhancement(between(HPT(mode(and(PD(mode(of(operation.(
(
(Table(3R9(summarizes(the(GOM(under(PD(mode(and(HPT(mode((peak)(of(operation(under(
2.44mW(of(illumination.(
(

(
Figure'3.39'GOM_LinkLHPT'with'extended'Emitter'Base'and'Collector'(xEBC)'HPTs'at''different'optical'

windows'as'a'function'of'Vbe.'(a)'under'2.44mW'and'26um'spot'size'b)'1.22mW'and'26um'spot'size.'

( (
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Table'3L9''Summary'of'R2LSQxEBC'HPTs'under'2.44mW'Popt'in'constant'voltage'biasing'

' GOM'link'(50'MHz)''
PD'Mode'
'

GOM'link'(50'MHz)''
HPT'Mode'

Gopt' Peak'
Vb(V)'

Elec'beta'a'
peak'

R2L10SQxEBC' R25.37( R20.46( 4.91( 0.85( 420.5(
R2L20SQxEBC' R22.53( R12.44( 9.91( 0.85( 451(
R2L30SQxEBC' R24.18( R12.97( 11.21( 0.85( 444.7(
R2L50SQxEBC' R23.92( R13.62( 10.3( 0.85( 378(
(
In(terms(of(the(estimated(optical(gain,(the(20xEBC(has(10dB,(the(30xEBC(has(11dB(and(
the(50xEBC(has(a(10dB.(This(shows(that(the(optical(gain(for(the(devices(with(near(100%(
coupling(is(the(same.(
(
Figure( 3.40( shows( the( measured( GOM_LinkRHPT( as( a( function( of( the( measured( collector(
current(as(Vb( is(swept( from(0V(to(1.1V.( ( In(the(10xEBC(HPT,(the(peak( link(gain(occurs(
when(Vbe( is( equal( to( 0.85V( at( Vce( value( of( 2V.( In( the( illuminated( condition,( a( 9.7mA(
collector(current(is(measured.(As(Vbe(is(raised(above(0.85,(the(measured(GOM_LinkRHPT((goes(
lower( and( the(measured( collector( current( decreases.( The(measured( collector( current,(
which( corresponds( to( the(peak,(measured(GOM_LinkRHPT(has(a(value( that( increases(as( the(
size(of(the(optical(window(increases.(The(20xEBC(has(18.9mA(,(30xEBC(has(24.8mA(and(
the(50xEBC(has(37.35mA.(These(values,( shows( the( start(of( the(high( current(operation(
region( of( the( HPT.( Collector( currents( above( these( causes( the( gain( of( the( intrinsic(
transistor( to(starts( the( fall(off.( In(Figure(3.41( the(measured(GOM_LinkRHPT(as(a( function(of(
the(measured(base(current(Ib(as(Vb(is(swept(from(0V(to(1.1V(is(presented.((This(shows(
that( the(peak(GOM_LinkRHPT(could(generally(be(achieved(at(negative(values(of( Ib(under(the(
illuminated( condition.( In( term( of( positive( Ib( values,( the( highest( GOM_LinkRHPT( could( be(
achieved( in( the( lowest( possible( base( current( that( allows( for( the( forwardRactive(mode(
operation(of(the(HPT.((

(
Figure'3.40'Gom'Vs.'Ic'xEBC'different'optical'windows'

The( optical( cutoff( frequency( using( 50MHz( as( a( reference( low( frequency( response( is(
shown(in(Figure(3.42.((It(is(the(R3dB(frequency(of(the(GOM(measurements.(In(the(PD(mode(
operation.(The(10x10μm2(has(a(175MHz,(20x20μm2(is(152MHz,(30x30(is(149(MHz(and(
the( 50x( 50MHz( is( 130MHz.( ( The( cutoff( frequency( at( peak( GOM( is( a( follows:(
295MHz,199MHz,( 125MHz( ,97.5MHz( ( for( increasing( optical( window( size.( It( can( be(
observed(that(the(peak(cutoff(for(the(10x10(and(20x20(HPT(is(when(Vbe(=(0.85V(.(The(
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HPT(mode(operation(has(a(higher(cutoff((frequency(in(the(HPT(mode(as(supposed(to(the(
PD(mode.(However(for(the(30x30μm2(and(50x50μm2(HPT(the(inverse(is(observed.((
(
(

(
Figure'3.41'Gom'Vs.'Ib'xEBC'different'optical'windows'

(
Figure'3.42'Opto'cutoff'vs.'Vbe'

Figure(3.43((a)(shows(the(peak(measured(responsivity((dB)(for(the(xEBC(HPTs(of(run(2.(
Similar(to(the(previous(HPT(types,(HPT(with(optical(windows(that(are(equal(or(greater(
than(20x20μm2(show(improvements(over(10x10μm2(from(the(minimization(of(coupling(
losses.(However(such(improvement(in(the(low(frequency(HPT(responsivity(could(not(be(
seen( in( the(high( frequency(operation.( (The(R2R10SQxEBC(HPT(and(R2R20SQxEBC(HPT(
shows(similar(results((from(6(GHz(onwards.(Figure(3.43((b)(presents(the(measured(peak(
response(from(xEBCeO(HPTs(with(5x5µm2,(10x10µm2,(20x20µm2,(and(30x30µm2((optical(
windows.(In(low(frequency,((the(larger(the(size(of(the(optical(window(dictates(the(higher(
response.(The(30x30µm2((HPT(shows(the(highest(response(at(low(frequency.((However,(
in( the( GHz( range,( the( 10x10µm2( HPT( exhibits( the( best( response.( The( high( collector(
current(collector(current( in(the(5x5µm2(HPT(under(the(illuminated(condition(pushes(it(
in(the(high(current(region(wherein(it(has(lower(response(in(the(high(frequency.(Finally,(
Table( 3.10( show( the( summary( of( the( extracted( responsivity( from( optoRmicrowave(
measurements.(
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(
a)( ( ( ( ( b)(

Figure'3.43'OptoLmicrowave'response'of'different'HPT'a)'Run'2'xEBC'HPTs'and'b)'Run3'xEBC_eO'
HPTs.'

(
' Vce' Ic'

mA'
Ib'
uA'

Vb'
V'

PinOPT' Resp'
A/W''

F' ' L3dB'
opt'
(MHz)'
'

GBW'
GHzA/
W'

R2L10SQxEBC' 2( 9.71( R6.24( 0.85( 2.44( 0.33( 295( 0.099(
R2L20SQxEBC' 2( 18.86( R26.27( 0.85( 2.44( 0.84( 198( 0.166(
R2L30SQxEBC' 2( 24.81( R8.68( 0.85( 2.44( 0.78( 125( 0.097(
R2L50SQxEBC' 2( 37.35( 10.88( 0.85( 2.44( 0.70( 102( 0.072(
R3L05SQxEBC_eO' 2( 5.05( 9.17( 0.87( 1.8( 0.12( 195( 0.022(
R3L10SQxEBC_eO' 2.( 5.36( 5.54( 0.82( 1.8( 0.21( 247( 0.053(
R3L20SQxEBC_eO' 2( 9.60( 4.17( 0.82( 1.8( 0.34( 215( 0.074(
R3L30SQxEBC_eO' 2( 13.85( 3.01( 0.82( 1.8( 0.47( 152( 0.072(
Table'3.10' Summary'of' extracted'HPT' responsivity' from'optoLmicrowave' ' 'measurements' in'HPT'
mode.'

The( extracted( DC( responsivity( from( constant( (CC)( and( constant( voltage( (CV)( which(
provides( the( same(measured( illuminated( Ic( shows( that( higher( responsivity( values( are(
extracted(with(CC(base(bias.(However,(for(optoRmicrowave(measurements,(the(extracted(
responsivity(of(the(HPT(at(the(same(resulting(Ic(bias(level(shows(the(same(result(for(the(
extracted( responsivity.( This( is( illustrated( in( Figure( 3.44,( it( shows( ( the( extracted(
responsivity( R3R05xEBCeO( HPT( and( R3R10xEBC_eO( HPT( in( CC( and( CV( biasing( in( the(
base.((For(the(R3R10xEBC_eO(HPT,(an(Ic(of(14mA(is(achieved(by(2V(Vce(and(25.5μA(Ib,(or(
by(2V(Vce(and(0.9V(Vbe.(In(both(biasing,(the(extracted(peak(responsivity(is(0.21A/W(and(
the(resulting(responsivity(versus(frequency(curve(shows(no(variation.(This(is(due(to(the(
small( signal( nature( of( the( responsivity( extracted( from( the( optoRmicrowave(
measurements.( In( both( biasing( conditions,( the(HPT( are( compared( at( exactly( the( same(
bias(point( as( set( the(external(bias(and( illumination(power.( ( (The( same( result( could(be(
seen( with( the( R3R05xEBCeO( HPT( that( is( biased( at( 7mA( Ic,( which( results( to( a( peak(
responsivity(of(0.11A/W.(
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(
Figure'3.44'Comparison'of'optoLmicrowave'responsivity'of''HPT'extracted'from'CC'and'CV'

measurements'with'the'same'measured'illuminated'Ic'for'the'R3L10SQxEBC_eO'HPT'and''R3L
5SQxEBC_eO'HPT'

( (
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3.5 Conclusion,
(
The(two(operation(modes(of(the(HPT(were(analyzed(to(provide(an(understanding(in(the(
operation(and(characterization(of(the(different(HPT(structures.(In(the(photodiode(mode(
(PD)( mode,( the( effect( on( the( optical( path( of( the( vertical( stack( of( the( different( HPT(
structures(is(directly(visible.((
(
The(removal(of(the(silicided(titanium(and(the(etching(of(the(oxide(layers(helps(improve(
the(DC(responsivity(of(the(HPTs.(This(is(clearly(seen(on(HPTs(with(optical(windows(that(
are( equivalent( or( greater( than( the( spot( size( of( the( optical( beam( that( is( used( for( the(
optical( systems.( Finally,( using( the( full( extended( emitter( structure( (xEBC)( HPT( shows(
better( performance( by( 6.5dB(when( compared( to( a( BaseRcollector( extended(HPT( only,(
even(with( the( improvement( of( the( removal( of( TiSi( and( oxide( etching( (xBCrTeO).( The(
etching( in( the(oxide( in( an( xEBC(HPT(or( an( xBC(HPT(also( improves( further( the(optical(
response(typically(by(2dB.(
(
The( effect( of( the( constant( current( CC( and( constant( voltage( CV( bias( in( the( base( was(
studied(and(its(effects(could(be(summarized(as(follows:(In(the(illuminated(condition,(the(
average( power( of( the( optical( signal( shifts( the( bias( in( the( base( of( the( HPT.( In( the( CV(
condition,(the(measured(current(in(the(base(has(a(lower(value(as(compared(to(the(nonR
illuminated(base( current( from( the( same(Vbe(bias.( This( forces( the(HPT( to( operate( in( a(
lower(base(bias(and(shifted(current(gain.(In(the(CC(condition,(the(measured(Vbe(is(higher(
that(the(nonRilluminated(Vbe.(This(indicates(that(base(bias(is(shifted(to(a(higher(Ib(bias(
due( to( the( photocurrent( and( the( current( gain( β( is( shifted( as( well.( The( extracted( DC(
responsivity(at( the(same(illuminated(Ic(bias(value(shows(that(CC(biased(base(will(have(
higher(responsivity(compared(to((HPT(in(the(CV(bias,(specially(at(low(Ib(where(the(3TR
HPT(behaves(has( a(2TRHPT( like(behavior.(However,( the( experiments(have( shown( that(
the(type(of(biasing(in(the(base(has(no(effect(in(the(optoRmicrowave(behavior,(because(the(
optoRmicrowave(((responsivity(is(a(small(signal(property(and(the(HPT(is(operated(in(an(
illuminated( Ic(bias( that( is( fixed(by( the(base(bias( and( the( average(power(of( the(optical(
beam.(However(the(CV(mode(proved(to(allow(a( larger(amplitude(of(biasing(conditions,(
independent(on(the(optical(power(that(is(injected.(
(
It(can(also(be(concluded(from(this(chapter(that(the(xEBC(topology(has(an(advantage((as(
compared(to(the(xBC(topology.(The(xEBC(offers( improved(optical( transmission(as(seen(
from(the(PD(mode(response(and(a(its(ability(to(amplify(the(photodetected(signal(in(the(
HPT(mode( is( improved( by( at( least( 4.5dB.( This( results( in( a( 11dB( improvement( on( the(
total(GOM.(
(
(
Finally,( the( optoRmicrowave( measurements( show( that( R2R10xEBC( HPT( shows( the(
highest( measured( opto( microwave( response( at( 5GHz.( However,( due( to( high( coupling(
losses(associated(with(the(26μm(spot(size(used(for(the(illumination,(it(has(very(low(optoR
microwave( response( at( lower( frequencies.( The( R2R20SQxEBC( offers( very( high(
responsivity( in( the( low( frequency(of(operation(due( to(better( coupling(with( the(optical(
beam.( In( the( high( frequency( of( operation,( its( response( is( only( lower( by( 1( dB( at( 5GHz(
compared( to( the( R2R10SQxEBC( and( is( practically( the( same( value( for( operation( above(
6GHz.( This( 20SQxEBC(offers( a( good( trade( off( between( optical( coupling( and( frequency(
response.(The(cutoff(frequency(on(the(HPT(mode(GOM(proved(to(be(improved(by(the(use(
of(xEBC(topology(typically(by(a(30%(ratio.( (
( (



Chapter(3(SiGe(HPT(OptoRmicrowave(behavior(

Study(of(SiGe(HPT(for(Radio(over(Fiber(applications(( 124(

(



Chapter(4(HPT(Based(Circuits(and(Amplifier(Circuits(

Study(of(SiGe(HPT(for(Radio(over(Fiber(applications(( 125(

4 HPT, Based, Circuits, and, Amplifier,
Circuits,

'
4.1( INTRODUCTION'.....................................................................................................................'125(
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4.1 Introduction,
(
This( chapter( focuses( on( the( design( and( characterization( of( HPT( based( circuits( and(
amplifier( circuits( that( can( be( used( in( the( implementation( of( a( circuit( subsystem( for(
integrated(optoelectronic(receiver(circuits.((
(
OptoRmicrowave(matching(will( be( presented( as( it( affects( the( performance( of( a( single(
HPT( device.( The( theory( on( optoRmicrowave( matching,( as( well( as( simulations( and(
measurements,(will(be(discussed(as(a(background(on(how(single(HPT(performance(could(
be(optimized(using(only(passive(devices( to(provide( input(matching( in( the(HPT.(Output(
matching(is(also(considered(while(strictly(similar(to(the(standard(HBT(case.((
(
Characterization( of( several( HPTRHBT( pairs( is( then( presented.( This( integration( is(
expected(to(provide(an(efficient(way(to(collect(or(amplify(further(the(output(signal(of(the(
HPT(at(a(reduce(cost(in(additional(passive(circuits.(It(is(also(a(step(toward(the(fabrication(
of( simple( OERMMIC( .The( general( idea( of( using( multi( stage( amplification( to( improve(
single(stage(amplifier(limitations(is(discussed.((
(
A(conclusion(is(then(provided.(

4.2 OptoTmicrowave,,Matching,,
(
In(this(section(the(effect(of(optoRmicrowave(matching(on(HPTs(is(presented.(A(threeRport(
configuration( is( used( to( represent(phototransistors.(The( target( is( to( optimize( the( gain(
between( the( optical( input( and( the( electrical( output( of( the( HPT( as( a( function( of( the(
impedance(that(is(presented(in(the(base(of(the(HPT.(Port(1(is(an(electrical(access(in(the(
base,(Port(2(is(a(single(direction(access(optical(window(and(finally,(Port(3(is(an(electrical(
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access( in( the( collector(where( the(electrical( emitter( access( is( grounded( in( the( common(
emitter( configuration.( The( intensity(modulated( optical( signal( is( injected( in( Port( 2( and(
the(modulating( signal( is( collected( in(port(3.( (The(optoRmicrowave(SRparameters(of( the(
HPT(can(be(defined(as(follows([130].(
(

S11((((
reflection(of(the(base(

(

S12((
transfer(of(the(optical(
access(towards(the(base(

S13(
transfer(of(the(collector(

towards(the(base(
S21(=0(

(transfer(of(the(base(
towards(the(optical(entry(

S22(=0(
(reflection(of(the(optical(
access(are(equivalent(

S23(=0(
(transfer(of(the(collector(
towards(the(optical(access(

S31(
transfer(of(the(base(
towards(the(collector(

(

S32(
transfer(of(the(optical(
access(towards(the(

collector(

S33(
reflection(of(the(collector.(

(

(
The(three(ports,(S22(,(S21(and(S23((are(equal(zero(since((the(optical(port(is(assumed(to(have(
only(one(direction.(The(parameters(S11,(S33,(S31(and(S13(are(classical(electrical(parameters(
while(S12((and(S32(are(the(new(defined(optoRmicrowave((SRparameters. 
(
The(resulting(schematic(of(a(threeRport(representation(of(the(HPT(is(presented(in(Figure(
4.1.((

(
Figure'4.1'Three'port'representation'of'the'HPT'[230]'

An( equation( to( define( optoRmicrowave( ( gain( GOM( of( the( HPT( is( formulated( using( the(
optoRmicrowave(((SRparameters(and(the(load(impedances(in(the(base(and(collector([130].(
The(GOM(of(the(HPT(is(presented(in(Eq.(4.1(which(takes(into(consideration(of(the(single(
direction(of(the(port(S21(=(S22(=(S23(=(0.( 
(

!!" = !! ∙ !! ∙ !! =
1 −! ∙ Γ!
1 − !!! ∙ Γ!

!
∙ !!" ! ∙ 1 − Γ! !

1 − !"! ∙ Γ! !(
Eq.'4.1'

(
where((

! = !!!! − !
!!" ∙ !!"
!!"

(

(

!"! = !!! ∙ !
1 − ! ∙ Γ!
1 − !!! ∙ Γ!

(

(

! = !!! − !!" ∙ !!
!!!
!!!

(

!"!(is(the(output(reflection(coefficient(of(the(HPT(when(the(base(is(loaded(with(!!(=(50Ω.(
The( equation( for( GOM( has( three(main( terms;( G1( represented( the( influence( of( the( load(
impedance(presented(to(the(base(of(the(phototransistor((Port(1),(G0(represents(the(50ΩR
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Fig. 8. Comparison between measurement data (thin lines) and simulation
results (thick lines) of the small-signal electrical -parameters from the abrupt
base HPT (PV4D) and from the graded base HPT (PV4E) in the frequency range
of 250 MHz–65 GHz with mA and V.

Fig. 9. Diagram of the HPT considered as an opto-electronic device.

This model is also useful to simulate small-signal opto-
microwave -parameters of the device, as will be defined later,
and, therefore, to compute and optimize the opto-microwave
power gain of the HPT. Optimum loads for the HPT as a mixer
or the HPT as an opto-microwave amplifier in a photoreceiver
will then be established.

III. MAXIMUM GAIN OF A PHOTOTRANSISTOR

A. HPT Three-Port Definitions

The conditions to optimize the gain between the optical
input and electrical output of the transistor as a function of
the impedance presented to the base and collector outputs are
outlined here.

In the optoelectronic domain, the response of a phototran-
sistor is usually taken as the ratio of the output current on the
input optical power taken from Fig. 9. This ratio is called the
50- responsivity and is written as follows:

(26)

and in decibels

(27)

In a phototransistor, the photodiode is directly connected
to the transistor, which avoids the need to match circuits

Fig. 10. Three-port scheme of the HPT.

Fig. 11. Definition of the equivalent optical input port.

between the diode and amplification device. However, different
microwave impedances can be connected to the phototransistor
electrodes to optimize the responsivity [2]. No tools are defined
to optimize the responsivity as a function of the impedances
loading base and collector. A solution derives from the use
of a microwave domain tool: the -parameters. Indeed, to
realize this optimization, a phototransistor can be considered
as a three-port, as shown in Fig. 10, which should be defined
by its -parameters. Port 2 is the optical input, port 1 is an
electrical port between the base and emitter, and port 3 is an
electrical port between the collector and emitter.
are Kurokawa’s power waves and are the equivalent
incident and reflected power waves representing the envelope
of the optical power at this port. It is to be noted that is
now a complex value as its phase can be changed, for instance,
according to the length of a fiber optic. is fixed at zero,
therefore, in this three-port, .

Fig. 11 represents a circuit fulfilling the condition
. The optical input is represented by a

equivalent current source with two resistances so that the
injected input equivalent current gives , representing the in-
jected optical power

(28)

The collector and base loads are . With this diagram, it is
possible to define the -parameters, which can be simulated by a
linear analysis of the large-signal model for a particular biasing.
After this analysis, and are classical electrical

-parameters, while it is to be noted that and are the
new defined opto-microwave -parameters. and
are null.

A synthesis between microwave and optoelectronic domains,
i.e., between Fig. 9 on one side and Figs. 10 and 11 on the other
side, is proposed in Fig. 12. This figure enables a relation to be
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loaded(gain(of( the(phototransistor,(and(the( term(G2(represents( the(effect(of( the(output(
impedance(that(is(connected(to(the(collector(of(the(phototransistor((Port(3).(
(
Maximizing( the(gain( terms(G1( and(G2( through(adequate( load( impedances(presented( in(
the(base(and(collector(ports( leads(to(a(maximization(of(the(optoRmicrowave( ( (gain(GOM.((
The( gain( of( G2( is(maximized( by( impedance(matching( techniques( to( the( collector( port.(
The(load(impedance(in(the(collector(should(be(the(conjugate(of(sp3,(Γ! = ! !"!∗ .( It(should(
be(noted(that(G2(is(also(dependent(of(the(base(load(since(!"!(is(a(function(of(Γ!.(However,(
we(will(assume(that(this(dependence(is(negligible(and(that(Γ!(has(a(strong(influence(in(G1(
only.(
(
In( order( to( find( the(Γ!(that( maximizes( G1,( it( is( essential( to( consider( the( values( of( the(
poles(and(zeroes(of(G1.(This(is(represented(as(Γ!"#$ (and(Γ!"#$ .(
(

Γ!"#$ = !1 !!!(
(

Γ!"#$ = !1 !(
(
This(means( that( if( !!! < 1,( the(pole(of( the( function(will(be( located( in( the(outside( the(
Smith( chart.( An( !!! ≥ 1(presents( a( possibility( of( having( an( unstable( operation( of( the(
phototransistor.( The( main( consequence( on( the( optimal( base( load( for( which( the(
optoRmicrowave( available( gain( is( maximum,( assuming( a( passive( load( is( necessarily(
located(at( a(place(of( constant( gain( that( is( tangent( to( the( edge(of( the( Smith( chart.(This(
means(that(the(optimum(impedance(is(purely(reactive(impedance.(
(
At(a(specific(frequency,(the(analysis(of(the(gain(component(G1(leads(us(to(define(the(place(
of(constant(gain(of(this(function(in(terms(of(load(impedances(Γ1(of(the(base.(
(

!! =
1 −! ∙ Γ!
1 − !!! ∙ Γ!

!
= Γ!(!"#$)

Γ!(!"#$)

!
∙ ! Γ! − Γ!(!"#$)Γ! − Γ!(!"#$)

!
(

Eq.'4.2'

(
(
The( gain,( computed( as( a( function( of( Γ! (is( constant( on( complex( circles.( This( is(
represented( in( Figure( 4.2,( using( a( physical( simulation( of( the( 1st( generation( SiGe( HPT(
[130].(
(

(
Figure'4.2''Circles'of'constant'profit'of'G1''in'the'plan'1Γ '(pole'represented'by'a'`+','and'zero'by'a'`O')'
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The(location(of(the(pole((+)(and(zero((0)(of(G1(plays(a(key(role(for(both(the(optimum(and(
minimum(gain.(The(analysis(of( the(orientation(of( the(middle(segment(defined(by(these(
two(points(is(particularly(important.(In(the(vicinity(of(the(Γ!"#$ ,(the(gain(circles(indicate(
an( increase( in( the(gain,(and(a(decrease( in( the(gain(around( the(Γ!"#$ ,( for( this(particular(
HPT,( at( a( specific( biasing( and( frequency( of( operation.( Base( Loads( influence( in( 1st(
generation(SiGe(HPTs.(
(
Experimentally,(the(analysis(of(the(impact(of(the(base(impedance(in(the(behavior(of(the(
phototransistor( was( studied( on( an( InGaAs/InP( HPT( and( a( 1st( generation( SiGe( HPT(
pictured(in(Figure(4.3([231].(In(this(study,(Port(1(of(the(network(analyzer(is(connected(at(
the(bias( input(of(an(850nm(laser,(which( illuminates(the(optical(window(of(a(SiGe(HPT.(
Port( 2( of( the( network( analyzer( is( connected( on( the( collector( of( the( phototransistor,(
loaded(with(50�.(The(base( is(connected( to(a(biasRT,(allowing( it( to(be(connected( to(an(
electrical(supply(as(well(as(connection(to(SMA(connectorized(RF(impedance.(A(1mRlong(
low( loss( cable( connects( the(biasRT( to( the( load(which( is(a(50Ω( load,(a( shortRcircuit(and(
openRcircuit(presented(alternatively(to(the(base.(This(makes(possible(a( large(variety(of(
impedances( to( be( connected( to( the( base.( This( terminated( line( acts( as( an( impedance(
generator( as( closed( as( possible( to( the( border( of( the( Smith( chart.( This( measurement(
bench(is(illustrated(in(Figure(4.4.(
(

(
Figure'4.3'Chip'photo'of'the'1st'Generation'SiGe'HPT'with'a'10x10'μm2'optical'window.'

(
Figure'4.4'Measurement'setup'used'to'study'the'effects'of'different'base'load'of'the'HPT.'

The( detected( optical( signal( can( flow( in( two( directions.( The( main( flow( follows( the(
direction( towards( the( collector.( This( is( amplified( through( the( transistor( action( of( the(
phototransistor.(The(other(direction(corresponds(to(the(possibility(for(the(photocurrent(
flowing( out( of( the( base( access( without( being( amplified( by( the( transistor( action.( This(
signal( is( lost( when( the( base( is( loaded( with( 50Ω.( Nevertheless,( when( a( reactive(
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First, this behaviour is studied theoretically. The 

optimal impedance of ī1 load is studied by tracing the 

place of the values of ī1 giving constant G1 to 38GHz, for 

a HPT InGaAs/InP detailed in [2]. 

The follow-up of the positions of pole and zero of G1

regarding the frequency is then dominating for the 

optimization of the HPT, circles of constant gain turning 

around these two points. 
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proximity of the pole. This one is controlled by 1/S11. It is 
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III. EXPERIMENTAL BENCH 

An experimental bench is developed for the analysis 

of the impact of the base impedance on the behaviour of 

the phototransistor. We undertake this study using a 

Vector Network Analyzer, VNA, as described in Figure 

2. 

Port 1 of the analyzer is connected at the entry of a 

laser which illuminates the optical window of a SiGe/Si 

HPT resulting from [4]. Port 2 of the vector analyzer is 

connected on the collector of the phototransistor, thus it 

loaded with 50Ohms. The base is connected to a bias-T, 

allowing it to be connected to an electrical supply as well 

as connection to connectorized SMA type RF impedance. 

A 1m long low loss cable is inserted between the bias-T 

and the load. A 50Ohms load, a short-circuit and open-

circuit are presented alternatively, which makes it 

possible to carry out a large variety of impedances to be 

connected to the base. This terminated line acts as a 

synthesizer of impedance as closed as possible to the 

border of the Smith chart. 

Figure 2. Measurement Setup 

The whole optical link is measured in our case. The 

base impedance influences only the properties of the 

phototransistor, thus it is not necessary to dissociate the 

each components of the link. 

IV. SIGE HPT MEASUREMENTS AT 850NM

SiGe HPTs under study have been processed in a 

multi-wafer-run using the SiGe1 Atmel technology. 

Those devices have been first demonstrated in [7] and 

theoretically analyzed in [5],[8]. 

Base
Emitter
Collector

Base
Emitter
Collector

Figure 3. Top view of a SiGe HPT with a central 10x10�m² optical 

window. 

A 850nm VCSEL with a 10GHz bandwidth has been 

used for the optical injection, with a focusing lens with a 

radius estimated to 22�m put at the end of the optical 

probe to illuminate the 10�mx10�m optical window. The 

opto-microwave gain is then plotted in Figure 4. The 

collector is loaded with 50 Ohms, and variable base load 

impedance according to the frequency are presented to 

the base through the delay line technique. Thus the 

32 50 ,Zc ZbGt = Ω  is obtained.  
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impedance(is(presented,(the(signal(that(flows(out(of(the(base(can(be(reintroduced(to(the(
direction( of( the( collector( where( it( can( be( amplified.( This( direction( presents( a( phase(
difference( given( by( S12( and( S31( combined( with( the( terminal( impedances.( If( this( is( in(
phase(with( the(main( flow,( there(will( be( an( improvement( in( the( GOM.( ( This( is( directly(
controlled( by( the(Γ!(load( that( is( presented( in( the( base( of( the( phototransistor.( The(
optoRmicrowave(((gain(GOM(of(the(1st(generation(SiGe(HPT(with(the(collector(loaded(with(
50Ω(and(the(base(with(varying(base(loads(is(shown(in(Figure(4.5.(

 
Figure'4.5'Measured'optoLmicrowave'gain'in'relative'units'of'the''SiGe'link'for'a'base'load'using'a'
shortLcircuit'(grey'dotted'curve'),'openLcircuit'(dark'dashed'curve)'and'50'Ohms'load'(solid'curve)'

in'end'of'line.'[231].'

The(presence(of(clearly(visible(extrema,(in(particular(at(the(frequencies(lower(than(1GHz(
for( the( zone(where( the( presented( impedances( are( the( closest( of( the( edge( of( the( plot(
validates( experimentally( the( theory( of( the( optoRmicrowave( matching.( The( optimum(
impedances(presented(to(the(base(shows(improvement(in(response(in(the(factor(of(10dB(
as(compared(with(50Ω(base(load.(On(the(other(hand,(worse(case(impedances(degraded(
the(optoRmicrowave(gain.(
(
The(loads(produced(on(the(base(of(the(HPT(are(then(measured(for(the(case(of(the(open(
and( short( circuit( RF( loads.( The( values( corresponding( to( the( extrema( are( plotted( on( a(
Smith(chart(in(Figure(4.6(
(

'
Figure'4.6'Locus'of'the'impedances'giving'the'maximum'and'the'minimum''values'on'GOM'extracted'

from'measurements'
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The( losses( of( the( cable( used( to( connect( the( base( prevent( from( carrying( out( purely(
reactive( loads.( Thus,( it( is( sure( that( an( increase( in( the( gain( could( be( still( obtained.(
Nevertheless,(this(figure(shows(a(clear(proximity(of(optimal(impedances(locus(and(1/S11(
one( as( predicted( by( the( theory.( The( position( of( the( "worse( case"( loads( on( the( Smith(
chart,( contrary( to( the( "optimum"( load( impedances( location,( indicates(a(position(of( the(
zeroes(of( the(G1( function(which( is(outside(of( the(Smith(chart(beyond(the(pole(and( in(a(
quasiRalignment(with(it(and(the(50Ω(point.(It(is(a(particular(characteristic(related(to(the(
topology( of( this( SiGe( phototransistor.( ( Figure( 4.7(a)( shows( the( optoRmicrowave(((
measurements( with( the( short( loaded( cable.( The( location( of( the( optimum( loads( and(
worse( case( loads( are( marked.( The( phase( of( the(optimum( and( worst( case( impedance(
presented(to(the(base(of(the(HPT((at(these(specific(frequencies(are(presented(in(Figure(
4.7(b).( The( optimum( loads( occur( when( the( phase( angle( is( positive( from( 5°R150°( for(
measurements( until( 4GHz( and( the( worse( case( loads( occur( when( the( phase( angle( is(
negative(valued(form(R150(°up(to(R50°((

(
a)( ( ( ( ( b)(

Figure'4.7'Extracted'optimum'and'worse'case'loads'in'a'short'loaded'cable'from'measurements'of'
1st'Generation'ESYCOM'SiGe'HPT'a)'GOM''b)'phase'angle'of'GOM''

Base,Loads,influence,in,2nd,Generation,SiGe,HPTs.,
(
The(optoRmicrowave(measurements(of( a(10x10μm2( square(extended(emitter(base(and(
collector( (R2R10SQxEBC)( using( a( 4( port( 24GHz(Rhode( and( Schwarz( network( analyzer((
(R&SZNA24)(are(used(to(generate(a(3Rport(model(box.(This(model(is(generated(when(the(
HPT( is( biased(with( Vce( =2V( and( Vbe( =( 0.85V( and( an( optical( illumination( of( 1.22mW(
feeding(the(lensed(fiber.(These(are(parameters(from(illuminated(RF(measurements(and(
optoRmicrowave(measurements(of(the(HPT(under(the(bias(conditions(mentioned(earlier.(
The(3Rport(SRparameters(of(the(HPT(are(presented(graphically(in(Figure(4.8.(It(is(used(in(
the( simulations( (Agilent( ADS)( of( the( influence( of( base( loads( in( the( optoRmicrowave((
response(of(the(HPT(as(well(as(in(HPT(base(load(circuits(that(are(presented(in(the(next(
section.((
(
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(
a)( ( ( ( ( b)(

(
c)( ( ( ( ( d)(

(
e)( ( ( ( ( f)(

Figure'4.8'3Lport'SLparameters'of'the'HPT'at'Vce'=2V'and'Vbe'='0.85V','Popt'='1.22mW'from'
measurements.'a)S11''b)'S13'c)S31''d)S33'e)S32_OM''f)S12_OM''for'a'R2L10SQxEBC'HPT'

4.2.1 External,distributed,Base,loads,influence,
(
Initial( experiments( on( the( effect( of( different( loads( on( the( R2R10SQxEBC( HPT( were(
facilitated( with( the( use( of( simulations.( The( performed( simulations( follow( the(
experimental(setup(used(for(studying(the(base(load(effect(for(the(1st(generation(of(SiGe(
HPT.( In( simulations,( the( base( of( the( 3port(model( HPT( is( connected( to( a( coaxial( cable(
with(three(different(terminations(of(50Ω,(short(and(open.(The(schematic(representation(
of(this(simulation(setup(is(shown(in(Figure(4.9(.(
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(
Figure'4.9'Schematic'representation'for'the'simulation'the'base'load'effect'on'the'HPT.'

The(output(reflection(coefficient(presented(by(an(ideal(50Ω((and(1mRlength(coaxial(cable(
with( three( different( terminations( are( presented( on( Smith( chart( as( shown( in( Figure(
4.10(a).(The(lossless(nature(of(the(coaxial(cable(means(that(the(impedance(presented(to(
the(base(of(the(HPT(by(the(short(and(open(terminated(cable(is(positioned(in(the(border(
of( the( Smith( chart( with( frequency( (50MHzR24GHz)( in( 805( frequency( points( in(
logarithmic(scale.((The(simulation(results(are(shown(in(Figure(4.10b,(from(50MHz(up(to(
24GHz.( They( show( similar( behavior( to( the( measurements( on( the( 1st( generation( SiGe(
HPT.( The( simulations( show( higher( gain( peaks( from( some( frequencies( if( the( base( is(
loaded(by(a(stub.(A(50Ω(load(absorbs(the(photogenerated(carriers( flowing(to( the(base,(
they(will(not(participate(in(the(output(signal.(The(simulated(GOM(curves(shows(high(and(
narrow( peaks( as( compared( to( the( measurements( of( the( 1st( generation( SiGe( HPT( in(
Figure( 4.7( This( difference( in( the( height( of( the( peak( is( due( the( lossless( nature( of( the(
coaxial( cable(used( in( the(simulations;( the(narrow(shape( is(due( to( the(difference( in( the(
phase(velocity(of(the(coaxial(cables.(The(peaks(in(GOM(curve(shows(that(an(improvement(
of(at(most(30dB(at((low(frequencies(and((in(ideal(conditions((could(be(possible.(However,(
the(minimum( response( is( 2dB( below( the( 50Ω( terminated( base( load( response.( So,( the(
worse(case(base(load(results(to(a(degradation(gain(of(2dB.(
(

(
a)( ( ( ( ( b)(

Figure'4.10'Computed'results'for'a'R2L10SQxEBC'HPT'and'a'VI'Systems'VCSEL'Link'at'1.22mW'
a)Loads'presented'in'the'HPT'using'a'lossless'coaxial'cable'with'a'short,'open''and'50Ω''termination'

b)'GOM'''form'ideal'coax'1m'different'terminations:'50Ω','short'and'open'

Those( computed( results,( despite( obtained( from( a( simulator( are( direct( computation( of(
measured(results.(Thus,(it((provides(indirect(measured(quantities..(The(peaks(and(valley(
of(the(short(and(open(terminated(stub(loads(correspond(to(a(specific(impedance(load((at(
that(specific(frequency.(The(peaks(and(valleys(in(the(short(stub(loaded(at(the(base(of(the(
HPT(is(shown(in(Figure(4.11(The(corresponding(impedance(to(the(peak(and(the(valleys(
are( shown( on( Smith( chart( in( Figure( 4.12(a)( ,( and( the( phase( of( the( loads( on( Figure(
4.12(b).(As( expected,( the( ( peaks( in( the(GOM( correspond( to(purely( inductive(base( loads(
with( phase( angle( of( 8°( to( 50°.( The( valleys( correspond( to( purely( capacitive( loads(with(
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phase( angles( in( R177°( to( R126°.( However,( as( seen( in( the( phase( angle( of( the( loads(
presented(to(the(base(of(the(HPT,(the(abrupt(change(in(phase(from(a(negative(value(to(a(
positive( value(means( that,( certain( inductive( loads(will( also( result( in( GOM( values( lower(
than(50ΩRloaded(GOM(value.((
(

(
Figure'4.11.'GOM'of'optimum'load'and'worse'case'loads'with'an'ideal'coaxial'cable'from'50'MHz'to'10'

GHz'(Computations)'for'a'for'a'R2L10SQxEBC'HPT'and'a'VI'Systems'VCSEL'Link'at'1.22mW'

(
a)( ( ( ( ( ( b)(

Figure'4.12'Computed''results'for'a'R2L10SQxEBC'and'a'VI'Systems'VCSEL'Link'at'1.22mW'':'a)'
Corresponding'impedance'of'optimum'load'and'worse'case'loads'with'an'ideal'coaxial'cable'from'50'
MHz'to'10'GHz'b)'Phase'angle'of'the'loads'presented'to'the'HPT,'the'phase'angle'of'the'optimum'
load'is'highlighted'with'circle'and'the'phase'angle'of'the'worst'case'load'is'highlighted'with'a'

triangle.'

The(effect(of(a(fixed(10Ω(termination(in(a(lossless(coaxial(cable(and(a(lossy(coaxial(cable(
on( the( GOM( simulation( is( also( studied.( ( The( resulting( loads( in( the( base( are( placed( on(
Smith(chart(Figure(4.13(a).(The(lossy(coaxial(cable(loads(will(be(rotating(inside(the(Smith(
chart( as( the( frequency( is( swept( from( 50MHz( to( 24GHz( as( expected.( The( 10Ω( fixed(
termination(in(lossless(coaxial(cable(produces(an(impedance(with(a(constant(gamma(and(
with(different(angles(as(the(frequency(is(swept.(Figure(4.13(b)(shows(the(resulting(GOM(
for( the( different( cases:( ideal( coax( with( short( termination,( ideal( coax( with( 10Ω(
termination(and(lossy(coax(cable.(The(effects(of(the(lossy(coaxial(cable(is(seen(at(the(GOM(
greater( than(200MHz(where(the(peak(responses(are(slightly( lower(as(compared(to( the(
lossless(cable.(The(10Ω(terminated(cable(extinguishes(the(benefits(in(the(peak(response(
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of( the(purely( inductive( loads.(This(gamma(represents(a( realistic( load(but(offers(only(a(
maximum(peak(increase(of(at(most(5dB.(This(shows(that(more(interesting(loads(should(
be(located(in(between(the((fixed(gamma(from(the(10Ω(termination((and(the(border(of(the(
Smith(chart(which((shows(purely(reactive(devices.(
(
Nevertheless,( using( load( and( transmission( line( directly( integrated( to( the( ( SiGe( HPT(
decreases(the((losses(and(so(increases(GOM(consequently.(

(
a)( ( ( ( ( ( b)(

Figure'4.13'Computed'results'for'a'for'a'R2L10SQxEBC'HPT'and'a'VI'Systems'VCSEL'Link'at'1.22mW''
of'different'loads'in'the'base'of'the'HPT'by'using'1m'ideal'coax'terminated'by'short,'1m'lossy'coax'
terminated'by'short,'and'1m'ideal'coax'terminated'by'10'ohm. b) GOM  link'from'different'loads'in'
the'base'by'using'1m'ideal'coax'terminated'by'short,'1m'lossy'coax'terminated'by'short,'and'1m'

ideal'coax'terminated'by'10'ohm. 

The(location(of(the(optimum(and(worst(case(loads(for(the(10Ω(terminated(coaxial(cable(
is(shown(in(Figure(4.14(a)(in(Smith(chart(and(Figure(4.14(b),(in(terms(of(phase(angle(as(a(
function( of( frequency.( Similar( with( the( short( terminated,( coaxial( cable,( the( optimum(
loads(which(results( in(the(peaks(in(the(GOM(are(inductive(loads(with(phase(angle(in(the(
range( of( 5°to( 50°.( The( worse( case( loads,( which( are( valleys( in( the( GOM( curve,( are(
capacitive(loads(with(phase(angles(of(between(R170°(to(R130°.(

(
a)( ( ( ( ( b)(

Figure'4.14'Computed'optimum'and'worst'case'loads'for'the'10Ω'terminated'cables'for'a'for'a'R2L
10SQxEBC'HPT'and'a'VI'Systems'VCSEL'Link'at'1.22mW'a)'impedance'b)'phase'angle.'

The(GOM(peaks(are(higher(at(low(frequencies,(and(diminish(with(an(increased(frequency.((
Indeed(they(are(dependent(on( the( frequency(response(of( the(HPT(providing( the( initial(
limit( in( the( electrical( gain( as( could( be( seen( in( the( relative( H21( parameter( of( the(HPT.(
However,( the( peaks( of( GOM( fall( at( a( faster( rate( due( to( base( transit( time( of( the( device(
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where(the(signal(flowing(out(of(the(base,(comes(back(to(the(base(to(be(amplified(in(the(
collector(as(seen(in(Figure(4.15.(

(
Figure'4.15'Measured'H21''parameter'frequency'response'(normalized'to'arbitrary'units'for'

comparison)'and'the'of'the'GOM'with'a'10Ω'terminated'ideal'cable'from'computations'for'a'for'a'R2L
10SQxEBC'HPT'and'a'VI'Systems'VCSEL'Link'at'1.22mW'

4.2.2 Integrated,localized,Base,loads,influence,(Simulations),
(
Figure(4.16(shows(the(simulation(circuit(for(an(HPT(with(a(single(component(integrated(
base(load.(The(single(component(is(a(resistor,(inductor(and(capacitor,(corresponding(to(
the(previous(cases((resistance,(open(and(short(circuit(stubs).(

(
Figure'4.16'Schematic'diagram'of'the'HPT'with'different'base'loads'a)'resistor'b)inductor''and''c)'

capacitor'

A(resistor(can(be(easily(integrated(in(the(base(of(the(HPT.(The(simulation(results(for(the(
GOM( using( different( resistor( values( are( shown( in( Figure( 4.17.( The( 50Ω( value( is(
considered(as(the(reference(for(the(discussion.(Lower(values((10Ω(and(3Ω)((decrease(GOM((
at(low(frequencies(and(has(no(significant(effect(at(high(frequencies.(A(1000Ω(value(is(a(
very( high( impedance( presented( to( the( base( of( the( HPT( resulting( to( 10dBR15dB( gain(
increase( at( the( low( frequency,( the( frequency( response( is( similar( corresponding( to( the(
HPT(response.(
(
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(
Figure'4.17'Simulation'result'of'GOM'of'the'R2L10SQxEBC'HPT'and'a'VI'Systems'VCSEL'Link'at'

1.22mW'''with'resistor'loads'

The(inductor(load(used(in(the(simulation(varies(from(0.6nH(up(to(43nH.(The(upper(limit(
on(the(inductor(value(is(set(by(the(maximum(inductance(available(in(the(design(kit.(The(
inductors( used( in( the( simulation( are( summarized( in(Table( 4.1.( It( includes( its( physical(
parameters,(inductance(and(effective(resistance.(As(can(be(seen(in(the(table,(the(effective(
increases(with(the(inductance(value.(This(is(due(to(the(longer(tracks(that(are(needed(to(
increase( the(number(or( loops( to(provide(higher( inductance( value.(The( columns( in( the(
table( indicated( the(metal( layer( of( the( inductor( structure( (MetVar),the( width( of(metal(
strip( that( forms( the( spiral( (WC)( ,( is( the( metal( spacing( in( between( the( turns(s),( the(
number(of(¼(turns((NOT)(and(the((inner(radius(of(the(spiral((RI).(((
(
Table'4.1'Parameters'of'integrated'inductors'

Met'Var' WC' S' NOT' RI' Inductance''
(nH)'

R'eff'(Ω)''

2L3' 10( 3( 5( 80( 0.6( 0.83(
2L3' 10( 3( 9( 80( 1.75( 1.39(
2L3' 8( 3( 9( 100( 2.27( 1.68(
2L3' 8( 3( 13( 100( 4.5( 2.82(
2L3' 10( 3( 19( 100( 9.2( 3.36(
2L3' 10( 3( 29( 100( 21.12( 5.18(
2L3' 10( 3( 35( 100( 30.91( 6.37(
2L3' 10( 3( 41( 100( 42.9( 7.63(

(
The( frequency( and( phase( responses( of( the( inductor( loads( used( in( the( simulation( is(
shown(in(Figure(4.18,(from(50MHz(to(24GHz.((The(effect(of(the(parasitic(resistance(can(
be( seen( on( the( S11( parameter,( indeed( for( lower( inductance( values( results( in( lower(
parasitic( resistance( S11( is( placed(near( the( edge(of( the( Smith( chart( as( compared( to( the(
inductance( values(with( higher( resistance( values( are( positioned(more( inside( the( Smith(
chart.( Because( of( its( intrinsic( resonant( frequency,( the( inductors( have( capacitive(
response( at( high( frequencies.( This( shows( that( the( inductor( models( takes( into(
consideration( the( inherent(capacitance(of( the(planar(structure(of( the( inductor.( (This( is(
highlighted( in( its( phase( response,( for( example.( The( 43nH( inductor( has( a( zero( phase(
crossing(at(around(1.5GHz(while(it(is(2GHz(for(the((0.6nH(inductor.(
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(
a)( ( ( ( b)(

Figure'4.18''S11'parameters''of'different'inductors'a)'smith'chart'and'b)'phase'angle.'

In(reference(to(the(base(load(experiments(on(the(R2R10SQxEBC(HPT,(an(improvement(in(
the(GOM( response( is(observed(when( the(phase(angle(of( the(base( load( is(between(10°(–(
150°.( (A(peak(in(the(response(is(expected(in(this(region(as(well.(For(the(43nH(inductor,(
it’s(phase(angle(is(50°(at(350MHz(and(10°(at(843MHz.((In(this(region,(an(improvement(in(
the(GOM(of(the(HPT(as(well(as(a(peak(in(response.(The(4.5nH(inductor(has(its(phase(angle(
valued(at(50°(at(3.3Ghz(and(20°(at(5.9GHz.(Similarly,(a(peak(and(improvement(in(the(GOM(
is(expected(in(this(frequency(region.(
(
Using( the( 3Rport( model( of( the( HPT,( the( G1( term( of( GOM( of( the( HPT( is( computed( for(
different( values( of( the( inductance( that( are( used( for( the( simulations.( Shown( in( ( Figure(
4.19( is( the( computed( G1( ( term.( At( low( frequency( ( (50MHz),( all( the( inductor( loads(
produce(a(G1((term(that(has(a(negative(value,(decreasing(GOM(of(the(HPT,(this(is(attributed(
to( the( effective( resistance( of( the( inductor( structure.( For( the( 43nH,( the(G1( ( term(has( a(
positive(value(from(350MHz(up(to(1.8GHz(with(a(peak(of(6.9dB(at(650MHz(and(for(the(
4.5nH(inductor;(it(has(a(positive(value(from(1.55GHz(up(to(7GHz(and(a(peak(at(3.4GHz.(
The( location(of(peak( is( consistent(with( the( initial(estimates( from(the(properties(of( the(
different( inductors.(So,( that(the(optoRmicrowave(response(of(the(HPT(can(be( improved(
using(series(inductor(loads(on(to(its(base.(

(
Figure'4.19'Simulated'result'for'G1'using'the'measured'3'port'parameters'of'the'HPT''and'a'VI'

Systems'VCSEL'Link'at'1.22mW'with'a'bias'of'Vce'=2V'and'Vbe'='0.85V.'
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Finally,(the(simulated(GOM(from(the(different(inductor(base(loads(are(presented(in(Figure(
4.20.((The(effect(of(G1(can(be(seen(on(GOM.(At(low(frequencies,(the(GOM(with(the(inductor(
base(load(has((lower(value(compared(to((a(50Ω(base(loaded(HPT.(The(different(inductor(
loads(produce( a(peak( in(GOM(when( its( frequency(phase( angle( is( between(10°–50°.(The(
magnitude( of( this( peak( response( is( also( frequency( dependent( due( to( the( current( gain(
limitations(of( the(HPT(and( the( transit( time(of( the(base( since( the(peak(comes( from( the(
reflected(base(signal.(
(
The(GOM((of(the(HPT(baseRloaded(by(a(series(inductor(will(generally(have(a(response(at(
low(frequency(that(is(lower(due(to(the(series(resistance(of(the(inductors.((A(peak(occurs((
at(the(frequency(where(the(load(presented(by(the(inductor(value(is(in(the(region(of(the(
optimal(loads.((For(the(4nH(inductor(this(is(at(around(3.4GHz(and(for(the(43nH(inductor(
around(670MHz.(

(
Figure'4.20'Simulation'results'of'GOM'of'the'R2L10SQxEBC'HPT'and'a'VI'Systems'VCSEL'Link'at'

1.22mW''with'inductor'loads'

Simulations(were(also(performed(to(see(the(effect(in(the(G1((term(of(the(optoRmicrowave((((
gain(when(the(base(is( loaded(with(different(capacitor(values.(The(frequency(and(phase(
response( of( the( capacitor( loads( used( in( the( simulation( is( shown( in( Figure( 4.21( This(
response( is( from( 50MHz( up( to( 24GHz.( It( shows( that( at( low( frequencies( the( capacitor(
approaches(an(open(circuit.(The(Smith(chart(also(shows(that(some(capacitors(are(moving(
in( the( inductive( region( at( high( frequencies( because( of( their( intrinsic( resonance(
frequency.(Table(4.2(shows(low(frequency(S11((parameters(of(the(capacitors.(
(
The(capacitor(increases(G1((at(50(MHz(then(G1((decreases(sharply(up(to(300MHz(with(a(
minimum( value( of( R2dB.( So,( the( capacitor( is( similar( to( an( open( circuit,( and( the(
photocurrent(cannot(exit( to( the(base( terminal(and( it(goes(out(of( the(collector(and(at(a(
high( enough( frequency,( the( photocurrent( charges( up( the( capacitor.( The( G1( response(
slowly( increases( up( to( 0dB( in( the( 15GHz.( Figure( 4.22( shows( the( simulated(G1( ( values(
with( the( different( capacitor( loads.( The( capacitor( values( used( showed( no( expected(
improvement(in(the(overall(optoRmicrowave(((((response(from(300(MHz(up(to(15(GHz.(
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(
a)( ( ( ( b)(

Figure'4.21'S11''Parameters''of'different'capacitors'a)'Smith'chart'and'b)'phase'angle.'

Table'4.2'Parameters'of'integrated'capacitors'

C'' Impedance'at'50''
MHz'

Magnitude_'
angle'

10'fF' 2.69Rj318000( 1<R0.018(
100'fF' 1.55Rj32000( 1<R0.18(
1pF' 0.870Rj3200( 1(R1.799(
3pF' 0.667Rj1000( 1(<(R5.396(
5pF' 0.587Rj636( 1(<(R8.9818(
7pF' 0.534Rj454( 1<(R12.55(
9pF' 0.501Rj353( 1<R16.94(

 

(
Figure'4.22'Simulated'G1'term'of'the'optoLmicrowave'''gain'of'the'base'loaded'HPT,'using'the'

measured'3'port'parameters'of'the'HPT'with'a'bias'of'Vce'=2V'and'Vbe'='0.85V'and'an'optical'power'
of''1.22mW'

Finally,(the(total(simulated(GOM(from(the(different(capacitor(base(loads(are(presented(in(
Figure(4.23.(The(effect(of(the( (G1( (term(is(seen(on(the(total(GOM.(At(low(frequencies,(the(
GOM(with(the(capacitor(base(load(in(the(HPT(has(very(high(values(compared(to(50Ω((base(
loaded(HPT.(The(different(capacitor(loads(produce(a(peak(in(GOM(in(the(lowest(frequency(
of(measurements.(The(magnitude(of(this(peak(response(is(dependent(on(the(capacitance(
value.((
(
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The(GOM(of(the(HPT(with(different(series(capacitor(load(presents(have(a(response(at(low(
frequency(higher(than(the(ones(with(the(inductor(loads(because(of(the(series(resistance(
of(the(inductors.((A(peak(occurs(at(the(lowest(frequency(where(the(load(presented(by(the(
capacitance(has(the(highest(low(frequency(impedance.(However,(at(high(frequencies,(the(
series(capacitor(acts(as(a(short(circuit(and(does(not( reflect(back( the(photocurrent( that(
exits(the(base.(

(
a)( ( ( ( b)(

Figure'4.23'Simulation'of'G1*G0'(dB)'of'the'R2L10SQxEBC'HPT'and'a'VI'Systems'VCSEL'Link'at'
1.22mW'''with'capacitor'base'loads'

4.2.3 Integrated,localized,Base,loads,influence:,,fabricated,circuits,
(
The( final( fabricated( HPT( with( different( base( loads( include( a( 10pF( bypass( capacitor(
connected(to( the(pad(that( is(used(to(bias( the(base(of( the(HPT.(The(resulting(schematic(
diagram(for( the( inductor(and(capacitor( loaded(HPT( is(shown( in(Figure(4.24.( (The( final(
layout(of(the(HPT,(loaded(with(a(1.91nH(inductor(is(shown(in(Figure(4.25(a)(the(two(GSG(
pads(bias(the(base(and(the(collector(of(the((HPT(and(the(RF(access.(
(

( (((((
a)(

(
b)(

Figure'4.24'Final'schematic'of'the'HPT'with'different'base'loads'a)'inductor'b)'capacitor.'
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These( structures(are(measured(by(a(4(port(VNA( from(Rhode(and(Schwarz(R&SZVA24.(
Thus(each(port(is(ensured(to(be(loaded(with(50Ω.(
(

((((((( (
a)( ( ( ( ( b)(

Figure'4.25'Layout'view'of'the'HPT'with'a)'series'inductor'base'load'b)'a'series'capacitor'base'load.'

The(fabricated(HPTs(with(integrated(inductor(and(capacitor(loads(were(measured(using(
an( optoRmicrowave( measurement( bench( setRup( described( earlier( in( Chapter( 2.( The(
measured( link( gain( at( 50MHz,( is( composed( of( the( Laser( and( HPT( combination( as( a(
function(of(Vbe(for(the(different(HPTs(with(different( inductor( loads(as(well(as(the(HPT(
without( the( integrated( load( is( presented( in( Figure( 4.26.( This( case( without( load( is(
actually(the(direct(connection(of(the(base(to(the(50Ω(load(of(the(VNA.(
(
At(50(MHz,(all(the(HPTs(with(the(inductor(loads(have(lower(gain(as(compared(to(the(HPT(
with(no(integrated(base(load.(The(worstRcase(gain(decreases(by(of(1.5dB(in(the(PD(mode(
of(operation(and(2.6dB(in(the(HPT(mode(of(operation.(This(low(gain(at(low(frequency(is(
observed(in(simulations,(due(to(the(effective(resistance(of(the(inductor(as(seen(in(Figure(
4.20.(

(
Figure'4.26'GOM'link'(50'MHz)''vs.'Vbe'of'the'10SQxEBC'HPT'with'different'inductor'series'base'loads'

(no'load'='50Ω').'

The(peak(response(appeared(at( the(bias(point( (Vce(=2V( (and(Vbe(=(0.85,(whatever( the(
HPT( and( inductor( values.( The( extracted( GOM( of( the( HPT( and( inductor( loaded( HPT( is(
shown(in(Figure(4.27.(The(inductor(values(of(0.6nH,(1.75nH(and(2.21nH(are(expected(to(
have(a(peak(at(higher( frequencies(near( the(11GHz(range.( (Their(effect( is(not(so(visible(
because(of(the(added(noise(in(measurements(in(that(frequency(range.((
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(
Figure'4.27'Extracted'absolute''GOM'of'the'HPT'for'different'inductor'base'loads'(Vce'=2V'and'Vbe'='

0.85V)'and'the'optical'power'is'1.22'mW''(Measurements).'The'inset'is'a'region'at'5GHz 

The(measured(link(gain(at(50(MHz,(which(is(composed(of(the(laser(illuminating(the(HPT,(
is(presented(as(a(function(of(Vbe(for(the(different(HPTs(with(different(capacitor(loads(as(
well(as(the(HPT(without(the(integrated(load(in(Figure(4.28.(At(50MHz,(the(combination(
of( capacitors( and( (HPT(has(higher( gain( compared( to( the(HPT(with(no( integrated(base(
load.(As(there(is(no(dependence(of(the(supplied(Vbe(voltages,(the(HPT(is(operating(in(a(
2TRHPT( configuration( due( to( the( series( capacitor( load.( The( measured( responses( are(
strongly(dependent(on(the(capacitor(values(increasing(the(gain(value(with(a(capacitance(
decrease(at(50MHz.(

 
Figure'4.28'GOM'Link'(50'MHz)'vs.'Vbe'of'the'10SQxEBC'HPT'with'different'capacitor'series'base'

loads'and'the'VI'Systems'VCSEL'with'1.22mW(Measurements)'

Finally,( the( GOM( frequency( response( of( the( HPT( with( different( capacitor( loads( is(
presented( in(Figure(4.29.(The(3pF(base( load(exhibits( the(highest(GOM(at(0dB(while( the(
9pF(load(has(lower(GOM(of(R8dB.(The(cutRoff(frequency(of(the(GOM(response(is(higher(for(
the(HPT(without(any(load.(
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(
Figure'4.29'Extracted'absolute'GOM'of'the'HPT'from'optoLmicrowave'''''measurements''for'different'

capacitor'base'loads'(Vce'=2V'and'Vbe'='0.85V)'and'the'optical'power'is'1.22mW 

It(has(been(shown( in( this(section( that(matching( improvement(on( the(base( (of( the(SiGe(
can( provide( an( improvement( of( up( to( 25dB( in( the( GOM( of( a( ( 10SQxEBC( HPT( (R2R
10SQxEBC)(at(low(frequency.(This(phenomenon(has(a(cutoff(frequency(related(to(the(H21(
frequency( limit( and( may( decrease( even( further.( In( order( to( practically( implement(
matching( networks( simple( passive( devices( are( considered.( It( has( been( seen( and(
confirmed( that( capacitors( helps( to( improve( the( optoRmicrowave( ( ( ( response( at( low(
frequencies.( Inductors( simulated( by( taking( into( account( the( realistic( model( of( the(
available(integrated(inductors(from(the(SiGe2RF(technology,(may(increase(the(gain(by(up(
to( 10dB( at( 0.5R1GHz.( In( any( case,( the( gain( improvement( is( not(more( than( 5dB( above(
2GHz(in(the(case(of(the(R2R10SQxEBC,(event(with(an(ideal(optimum(load.(
(
The( simulations( and(measurements( show( that( resistor( and( capacitor( loads( is( the(best(
scenario(to(improve(the(low(frequency(response,(while(the(inductors(improve(the(gain(
response( at( higher( frequencies.( Integrated( base( load( circuits( could( be( designed( to(
provide(improvement(in(the(operational(bandwidth(of(the(HPT(in(order(to(design(a(RoF(
system(application.((

4.3 HPTTHBT,Pair,Topologies,
(
We(present(circuits(that(are(composed(of(a(phototransistor((HPT)(and(transistor((HBT)(.(
These( circuits( are( derived( from( classical( transistor( pair( configurations(with( improved(
performance( in( gain,( input( impedance( and( cutoff( frequency.( These( transistor( pair(
configurations( are:( common( emitter( –( common( base( (CERCB),( common( emitter( –(
common(emitter( (CERCE),(and(common(collector(–(common(emitter( (CCRCE)(with(each(
having(a(particular( improvement( in(electrical(and(optoRmicrowave(performances.( (The(
HPTRHBT(pair(is(implemented(by(replacing(the(first(transistor(with(a(phototransistor(in(
the(classic( transistor(pair(configurations.(The(performance(of( the(HPT(and(HBT(pair( is(
characterized( using( optoRmicrowave( measurements,( which( are( compared( to( the( ( OM(
measurement( of( a( single( R2R10SQxEBC( HPT( under( the( same( illumination( condition.((
Figure( 4.30(a)( shows( the( measured( low( frequency( (50( MHz)( link( gain( in( dB( vs.( the(
supplied(Vbe.( (The(measurements(were(made(with(different(values(of( (Vce( :( (1V,(1.5V,(
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and(2V.(Figure(4.30(b)(is(the(GOM(versus(frequency(measurement(at(the(bias(point(with(
the(highest(measured(low(frequency(GOM.(
(

(
a)( ( ( ( ( ( b)(

Figure'4.30'OptoLmicrowave''''gain'of'the'VI'system'VSCEL'link'with'a)''a'single'HPT'10SQxEBC'at'
50MHz'at'different'Vce'values'(1V,'1.5V,'2V)'and'b)'GOM'link'vs.'Frequency'at'Vce'='2V',Vb'='0.85V''

and'at'Vce'='2V,'and'Vbe'='0V'

Table( 4.3( shows( a( summary( of( the( measured( GOM( of( the( R2R10SQxEBC( HPT( under(
different(bias(conditions.( It(shows(a(5dB(difference( in(GOM(between(the(HPT(mode(and(
PD(mode(of(operation.(
(
Table'4.3'Summary'of''GOM'Link'(50'MHz)'at'different'bias'points'

Vce(V)' Vb'(V)' Link' Gain'
(dB)'

GOM'(dB)'

1' 0( R25.58( R15.32(
1' 0.8167( R20.81( R10.67(
1.5' 0( R25.02( R14.86(
1.5' 0.833( R20.44( R10.1(
2' 0( R24.84( R14.7(
2' 0.85( R19.79( R9.6(

(
The(electrical( (gummel(properties(from(simulation(of(an(HBT(with(a(size(of(30x0.5μm2(
are(presented(in(Figure(4.31.(These(simulations(are(base(on(the(process(design(kit(from(
Telefunken.(This(will( be(used( in( the(discussion(of( the(operation(of( the(HPTR(HBT(pair(
topologies(

(
Figure'4.31'Gummel'characteristics'of'a'30x0.5μm2'HBT.'
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4.3.1 Common,Emitter,HPT,TCommon,Base,HBT,(CETCB),Topology,
(
The( twoRtransistor(amplifier(combination(of(a(common(emitter( (CE)( input(stage(and(a(
common(base((CB)(output(stage( is(envisioned(to(overcome(the(performance( limitation(
of( either( CE( or( CB( configurations.( A( CE( amplifier( offers( moderately( high( input(
impedance((kΩ),((high(voltage(gain((and(high(output(impedance,((The(CB(amplifier(on(the(
other(hand(offers(wider(bandwidth.(However,(its(low(input(impedance(is(a(limitation(for(
many(applications.( (To(mitigate(this( limitation(on(CB(amplifiers,(a( low(gain(CE(stage( is(
placed(before(the(CB(stage.(This(results(in(a(cascode(amplifier(configuration(with(a(high(
voltage(gain,(a(high(input(impedance,((a(wide(bandwidth((and(a(high(output(impedance.(
The(current(gain(in(the(cascode(is(β(since(the(current(gain(in(a(CB(is(1(and(the(current(
gain(in(CE(is(β(
(
The(key(element(of(the(cascode(amplifier’s(wider(bandwidth(is(the(CB(amplifier(output(
stage,(which(has(better(high(frequency(response.(The(CB(amplifier(is(not(subject(to(the(
Miller(effect(because(the(grounded(base(shields(the(collector(signal(from(being(fed(back(
to(the(emitter(input.(However,(in(the(CE(configuration,(the(collector(output(signal(is(out(
of( phase( with( the( input( at( the( base.( The( collector( signal,( capacitively( coupled( back(
opposes(the(base(signal.(Moreover,(the(collector(feedback(is((1RAV)(times(larger(than(the(
base(signal.(Where((Av)( is( the(voltage(gain.(Thus,( the(small(CB(capacitance(appears((1R
AV)(times( larger(than( its(actual(value.(This(capacitive(gain(reducing(feedback( increases(
with(frequency,(reducing(the(high(frequency(response(of(a(CE(amplifier.(
(
In(order(to(minimize(the(miller(effect(on(the(CE(amplifier,(its(voltage(gain((AV)(should(be(
minimized,(or(ideally((AV((=(R1)(such(that(,the(resulting(equivalent(miller(capacitance(is(
only( 2!CB.( Since( the( gain( of( a( CE( amplifier( is( proportional( to( RC/REE(where( RC( is( the(
collector(load(and(REE(is(the(internal(emitter(resistance,(a(gain(of(1(is(achieved(when(the(
load( to( the( CE( amplifier( is( also( REE.( REE( is( the( input( impedance( presented( by( a( CB(
amplifier.(The(REE(of(the(CE(amplifier(and(the(REE(of(the(CB(amplifier(will(have(the(same(
value( if( they(are(matched.(The(resulting( (cascode(amplifier(will(have(a(CE(stage(with(a(
high(input(impedance,(a(voltage(gain(of(1(or(0dB,(with(a(maximize(frequency(response(
due(to(the(reduction(of(the(miller(effect.(Thus(the(HPT+HBT(cascode(with(a(10SQxEBC(
HPT,(the(HPT(is(chosen(with(a(total(emitter(size(which(is(similar,(i.e.,(30x0.5µm2((The(CB(
stage(provides(a(voltage(gain(proportional(to(RC/REE,((and(high(frequency(response(with(
high(output(impedance..(
(
The( CE( HPT–CB( HBT( pair( is( implemented( by( configuring( the( 10SQxEBC( HPT( in( a(
common(emitter(configuration,(and(the(30x0.5µm2(HBT(is(configured(as(a(common(base.(
Figure(4.32a( shows( the( schematic( representation(of( the(HPTRHBT(pair.(The(emitter(of(
the(HPT(is(connected(to(the(ground,(the(base(of(the(HPT(is(connected(to(the(signal(pin(of(
the(GSG(pad( to(provide( the(base(bias( to( the(HPT(VbHPT(and( the(collector(of( the(HPT( is(
connected(to(the(emitter(of(the(HBT.((The(collector(of(the(HBT(is(connected(to(the(signal(
pin(of(the(second(GSG(pad,(this(provides(the(collector(bias(VcHBT,(and(output(signal(is(also(
taken(from(the(collector.(The(base(bias(of(the(HBT(comes(from(the(DC(pad(connected(to(
the(HBT(base(Vext.(The(final(layout(of(the(CE(HPTR(CB(HBT(pair(is(shown(in(Figure(4.32b.(
(
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(
a)( ( ( ( ( ( b)(

Figure'4.32'Common'emitter'HPT'and'Common'base'HBT'topology'a)schematic'representation'b)'
layout'view'

Under(proper(biasing(conditions,(the(small(signal(analysis(of(the(HPT(based(cascode(is(a(
combination(of(the(Common(Emitter((and(Common(Base(small(signal(models(
(

(
Figure'4.33'CELCB'circuit'and'circuit'model'in'DC'analysis'
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(
the( advantage( of( ( the( cascode( is( the( gain( of( Q1( equals( to( R1( and( therefore( the(Miller(
capacitor(Cμ(is(not(translated(to(the(baseRemitter(as(a(large(capacitor.(
(
The( smallRsignal( model( of( the( CERCB( pair( with( miller( effect( applied( to( Cμ1( assuming(
va/vin(=(R1(is(shown(Figure(4.34(.(

(
Figure'4.34'Small'signal'model'of'CELCB'pair'in'RF'analysis'

The(cutoff(frequency(of(the(CERCB(is(computed(using(the(equations(presented:(

!!!!" ≈
1

2!Σ !"#$!!"#!$"%!!"#$!!"#$%&#%$ !≈ ! 1
2! !!" + !!"#$%&#'($ + !!"#

(

(
!!" = !!! !!! + 2!!! !, !!"#$%&#'(! =

!!!
1 + !!!

!!! + 2!!! !, !"#!!!"# = !!!!!(
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CASCODE CONFIGURATION
   BJT Cascode Amplifer  
Circuit and small-signal model:

vin

vout

VBiasQ1

Q2

vin voutrπ1
gm1vπ1

ro1
rπ2 +

-
vπ2

gm2vπ2

ro2
+

-

+

-

B1 C1 = E2 C2

E1=B2 2TA05

RLva
+

-

iin ioutva

VCC

RL

If β1 ≈ β2 and ro can be neglected, then:

Rin = rπ1

Rout ≈ β2ro2

vout
vin

 = 
%
&
'

(
)
*vout

va %
&
'

(
)
*va

vin
 = (gm2RL) 

%
&
'

(
)
*rπ2

1+βo2
·
-βo1
rπ1

 ≈ (gm2RL) (-1) = - gm2RL 

iout
iin

 = α2β1

The advantage of the cascode is that the gain of Q1 is -1 and therefore the Miller capacitor, Cµ, is not
translated to the base-emitter as a large capacitor.
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   BJT Cascode Amplifier Frequency Response  
Small-Signal Model with the Miller effect applied to Cµ1 assuming va/vin = -1:

vin voutrπ1
gm1vπ1

ro1
rπ2 +

-
vπ2

gm2vπ2

ro2
+

-

+

-

B1 C1 = E2 C2

E1=B2 2TA06

RL
va

+

-

Cπ1
Cπ2

2Cµ1 Cµ2
2Cµ1

Cµ1

vπ1

+

-

Find the -3dB frequency, f-3dB using the following formula:

f-3dB ≈ 1
2π·Σ(Open-circuit time constants)

τin = rπ1(Cπ1+2Cµ1), τinterstage = 
rπ2

1+βo2
 (Cπ2+2Cµ1), and τout = RLCµ2

∴ f-3dB ≈ 1

2π·
(
)
*

+
,
-

rπ1(Cπ1+2Cµ1) + 
rπ2

1+βo2
(Cπ2+2Cµ1) + RLCµ2

 ≈ 1
2πRLCµ2
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(
!ℎ!"!#$"!:(
!!!!" ≈

1
2! !!! !!! + 2!!! + ! !!!

1 + !!! !!! + 2!!! + !!!!!!
≈ 1
2!"!!!!

(

!
The(computations(show(that(the(cutoff(frequency(is(dependent(on(RL(and(Cμ2.(

4.3.1.1 Static(characteristics(under(illumination(
(
The(operation(of( the(CE(HPTR(CB(HBT(circuit(under( illumination( is(explained(by(using(
the(measured(collector(current(of(the(HBT(IcHBT(and(the(base(current(of(the(HPT(IbHPT(as(
a( function( of( supplied( HPT( base( voltage( VbHPT( at( a( fixed( value( for( the( HBT( collector(
voltage(VcHBT(and(Vext(of(the(HPT.(Figure(4.35(shows(the(circuit(currents(IcHBT(and(the(
absolute( value( of( ( IbHPT( in( logarithmic( scale( as( a( function( of( VbHPT( at( VcHBT( =( 2V( ( and(((
Vext((=(1.5V.((
(
The(operation(of(the(circuit(can(be(divided(into(two(regions(based(on(the(value(of((IbHPT.(
In(region(1((Vbe(=(0V(R0.62V),(the(values(of(IbHPT((and(IcHBT(are(constant.(At(the(bias(point(
where(Vbe(=(0V,(The(measured(IbHPT((is(R25.17μA(and(IcHBT(=(681μA.(The(negative(IbHPT(
indicates(that(the(generated(photocurrent(in(the(base(dominates(the(base(current(that(is(
initially(set(by(the(VbHPT(of(0V(,(Vext(of(1.5V(and(VcHBT(=(2V.(In(this(bias(condition,(there(
will( be( a( collector( current( in( the( HPT( that( will( be( flowing( from( the( collector( to( the(
emitter( of( the(HPT.(Given( that( the(Vext( of( 1.5V( is( applied( to( the(base( of( the(HBT,( the(
measured(collector(current(in(the(HBT(IcHBT(will(have(a(value(that(will(be(similar(to(the(
IeHBT( and( from( the( circuit( configuration( IeHBT( is( equal( to( IcHPT.( The( measured( HBT(
collector(current(remains(constant(as(VbHPT(is(increased(until(VbHPT(=(0.62V.((
(
In(region(2(Vbe(>0.65),(the(external(bias(in(Vbe(influences(the(measured(IbHPT(and(IcHBT.(
The( measured( IbHPT( starts( to( increase( with( Vbe..( The( notch( observed( in( the( IbHPT(
represents(the(change(of(its(polarity(and(that(the(bias(currents(dominate(the(measured(
IbHPT.( The( measured( IcHBT( ( also( starts( to( increase( and( at( the( Vbe( value( where( the(
measured(IbHPT(has(a(positive(value,(the(IcHBT((starts(to(saturate.(This(means(that(the(HBT(
is(in(the(high(bias(region(of(operation(and(the(high(injection(effects(are(present.(

(
Figure'4.35''Measured'currents'in'the'CE'HPT'–'CB'HBT'circuit'with'VcHBT=2V,'Vext'='1.5V'under'

illuminated'conditions'with'Popt'='2.44mW 
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The external voltage Vext has a significant effect in the measured IcHBT are shown in Figure(
4.36.  Vext sets the voltage bias across the collector and base of the HBT VcbHBT. This also 
sets the  voltage across the VbeHBT and the VceHPT. Vext has a value of 1.5V shown in Figure(
4.35. A Vext of 0.9V in comparison with a Vext of 1.5V results in lower IbHPT values in 
region 1 and higher IbHPT values in region 2 with the notch appearing earlier at 0.8V. The 
resulting IcHBT in region 1 has slightly lower valuesand in region 2, the IcHBT increases in 
value as up to the location of the notch IbHPT. As VbHPT increases further, this causes the HPT 
to be operated in the high current region resulting in the decreasing value of IcHBT. A Vext of 
2V results in higher IcHBT in both regions. 

(
Figure'4.36'Measured'currents'in'the'CE'HPT'–'CB'HBT'circuit'with'Vcc=2V,'Vext'='0.9V,'1.5V'and'2V'

under'illuminated'condition.'with'Popt'='2.44mW 

4.3.1.2 Opto(microwave(response(
(
Under( the( appropriate( bias( condition,( the( HPT( in( the( common( emitter( configuration(
detects(the(modulated(optical(beam(that(illuminates(it.(The(detected(modulated(signal(is(
then(fed(to(the(emitter(of(an(HBT,(which(is(configured(as(a(common(base(amplifier.(The(
common(base(configuration(does(not(suffer(from(Miller(effect.(This(results(in(a(total(gain(
that(could(be(similar(or(slightly(higher(than(the(single(HPT(common(emitter(stage(and(a(
cutoff(frequency(that(is(higher(than(the(single(common(emitter(HPT.((Figure(4.37(shows(
the(measured(low(frequency(GOM(Link(when(Vcc(=(2V((at(different(Vext(values((0.9V,(1.5V(
and(2V)(as(a(function(of(supplied(VbHPT.(The(single(10SQxEBC(HPT(low(frequency((GOM(is(
also(included(to(provide(a(base(line(measurement.(The(GOM(Link((of(the(single(HPT((in(PD(
mode( region( (Vb( =( 0)( is( R24.84( dB( and( peak( value( of( R19.79( dB( in( the( HPT( mode((
region(Vb(=(0.85V).((This(corresponds(to(a(GOPT(of(5dB.(With(the(cascode(HPT(structure,(
a(photodiode(mode(and(phototransistor(mode(are(also(dissociated(versus(VbeHPT(value,(
as(shown(in(Figure(4.37(
(
The(GOM(Link((response(of(the(CE(HPTR(CB(HBT(pair(thus(shows(that:((
(

1. at(Vext(=(0.9V,(the(PD(mode(response(is(R28.84dB(and(the(peak(value(in(the(HPT(
mode( is( R26.62dB( corresponding( to( a( GOPT( of( 2.22dB.( The( low( measured(
response((is(due(to(the(low(value(in(Vext(which(forces(the(early(onset(of(the(high(
injection(operation(of(the(HPT.((
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2. at(Vext(=(1.5V(the(PD(mode(response(is(R27.45dB(and(the(peak(value(in(the(HPT(
mode(is(R21.45dB.(Both(values(are(lower(as(compared(to(the(a(single(HPT(which(
indicates( that(a(Vext(value(of(1.5V(sets( the(HPT(to(a( lower(bias(point.(A(higher(
GOPT( ( of( 6dB( is( however( demonstrated( that( shows( that( the( HPT( pair( exhibits(
higher(gain.(

3. at(Vext(=(2V,((the(PD(mode(response(is(similar(to(the(single(HPT(indicating(that(
the(HPT(in(the(pair(is(in(the(same(bias(region.(The(peak(value(in(the(HPT(mode(is(
R18.5dB( resulting( to( a( GOPT(of( 6.35dB,( thus( improved( slightly( further( with( the(
gain(of(the(CB(HBT.(
(

The(optimum(response(in(term(of(the(low(frequency(GOM(link(for(the(HPT(CE(–(HPT(CB((is(
achieved(with(the(bias(of((Vcc(=(2V,(Vext(=(2V(and(Vb(=(0.83V.(
(

(
Figure'4.37'GOM'vs.'Vbe'at'different'values'of'Vext'for'the'10xEBCLCELHBT'CB'plus'VI''Systems'VSCEL'

at'Vcc'='2V'and'POPT'='1.22mW(Measurement)'

Figure(4.38(shows(the(optoRmicrowave((cutoff(frequency(fR3dB(OM(at(a(given(VcHPT(value(of(
2V.(The(single(R2R10SQxEBC(HPT(cutoff(frequency(curve(is(also(included.(It(has(a(peak(
cutoff(frequency(of(275(MHz(at(a(bias(condition(of(2V(Vce,(0.83V(Vbe.(The((CE(HPT(R(CB(
HBT(shows( improved( frequency(response(at(with(a(peak(value(of( (344(MHz( ( for(VbHPT(
0.83V(and(Vext(2V.((
(
The( figure( is( also( separated( in( 3( regions:( region( 1( (VbeHPT( <( 0.6V)( where( the( cutoff(
frequency(is(constant(and(is(related(to(the(PD(mode;(region(2((0.6V(<(VeHPT<(0.85V)(for(
which(the(cutoff(frequency(increases,(and(;(region(3((VbeHPT(>(0.85V)((where(the(cutoff(
frequency(decreases(drastically.((
(
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(
Figure'4.38''OptoLmicrowave'gain''L3dB'cutoff'frequency'of'the''HPT'CEL'HBT'CB'vs.'Vbe'at'different'

Vext'(Measurement)'at'Vcc'='2V'and'1.22mW'POPT'

Figure(4.39(shows(the(extracted(HPT(GOM((vs(frequency(response(of(the(HPTRHBT(pair(in(
the( biasing( condition( with( the( highest( extracted( opto( microwave( response( from( the(
different(supplied(Vext.(Table(4.4((shows(the(summary((of(the((CE(HPT(–(CB(HPT(pair(of(
GOM(and( the( cutoff( frequency( at( different( bias( points,( and( provides(with( the( value( the(
indeed(maximizes(the(optoRmicrowave((((cutoff(frequency.(

(
Figure'4.39'Extracted'absolute'GOM'of'the''HPT'circuits'(Measurements)'Vce'=2V'and'optimumVbhpt'

biasing'point'that'maximizes'fL3dB_OM'as'given'in'Table'4.4'

Table'4.4'Summary'of'the' 'optoLmicrowave' ' 'performance'of'the'CE'HPTLCB'HBT'pair'at'maximum'
optoLmicrowave''''cutoff'frequency'and'Vcc'='2V.'

Structure' Vc'
(V)'

IcHBT'
(mA)'

VbHPT'
(V)'

IbHPT'
(uA)'

Vext'
(V)'

GOM'
HPT'

Cutoff'
(MHz)'

10xEBC' 2( 7.76( 0.83( R12.11( RRR( R9.6( 275.6(
HPT'CELHBT'CB' 2( 7.33( 0.833( R25.05( 2V( R8.22( 344.8(
HPT'CE'LHBT'CB' 2( 5.4( 0.817( R16.93( 1.5V( R11.35( 341.9(
HPT'CE'LHBT'CB' 2( 1.85( 0.733( R17.88( 0.9v( R16.35( 187.8(

(
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The(CE(HPTR(CB(HBT(pair(provided(a(1.4dB( improvement( in( the(extracted(GOM(and(an(
increase(of(25%(in(the(R3dB(cutoff(frequency((of(the(optoRmicrowave((((link(as(compared(
to(a(single(HPT(structure(with(the(same(sized(HPT(in(the(same(illumination(condition..(

4.3.2 Direct,coupled,Common,Emitter,HPT,and,Common,Emitter,HBT,topology,(CETCE),
(
A(cascaded(common(emitter(amplifier(is(typically(used(when(a(very(high(voltage(gain(is(
required.(The(gain(equals( to( the(product(of( the(voltage(gain(of( the( individual(stages.(A(
main(disadvantage(of( this(architecture( is( its( low(cutoff( frequency( that( is( influenced(by(
the(Miller(capacitance(at(each(stage.(When(capacitive(coupling(is(used(to(couple(the(two(
stages( this( further( affects( the( frequency( response( of( the( circuit.( However,( directly(
coupling( the( two( common( emitter( stages( avoids( the( degradation( of( the( frequency(
response( since( no( capacitor( is( used( between( the( stages.( Biasing( the( two( common(
emitter( stages( then( becomes( a( challenge( since( the( bias( at( the( first( stage( collector( is(
shared(with(the(base(of(the(second(stage.(This(may(present(another(problem(such(that(
the( output( current( of( the( 1st( stage( attacks( the( base( of( the( 2nd( stage( thus( causing(
saturation.(
(
An(implementation(of(a(direct(coupled(common(emitter(HPT(R(common(emitter(HBT(pair(
is( shown( in(Figure(4.40a(The(10xEBC(HPT( is( configured( as( a( common(emitter( and( its(
output(is(directly(connected(to(the(input(of(a(30x0.5µm2(common(emitter(HBT.((The(base(
of( the( HPT( is( connected( to( a( GSG( pad( to( provide( VbHPT.( The( emitter( of( the( HPT( is(
connected(to(ground(and(the(collector(of(the(HPT(is(directly(connected(to(the(base(of(the(
HBT.(The(HBT(collector( is(connected(to(another(GSG(pad(as(an(access(to(provide(VcHBT(
bias(and(to(measure(the(output(signal.(A(DC(pad(is(connected(to(the(collector(of(the(HPT(
and( the( base( of( the(HBT(provides( the( bias( for( both(devices.( Figure(4.40(b)( shows( the(
layout(view(of(the(CE(HPT(–(CE(HBT(module.(
(

(
a)( ( ( ( ( (b)(

Figure'4.40'Common'emitter'HPT'Lcommon'Emitter'HBT'topology''(a)'schematic'representation'(b)'
layout'view'

In(the(direct(coupled(CE(HPT(–(CE(HBT(pair,(the(two(stages(are(not(DC(isolated.(The(first(
stage(essentially(acts(as(a(bias(circuit(for(the(second(stage.(Since(there(is(no(DC(isolation,(
the(AC(output(of(the(first(stage(is(superimposed(on(the(DC(operating(point(of(the(second(
stage.(The( absence(of( the( coupling( capacitors( improves( the( frequency( response(of( the(
pair.(
(
The(operation(of(this(HPTRHBT(pair(requires(careful(consideration(of(the(bias(points(of(
the( two( stages.( In( order( to( maximize( the( achievable( gain( of( this( configuration,( both(
devices(should(be( in(the( forward(active(mode(and(no(device(should(be( in(cutoff(mode.(
However,( with( the( collector( bias( and( the( base( bias( of( the( HPT( being( tied( up( to( one(
source,( it(will(be(difficult( to(put( the( two(stages( in( the(optimum(bias(point(at( the(same(
time.((
(
There(are(different(scenarios(that(can(be(considered(regarding(the(biasing(of(this(circuit.((
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One(critical( voltage( is(Vext(or( Iext( that( should(be( chosen( such( that( the( supplied(VbHBT(
and( VceHPT( will( simultaneously( put( both( the( devices( in( the( forward( active( mode( of(
operation.((This(will(result(in(a(total(gain(which(is(a(product(of(the(individual(gain(stages(
as(set(by(the(biasing(point.(
(

4.3.2.1 Static((characteristics:(Operation(under(illumination(
(
The(operation(of(the(CE(HPT(R(CE(HBT(under(illumination(presents(another(complicated(
situation(in(the(proper(selection(of(the(bias(points.(The(DC(power(of(the(optical(source(
shifts(the(bias(of(the(first(stage(HPT(which(then(affects(the(bias(of(the(second(stage(due(
to(its(direct(coupling.(The(DC(operation(of(this(circuit(under(illuminated(conditions(will(
be(discussed(using(the(measured(currents(of( the(circuit.(The(voltage( in(the(base(of( the(
HPT(VbHBT(is(swept(from(0V(–(1V.((The(voltage(across(the(collector(of(the(HBT(VcHBT(is(set(
at(different(values(of(1V,(1.5V,(2V(and(2.5V.(The(external(bias(provided(in(the(collector(of(
the(HPT(and(the(base(of(the(HBT(is(a(current(source(with(values(of(4mA(resulting(to(a(2V(
voltage(drop((at(VbHPT(=(0V((and(a(3mA(value(resulting(to(a(1.5V(voltage(drop(VbHPT(=(0V.(((
Figure( 4.41( shows( the(measured( currents( under( illuminated( conditions.( The( collector(
current(of(the(HBT(IcHBT(and(the(base(current(of(the(HPT(IbHPT(are(shown(as(a(function(of(
the(supplied(VbHPT(from(0VR1V(at(VcHPT(=(2V(with((Iext(is(4mA.(

(
Figure'4.41'Measured'currents'in'the'CE'HPT'–'CE'HBT'circuit'with'VcHBT=2V,'Iext'='4mA'under'

illuminated'conditons'with'Popt'='2.44mW 

A(discussion(is(started(depending(on(the(VbHPT(value:(
(
At(VbHPT(=(0V(
(
The(measured(IbHBT((is(R28μΑ(and(IcHBT(=(78mA.(The(negative(value(of(IbHPT(indicates(the(
presence(of(the(base(photocurrent(with(a(higher(value(than(that(of(the(base(current(as(
set( by( the( initial( external( bias.( An( IcHPT( will( be( present( due( to( the( illumination.( The(
illuminated(Gummel(measurements(of(this(HPT(in(common(emitter(configuration(shows(
that( the( IcHPT( ( will( be( few( hundreds( of( μA.( This( is( seen( in( Figure( 3.17.( The( HPT( is(
therefore(in(the(PD(mode(of(operation.(The(current(supplied(by(the(Iext(will(be(divided(
between(IcHPT(and(IbHBT(with(the(resulting(IbHBT(in(the(mA(range(which(then(results(to(a(
measured(IcHBT(of(78mA.(The(Gummel(characteristics(of(HBT(shows(that(at(this(level(of(
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IcHBT( is( in( the( very( high( current( region( of( operation( of( the( device.( Given( this( biasing(
values,( and( taking( into( consideration( the( DC( power( from( the( illumination,( both( the(
devices( are( in( forward( active(mode(with( the(HPT( in(PD(mode(operation( and( the(HBT((
operating(in(the(high(current(region.(
(
At(VbHPT((>(0.6V(
(
The(HPT(base(current(IbHPT(starts(to(increase(in(value,(which(also(results(to(an(increase(
in( the( HPT( collector( IcHPT( value.( As( IcHPT( increases,( the( bias( to( the( base( of( the( HBT(
decreases.(It(can(be(seen(in(the(decrease(in(the(measured(collector(current(in(the(base(of(
the(HBT(IcHBT.(Referring(the(Gummel(plot(of(the(HBT(in(Figure(4.31,((the(biasing(point(of(
the( HPT( moves( from( the( high( current( region( back( to( the( linear( region.( As( VbHPT(
increases,( there( is(a(point(where( in( the(collector(current( in( the(HBT( is(at(12mA(which(
means( that( the( collector( current( in( the(HPT( is( high( enough( for( proper( forward( active(
operation(and(the(base(current(is(low(enough(to(put(the(HBT(in(forward(active(operation(
in( the( linear( Gummel( region,( Further( increase( in( VbHPT( increases( causes( the( IbHPT( ( to(
increase( in(value,(until( its(value(becomes( (0A,( turning(off( the(HPT(and(all( the(external(
supply(current( Iext(of( (4mA(will(be(supplied( to( the(HBT(producing(very(high(collector(
current( in( the( HBT.( ( At( this( point,( the( automated( measurements( stops( the(
measurements(due(to(the(compliance(setting(of(the(HBT(supply(pin(at(100mA.(
(
In(this(Vb(HBT(region,((an(optimum(bias(point(is(observed(when(both(devices(are(in(the(
forward(active(mode.(The(HPT(will(be(in(HPT(mode(of(operation(and(the(HBT(is(in(the(
linear(Gummel( region.(Moreover,( the(HPT( could(work( in( the( cutoff(mode( because( the(
HPT(base(current(in(the(from(a(negative(to(a(positive(value.(

4.3.2.2 Opto(microwave(response(
(
The( optoRmicrowave( operation( of( the( directly( coupled( CE( HPT( –( CE( HBT( can( be(
illustrated( by( using( two( operation( points( as( explained( for( analysis( of( the( measured(
illuminated(bias(current(of(this(topology.(The(first(operation(point(is(when(the(HPT(is(in(
PD(mode( of( operation( and( the( HBT( is( biased( in( the( high( current( region.( This( occurs(
when(VbHPT(<(0.6V,(VcHBT(is(2V(and((Iext(is(4mA.(The(optoRmicrowave(gain(GOM(of(the(HPT(
has(lower(value(compared(to(the(GOM(of(the(HPT(under(HPT(mode(of(operation(and(the(
CE(HBT( that( is( biased( in( the(high( current( region(provides( also( lower(gain(values.(The(
second(operation(point(considered(an(optimum(biasing(under(a(current(Iext(biasing(of(
4A(is(when(VbHPT(is(greater(than(0.65V(which(results( in(a(collector(current(that(is(high(
enough(that(pushes(the(CE(HPT(to(operate(in(the(HPT(mode(of(operation(while(setting(
the(bias(point(of(the(CE(HBT(back(in(the( linear(region(where(CE(HBT(gain( is(optimum.(
Figure(4.42(shows(the(50MHz(opto(microwave(link(gain((GOM(of(the(CE(HPTR(CE(HPT(and(
a(single(HPT(device(as(a(function(of(the(supplied(VbHPT.(If(we(consider(one(VcHBT(value(of(
2V(is(at(zero(VbHPT,(it(has(a(response(of(R9dB(which(is(16dB(higher(than(the(single(HPT(at(
Vbe(=(0(V(and(Vce(=(2V.(This(HPT(pair(has(a(peak(response(of(11.08dB.(It(is(30dB(higher(
than((that(of((the(peak(response(of(the(single(HPT.(But(this(gain(decrease(is(very(strong,(
indeed(at(VbHBT( (equals(to(0.75V((GOM(is(maximum(and(it(drops(to(R71dB(when(VbHBT(is(
0.77V!(
(
(
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(
Figure'4.42'GOM'vs'VbHPT'at'2V'VcHBT'and'Iext'of'4mA'of'the'10xEBCLCELHBTLCE'plus'VI'Systems'VCSEL'

at'1.22mW'(Measurements)'

(
This(direct(coupled(CE(HPTRCE(CHBT(configuration(results(in(very(high(optoRmicrowave((
gain.(However,(its(optoRmicrowave((cutoff(frequency(suffers(severely.(Figure(4.43(shows(
the( optoRmicrowave( ( cutoff( frequency( of( the( reference(HPT( and( the( cascade( pair( bias(
peak(GOM(bias(point,(the(cutoff(frequency(is(146MHz.((
(

(
Figure'4.43'OptoLmicrowave'L3dB'cutoff'frequency'of'the''HPT'CEL'HBT'CB'vs.'VbHPT'at'Iext'of'4mA''
and'POPT'='1.22mW'(Measurements)'

The(optoRmicrowave( frequency( response( is( shown( in(Figure(4.44.( It( is( compared(with(
the(single(HPT(response(at(a(bias(point(that(maximizes(the(low(frequency(GOM.(The(curve(
at(VbHPT( =(0,(VcHBT( =(2V( and( Iext( =(4mA( shows(an( improvement( in( the( low( frequency(
values.( However,( it( exhibits( a( lower( cutoff( frequency.( The( response( at( VbHPT( 0.75V,(
VcHBT=(2V(and(Iext(=4mA(maximize(the(gain((as(shown(in(Figure(4.43)(low(frequency(d(
while( it( still( has( a( lower( cutoff( frequency,( it( exhibits( a( higher( GOM( up( to( 10GHz.( This(
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shows( that( HPTRHBT( topology,( even( with( its( low( cutoff( frequency( has( interesting(
response(values(in(the(GHz(range(of(operation(as(compared(to(the(single(HPT.(At(275.6(
MHz(which(is(the(cutoff(frequency(of(the(single(HPT,(GOM(of(the(CE(HPTR(CE(HBT(pair(is((
higher(by(more(than(20dB(to(the(single(HPT.(

(
Figure'4.44'Comparison'of''extracted'optoLmicrowave''''responsivity'of''a'10xEBC'HPT'and'HPTLHBT'

pairs'with'a'10xEBC'HPT.'(Measurements)'

Table(4.5((presents(the((measured(responses(in(he(CE(HPTRCE(HBT(topology.(
(
Table' 4.5' Summary' of' ' extracted' optoLmicrowave' ' ' ' responsivity' of' ' a' 10xEBC'HPT' and'HPTLHBT'
pairs'with'a'10xEBC'HPT.'

Structure' Vc(
(V)(

IcHBT'
(mA)'

VbHPT'
(V)'

IbHPT''
(μA')'

Iext'
(mA)'

Link'
Gain'
'(dB)'

Cut'
(MHz)'

10xEBC' 2( 7.76( 0.83( R12.11( RRR( R19.8( 275.6(
HPT'CELHBT'CE' 2( 78.34( 0( R28.27( 4( R8.97( 141(
HPT'CE'LHBT'CE' 2( 12.61( 0.75( R25.15( 4( 11.08( 146(
(
In( summary,(CE(HPT(–(CE(HBT(configuration(offers(very(high(GOM(even(at( its( simplest(
configuration(of(cascading(the(two(devices.(This(HPTRHBT(configuration(shows(that(with(
its( high( optoRmicrowave( response( and( a( low( cut( off( frequency( still( results( in( good(
performance( even( in( the( GHz( range( of( operation.( Further( experiments( on( this(
configuration,( such(as(using(a(voltage(source( instead(of( current(source(as( the(external(
bias(would(give(a( full( characterization(of( the(optoRmicrowave( ( ( ( response(of( this(HPTR
HBT(pair.(Also,(separation(of(the(DC(biasing(of(the(two(devices(with(the(use(of(capacitive(
coupling( between( the( two( common( emitter( stages,( may( provide( optimizations( in( the(
optoRmicrowave((((response(of(the(HPTRHBT(pair.(

4.3.3 The,HPTTHBT,pair,topologies:,,
(
The( different( HPTRHBT( pair( topologies( present( some( advantages( in( terms( of( the(
optoRmicrowave(((response(in(amplitude(and(cutoff(frequency.(One(way(to(compare(their(
performance(in(frequency(is(to(consider(two(frequencies(((2GHz(and(5GHz)(modulating(
the(optical(signal.(Figure(4.45(shows(the(measured(GOM(of(the(link((constituted(by(the(VI(
systems(VCSEL(and(the(HPT+HBT(configurations((single(HPT,(CERHPT+(CB(HBT,(and((CER
HPT+(CERHBT)(at( these(2(RF( frequencies( as( a( function(of(VbHPT.( Considered(VcHBT( and(
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Vext(are(selected(values(that( (provide(the(highest(optoRmicrowave( (response.(At(2(GHz(
operation,( the(CE(HPTR(CE(HBT(pair(exhibits(the(highest(optoRmicrowave(link(gain(of( R
27.75dB,( the(CE(HPTR(CB(HBT(with(R31.79dB(and(the( lowest(response(comes( from(the(
single(HPT(with(R34.82dB.(At(5(GHz,(the(highest(response(is( from(the(CE(HPTR(CE(HBT(
pair(with(a(value(of(R32.45dB(and(the(lowest(response(is(still(from(the(single(HPT(with(a(
value( of( R41.85dB.( The( peak( values,( together( with( the( biasing( information( are(
summarized(in(Table(4.6(for(the(2GHz(operation(and(Table(4.7(for(the(5GHz(operation.(
(
(

(
a)( ( ( ( ( b)(

Figure'4.45'GOM'Link'vs.'VbHPT'of'the'different'HPTLHBT'pair'under'an'illumination'of'2.44mW'using'
a'VILSystems'VCSEL''a)'at'2'GHz'b)'at'5'GHz'

Table'4.6'Summary'of''HPTLHBT'pairs'at'2'GHz'and'illumination'of'2.44mW'

HPTLHBT' Vbe(V)' Vce(V)' Biasext' GOM'Link'(dB)'
CE'(single'HPT)' 0.83( 2( NA( R34.82(
CELCB' 0.83( 2( 2V(( R31.79(
CELCE' 0.75( 2( 4mA( R21.75(

(
Table'4.7'Summary'of''HPTLHBT'pairs'at'5'GHz'and'illumination'of'2.44mW'

HPTLHBT' Vbe(V)' Vce(V)' Biasext' GOM'Link(dB)'
CE'(single'HPT)' 0.83( 2( NA( R41.85(
CELCB' 0.83( 2( 2V(( R40.54(
CELCE' 0.73( 2( 4mA(( R35.30(

(
Figure( 4.46( shows( the( absolute( GOM( of( the( three( topologies( (( single( HPT,( CERHPT+CB(
HBT,( CERHPT+( CERHBT)( versus( frequency.( It( is( observed( a( crossing( of( the( curves( at(
10GHz(.(The(improvement(of(the(CERHPT+CERHBT(is(clearly(seen.(
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(
Figure'4.46'GOM'HPT'vs.'Frequency'of'a'single'HPT'and'the'HPTLHBT'pairs''under'optimum'bias'

conditions'with'illumination'of'2.44mW'

The(optoRmicrowave((responses(of(different(HPT(RHBT(pairs(are(analyzed(and(identified.(
The(CE(HPT(–CB(HBT(pair(offers(a(25%(higher(R3dBOM(cutoff(frequency(as(compared(to(
the( single( CE( HPT.( The( CE( HPT( –( CE( HBT( circuit( offers( a( very( high( GOM( ( with( an(
improvement( of( up( to( 30dB( at( low( frequency( and( around( 10dB( at( 5( GHz.( despite( ( ( a(
reduction(in(the(R3dBOM(cutoff(frequency(of(almost(two(times(as(compared(to(the(single(
CE(HPT.(( ((((((((((((((
( (
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4.4 Conclusion,
(
In( this( chapter,( we( have( presented( the( study( and( analysis( of( the( optoRmicrowave(
response(of(various(circuits(utilizing(HPT:(passive(base(loads(on(an(HPT(and((HPTRHBT(
pairs.((
(
Experiment(on(the(external(HPT(base(loads(shows(that(the(optoRmicrowave((((response(
in(high(frequencies(could(be(optimized(with(the(use(of(impedances(that(have(a(positive(
phase(angle.(The(simulations(on(the(passive(internal(base(loads(showed(that(the(resistor,(
and(capacitor(loads(shows(improvement(up(to(25dB(in(the(low(frequency(region(and(the(
inductor( loads( shows( improvement(up( to(5dB( in( the(0.5GHzR1GHz( region.(This(means(
that( the(HPT(optoRmicrowave( frequency(could(be(tailored(with(the(use(of(an(adequate(
base(load(circuit.(The(measurements(using(an(HPT(with(an(internal(base(load(shows(that(
the(base(load(effect(on(the(HPT(can(be(properly(observed(by(configuring(a(biasing(of(the(
HPT(that( is( independent(on(the(base( load.(The( fabricated(modules(with(an( inductor( in(
series( to( the( base( of( the( HPT( is( severely( affected( by( the( DC( bypass( capacitor( of( to(
provide( the(base(bias( to( the(HPT.(The( fabricated(modules(with(a(capacitor( in(series( to(
the(base(of(the(HPT(allowed(for(the(2T(HPT(mode(of(operation(of(the(HPT(in(DC.((
(
Measurements( in( the( HPTRHBT( pair( shows( that( the( HPTRHBT( pair( shows( improved(
performances(as(compared(to(a(single(HPT.(The(HPT(cascode(exhibits(a(1.4dB(increase(
in(response(as(well(as(an( increase( in( the(cutoff( frequency(by(25%(up(to(344MHz(for(a(
R2R10SQxEBC( HPT.( The( simple( HPTRHBT( cascade( has( a( very( tight( biasing( range( but(
offers(at(most(a(30dB(increase(in(the(low(frequency.(While(its(cutoff(frequency(is(almost(
reduced(by(40%(as(compared( to(a(single(HPT( it( still(provides(a(10dB( improvement(at(
5GHz(and(reach(the(level(of(the(single(HPT(configuration(at(10GHz.((
(
The( comparison(of( the(optoRmicrowave( ( ( ( response(of( a( single(HPT(and( the(HPTRHBT(
pairs(showed(that(the(direct(coupled(CE(HPT(RCE(HBT(amplifier(response(has(the(highest(
value( in( the( low( frequency(operation( (50(MHz)(and(high( frequency(operation(at(up( to(
10GHz.((
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5 SiGe, HPT, for, Radio, over, Fiber,
applications,
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5.1 Introduction,
(
In(the(previous(chapters,(we(have(studied(the(performance(of(a(single(device(as(well(as(
the( influence( of( additional( circuit( components.( These( were( simple( HPT( circuits( with(
either( a( single( passive( component( on( the( base( or( a( basic( HPT( and( HBT( pair.( In( this(
chapter(the(SiGe(HPT(is(packaged(as(a(ROSA(module,((where(it(is(a(major(component(in(a(
RoF(system(and(thus(measured(in(a(complete(circuit.(In(Section(2,((a(60(GHz(transceiver(
module(is(discussed(to(provide(an(overview(of(the(system(where(the(HPT(ROSA(will(be(
used.( Section( 3( focuses( on( electronic( low( noise( amplifiers( that( could( be( used( as(
individual( circuit( modules( for( the( RoF( system( and( as( a( basis( for( SiGe( HPT( (ROSA(
implementations.(Section(4(presents(the(SiGe(HPT(cascode(circuits(that(are(targeted(to(
be(used(in(the(first(generation(SiGe(ROSA(modules.(These(circuits(are(characterized(on(
wafer(to(determine(the(optimum(circuit(that(will(be(used(for(the(fabrication(of(the(SiGe(
HPT(ROSA.(Section(5(presents(the(actual(resulting(ROSA.(The(processes(and(steps(in(the(
fabrication(and(assembly((of(this(module(are(detailed,(together(with(the(characterization(
results.((Finally,(a(second(version(of(the(ROSA(which(is(based(on(the(hybrid(cascading(of(
a(SiGe(HPT(and(two(LNA(are(designed(and(fabricated.(

5.2 IF,over,RoF,Transceiver,Module,for,60,GHz,application,
(
The(architecture(of(a(60GHz(IF(over(RoF(transceiver(module(as(developed(in(the(FUI8R
ORIGIN(Project(is(presented(in(Figure(5.1(([232],[226].(It(is(divided(into(two(sections:(the(
millimeter( (mm)( wave( section( and( the( centimeter( (cm)( wave( section.( The( wireless(
(receiving( section)( of( ( mm( wave( part( is( responsible( for( the( down( conversion( of( the(
received( 60GHz( wireless( signal( to( an( intermediate( frequency( (IF)( of( 5GHz( with( a(
bandwidth(of(2GHz.(The((mm(wave(transmit(part(up(converts(the(5GHz(signal(to(60GHz.(
In( the( cm( wave( module( down( converted( wireless( signal( is( conditioned( for( direct(
modulation(of(a(VCSEL((for(optical(transmission.(The(other(part(of(the(cm(wave(section(
receives( the(optical( signal(and( is( converted( to(an(electrical( signal(by( the(HPT.(An(HPT(
with( a( 4A/W( responsivity( and( a( cutoff( frequency( of( 50( MHz( is( expected( to( have( a(
response( of( R28dB( at( 5GHz.(A( 10dB( amplifier( integrated(with( the(HPT(will( result( in( a(
response(of(R18dB(at(5GHz(for(the(integrated(HPT(and(amplifier(chip.(In(order(to(reach(
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the(overall(link(requirements(of(the(system(as(defined(in(the(ORIGIN(project([232]([226],(
two( amplifying( stages( with( 14( dB( gain( are( further( needed( after( the( HPT+LNA.( An(
attenuator(inserted(between(the(two(amplifiers(provides(the(necessary(control(to(adapt(
for( the( response( of( the( HPT( and( amplifier( chip(module,( and( for( the( amplitude( of( the(
received(60GHz(signal.(
(

(
Figure'5.1'Proposed'architecture'of'60'GHz'IF'over'RoF'

5.3 Low,noise,amplifier,circuits,
(
This(section(presents(the(different(circuits(that(can(be(used(in(the(implementation(of(a(
radio( over( fiber( link.( These( circuits( are( designed( and( implemented( using( the( same(
processing( technology( used( in( the( fabrication( of( SiGe(HPTs.( This( allows( the( design( of((
fully(integrated(optoelectronic(receiver(circuits.(
(
A(low(noise(amplifier(plays(an(important(role(in(a(receiver(side(of(a(radio(over(fiber(link.(
These( circuits( are( intended( to( be( used( as( post( amplifying( stages( after( a( SiGe( HPT(
detector( or( SiGe( HPT( amplifier( circuit.( For( a( generic( wideband( application,( several(
preliminary(specifications(are(chosen(as(design(guides:(a(minimum(bandwidth(of(3.1GHz(
to(10.6GHz;(a(noise(figure((NF)(below(3dB(and(a(gain(greater(than(20dB.((
(
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Figure 1 : Proposed architecture for TRoF3 

This architecture involves the link budget put in the next page, Table 1. It considers a power delivered at 
the receiving antenna between -34dBm and -54dBm, respectively due to a 1m and a 10m first air gap. 

This budget link is computed for the case of the MMO, where an 8x8 optical coupler is used. 

The resulting power delivered at the emitting antenna is 19dBm. However, to prevent from the saturation 
of the last 60GHz stages, the variable attenuator in the link of the phototransistor should be tuned to 
lower this signal to +5dBm maximum. This should be used as a flexibility both for the MME case and to 
compensate for any further gain insufficiency at some stages. 

From the receiving antenna to the VCSEL:  
The millimeter-wave part is kept unchanged compared to TRoF2. The proposed centimetric board is 
composed of two 14dB gain LNA, a variable attenuator and a 28dB gain HPA. Switches and filters are 
also exploited as in TRoF2. 

It is taken into account a 0.36A/W VCSEL from Philips - ULM Photonics as packaged in TRoF2. Circuit 
drivers developed in the SiGe Run2 and the matching network proposed in this document, should help to 
improve further the link budget, presented in Table 1. However this improvement still needs to be proven 
in terms of bandwidth requirement. If positive, the variable attenuator could be tuned to a higher 
attenuation value.  

From the HPT to the emitting antenna:  
The millimeter-wave part is kept unchanged compared to TRoF2. The proposed centimetric board is 
composed of two 14dB gain LNA. Switches and filters are also exploited as in TRoF2. 

It is taken into account a 4A/W SiGe HPT with a cutoff frequency of 50MHz, combined with an integrated 
LNA of 10dB gain. This specification will be discussed in the next section.  
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(
Figure'5.2'Schematic'of'the'cascode'LNA'using'two'0.5x30μm'SIC'SiGe'HBTs'and'ideal'lumped'

elements'

The(cascode(topology(is(considered(shown(in(Figure(5.2.(It(consists(of(an(input(common(
emitter(transistor((T1)(driving(an(output(common(base(transistor((T2).(It(eliminates(the(
Miller( effect( and( thus( contributes( to( a( higher( bandwidth.( The( cascode( also( improves(
inputRoutput( isolation( since( there( is( no( direct( coupling( from( the( output( to( input.( The(
choice(of(transistor(is(a(key(concern(to(achieve(both(the(gain(and(the(noise(figure(in(the(
desired(bandwidth.(This(choice(is(dictated(by(the(need(to(select(some(transistor(size(that(
may(not(require( inductance( for( their(matching(circuit,(which(may(have( low(Q(and( low(
resonance(frequency.(
 
Three(components(are(also(key(to(the(optimization(of(the(cascode(circuit.(The(resistive(
feedback(resistor(R1(with(a(value(of(1.9kΩ(.(This(resistor(is(located(between(the(collector(
of(T2(and(the(base(of((T1,(the(output(and(the(input(current(of(the(cascode(respectively.(It(
helps( to( stabilize( the( transistor,( but( also( has( an( effect( on( its( performances.( High( R1(
values(increase(the(gain(and(decrease(the(noise(figure.(This(also(extends(the(bandwidth(
of( the( desired( noise( figure( goal.( The( limitation( comes( from( the( degradation( of( output(
reflections( leading( to( some( difficulties( for( the( output( impedance(matching( across( the(
bandwidth( (3.1GHz( R( 10.6GHz).( The( capacitive( feedback( capacitor( C1( with( a( value( of(
5pF,( is( a( grounded( capacitor( connected( to( the(base(of(T2.( It(works( to( compensate( the(
imaginary( part( of( the( input( impedance( of( the( transistor,( thus( improving( the( gain(
bandwidth.( Increasing( this( capacitor( value( raises( the( upper( maximum( available( gain(
(MAG)( and( the( S21( parameter.( Increase( in( this( capacitance( value( also( results( in(
improving( the( upper( frequency( gain( by( around( 7dB( (from( the( lower( to( the( upper(
frequency)( maintaining( the( low( frequency( behavior( unchanged.( This( capacitor( also(
affects(the(NF(bandwidth(in(a(similar(way.(This(action(is(less(important(than(the(one(on(
the(gain,(but(still(provides(an(improvement(on(NF.(The(drawback(of(using(this(capacitor(
is( that( it( degrades( the( S22( parameter.( Increasing( the( value( of( C1( also( increases(
reflections.(That(should(be(considered(as(a(limitation(on(C(value.(The(effect(on(the(Rollet(
stability(factor(is(negligible.(The(output(stabilization(resistor(R2(with(a(value(of(340Ω((is(
a(parallel(resistor(to(the(inductor(between(the(T2(collector(and(the(voltage(source(or(RF(
ground.(This(low(value(resistor(helps(to(decrease(S22,(therefore(improving(matching(to(a(
50Ω(( loads.( In(fact(this( low(resistor(value(makes( (S22(closer(to(the(50Ω(matching(point.(
This(effect(is(easily(visible(on(the(Smith(chart.(Even(without(matching(component(a(S22(is(
lower( than( 15dB( in( the(whole( bandwidth.( This( resistance( does( not( degrade( the( noise(
figure.(The(degradation(on(the(gain(is(controlled.(Using(ideal(components,(the(simulation(
results(are(presented(in(Figure(5.17.(
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(
a)( ( ( ( ( ( b)(

(
c)( ( ( ( ( ( d)(

Figure'5.3'Simulation'of'the'cascode'LNA'designed'with'ideal'components:'Shown'is'the'(a)'stability'
figures'(b)'reflection'parameters','(c)'achieved'noise'figure,'nf(2)'and'its'theoretical'limit'NFmin'and''

(d)'achieved'S21'gain'compared'to'the'theoretical'limit' 

The(gain(is(higher(than(20dB(on(the(desired(range(of(frequency,(with(a(ripple(less(than(
3dB.(Noise(figure(is(lower(than(3dB(and(can(reach(2.3dB(for(some(channels(of(the(ultra(
wideband( radio( standard.( The( output( reflection( however( presents( a( limitation( of( that(
circuit( but( is( lower( than( 10db( in( the( whole( range. NonRlinear( simulations( are( also(
performed(with(the(computation(of(the(1dB(Gain(compression(point((CP)(and(the(Input(
IP3((IIP3).(At(6GHz,(the(input(1dB(Gain(compression(point(equals(to(R15.2dBm(and(the(
IIP3(is(R1.8dBm,(fulfilling(expected(targets(.(The(simulations(are(shown(in(Figure(5.4(and(
Figure(5.5 

'

Figure'5.4'Simulation'of'the'input'power'at'the'compression'point'(CP)'vs.'frequency'of'the'ideal'
LNA.'
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(
Figure'5.5'Simulation'of'the'input'3rd'order'intercept'point'(IIP3)'vs.'frequency'of'the'ideal'LNA.'

These(simulations(are(performed(with(ideal(passive(components.( (The(nonRidealities(of(
the(lumped(components(are(very(critical(in(the(design(of(an(LNA.(Simulations(using(nonR
ideal( component( model( to( optimize( their( values( with( respect( to( the( desired( circuit(
performance,(showed(that(the(value(of(the(feedback(capacitance(C1(is(severely(affected,(
which(drops( down( to( 0.1pF(with( initial( value( of( 5pF.( This( very( low( capacitance( value(
could( be( removed( in( the( final( version( of( the( circuit.( Other( changes( are( illustrated( in(
Figure( 5.6,( where( the( circuit( has( been( simplified( and( optimized( to( take( into(
consideration(the(parasitics(of(the(nonRideal(components.((
(

(
Figure'5.6'Schematic'of'the'cascode'LNA'using'passive'components'from'the'SiGe2RF'process'

technology'

(
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(
Figure'5.7'Simulation'results'of'the'cascode'LNA'using'the'passive'components'of'the'SiGe2RF'

process'technology.'

Final(simulations(of(the(cascode(LNA(circuit(is(shown(in(Figure(5.7(which(exhibits(a(gain(
of( 15dB( ±2dB,( i.e.( 5dBR6dB( lower( than( the( circuit( with( ideal( components.( The( noise(
figure( is( lower( than( 3.5dB( with( a( minimum( value( over( the( band( of( 2.9dB.( On( the(
contrary,(the(output(reflection(coefficient(is(improved(with(a(value(lower(than(R10dB(at(
10GHz. The main(limitation(in(the(gain(arises(from(the(resistive(nature(of(the(feedback(
used(to(stabilize(the(transistor.( 
(

(
Figure'5.8'Layout'view'of'the'R2LLNA01'circuit'

Figure(5.8(shows(the(final(layout(of(R2RLNA01(circuit.(The(input(and(output(ports(of(the(
LNA(are( connected( to(GSG(pads.(The(LNA(bias( is( established(via( the(DC(pads.(Pin(1( is(
biased(with(21μA,(Pin(2(with(2.15V(and(Pin(3(with(2.5V.((
(
The(onRprobe(measurement(results(are(compared(to(simulation(results(are(presented(on(
Figure(5.9.( It( shows(that( the(measured(response( is(15dB(at(around(2(GHz.(The(central(
frequency(was(shifted(and(does(not(fit(the(5GHz(objective.(Nonsteady(behavior(was(also(
observed.(
(
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(
Figure'5.9'Simulated'and'measured'S21'of'the'R2LLNA01'amplifier.'

Another(amplifer,(named(R3RLNA0(was(designed(to(operate(at(a(frequency(of(5.185GHz(
and(a(bandwidth(of(2GHz.(It(uses(a(simple(cascode(architecture(similar(to(R2RLNA01(as(
seen( in( Figure( 5.2.( Figure( 5.10( shows( the( schematic( diagram( of( the( R3RLNA01( with(
matching(circuits(to(facilitate(the(operation(at(5.185GHz(.(

(

(
Figure'5.10'Schematic'diagram'of'R3LLNA01'using'a'simple'cascode'operation'

Figure(5.11(shows(the(simulation(of(the(gain(and(noise(figure(of(the(R3RLNA01.(It(shows(
that(the(peak(gain(is(a(13.86dB(at(5.1(GHz.(At(4.1(GHz,(the(gain(is(9.7dB(and(at(6.1(GHz(
the( gain( is( 10.1dB( thus( giving( a( +/R2dB( variation( within( the( band.( The( noise( figure(
simulation(shows(a(3.8dB(noise(figure(at(5.1(GHz.(
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(
(

( ((
a)( ( ( ( ( ( b)(

Figure'5.11'Simulation'results'of'the'R3LLNA01'amplifier'(a)'S21''and'(b)'NF'

Figure(5.12(shows(the(layout(diagram(of(the(R3RLNA01(amplifier.(The(input(and(output(
ports(of(the(LNA(are(connected(to(GSG(pads(and(DC(biasing(are(provided(by(the(DC(pads.(

(
Figure'5.12'Layout'view'of'the'R3LLNA01'amplifier'without'the'GSG'pads'and'DC'pads.'

Figure( 5.13( shows( the( onRprobe( measured( S21( of( the( R3RLNAR01( compared( to( the(
simulation( results.( It( shows( a( peak( value( of( 10dB( at( 5GHz.( The(measurement( results(
exhibit(a(lower(gain(and(a(shift(in(the(center(frequency(of(operation.(
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(

(
Figure'5.13'Measured'S21''of''R3LLNA01'vs.'simulation'results''

(

5.4 HPTTbased,Receiver,Optical,SubTAssembly,(ROSA),
(
This( section( presents( the( development( of( an( HPT( based( ROSA( for( the( previous(
architecture.( The( circuit( is( described( first.( Then( optoRelectrical( characterizations( are(
provided(with(the(goal(to(define(the(best(method(to(realize(the(optical(fiber(alignment.((

5.4.1 HPT,cascode,,amplifier,circuits,
(
An( optoRelectronic( HPTRbased( amplifier( is( designed( using( the( R2RLNA01( architecture(
without(its(matching(network.(Where(the(common(emitter(transistor(of(the(cascode(has(
been( replaced( by( an( HPT.( Figure( 5.14( shows( the( schematic( of( the( diagram( of( the(
resulting(HPT(cascode(amplifier.(The(output(resistance(R1(is(unaffected(and(the(parallel(
feedback( resistance(R2( should(be( adjusted( for( the(HPTs(but( this(was(not(done( at( this(
stage( as( not( enough( information(were( available( on( the(HPTs( as( they(were( developed(
simultaneously( in( the( same( run.( The( simple( replacement( of( the( HBT( with( an( HPT(
provides( insights( in( the( operations,( which( could( be( used( as( reference( for( the( future(
iterations.( Four( HPT( cascode( amplifiers( are( fabricated( and( characterized( using( the(
10xEBC,(20xEBC,(30xEBC(and(50xEBC.((
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(

(
Figure'5.14'HPT'cascode'circuit'schematic'diagram'

Figure(5.15(shows(the(measured(GOM(link(vs.(frequency(of(the(HPT(cascode(amplifier(and(
a(VIRSystems(VCSEL(with(Vb1=(0.85V,(Vc2(=(2.5V(and(Vb2(=(2.2V.((The(highest(response(
is(seen(from(the(OE(amplifier(with(the(30SQxEBC(HPT(and(the(lowest(response(is(from(
the( OE( amplifier( with( the( 10SQxEBC( HPT.( Similar( to( previous( characterizations( of(
similar(type(HPTs(with(different(optical(window(sizes.(The(size(of(the(optical(beam(used(
in(the(optoRmicrowave(measurements(will(have(significant(effects(in(the(peak(measured(
OM(response.(The(30SQxEBC(has(no(optical( losses(associated(with( the(optical(window(
and(the(10SQxEBC(has(a(high(amount(of(associated(optical(losses.((

 
Figure'5.15'GOM'vs.'frequency'of'the'HPT'base'OE'amplifier'using'different'sized'SQxEBC'HPTs'at'a'

biasing'condition'of''Vb1'='850mV,'Vc2'='2.5'V'and'Vb2'='2.2V'(Measurements)'

Figure(5.16(shows( the(comparison(of( the(optoRmicrowave( ( response(of( the(HPTRbased(
OE(amplifier(when(as(compared(to(the(optoRmicrowave((response(of(a(single(HPT(of(the(
same(size(as(used(in(the(OE(amplifier(circuit.(Generally,( the( low(frequency(response(of(
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HPT 30xEBC in cascode Vb1=850mV, Vc2=2p5V,Vb2=2p2V
HPT 50xEBC incascode Vb1=850mV, Vc2=2p5V,Vb2=2p2V
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the( OE( amplifier( circuits( will( have( lower( value( compared( to( their( single( HPT(
counterpart.(However,(at(high( frequencies,( i.e.,(2GHz,(The(optoRmicrowave(response(of(
the(HPT(cascode(amplifier(with(a(30SQxEBC(and(50SQxEBC(show(better(response(.((

(
a)( ( ( ( ( b)(

(
c)( ( ( ( ( d)(

Figure'5.16'GOM'vs'Frequency'of'the'different'HPT'based'OE'amplifiers'as'compared'to'their'
counterpart'single'HPT.'

From( these( measurements,( the( 30μm( HPT( cascode( circuit( is( retained( as( a( good(
candidate( for( integration( in( ( a(ROSA(module.(Next( section(deals(with( the( technique( to((
prepare( the( optical( packaging( and( how( to(monitor( a( proper( optical( alignment( to( the(
circuit.(

5.4.2 Chip,preparation,for,the,packaging,
(
The(idea(of(this(section(is(to(discuss(the(packaging(of(the(30μm(HPT(cascode(circuit.(The(
die(is(described(and(then(DC(optoRelectronic(tests(are(performed(that(will(be(the(basis(of(
further(optical(alignment(procedure.(
(
Figure( 5.17( shows( two( chip( photographs( of( the( HPT( cascode( circuit.( Figure( 5.17(a)(
shows(the(circuit(with(a(150um(pitch(GSG(pads((GSG(HPT(in(cascode)(and(Figure(5.17(b)(
shows( the( HPT( cascode( circuit( with( 200µm( ( pitch( pads.( The( 200µm( pitch( pads( are(
compatible(to(flip(chip(and(thermoRcompression.(These(processes(are(used(to(attach(the(
HPT(to(a(glass( transparent(substrate( that(will(be(described( later(on.(This( is(one(of( the(
steps(in(the(fabrication(and(assembly(of(the(HPTR(based(ROSA.(
(
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(((((((((((( (
a)( ( ( ( ( b)(

Figure'5.17'HPT'in'cascode'in'a)'150µm'pitch'GSG'Pads'b)''200µm'pitch'pads'

OnRwafer(DC(tests(on(the(GSG(HPT(cascode(was(performed(to(verify(its(operation(and(to(
define( the( best( condition( for( the( alignment( of( the( optical( probe( to( the( HPT( optical(
window.((
(
Verification(of(the(optical(alignment(using(only(DC(currents(offers(a(simplified(bench(for(
the(assembly(of(the(ROSA(module.(The(circuit(was(biased(with(2.5V(Vc1,(2.2V(Vb1(and(
Vb2(was(swept(from(0R1V.(The(first(test(condition(is(when(there(is(no(illumination(from(
the( laser.(The(second( test(condition( is(when( the(optical(probe( is(aligned( to( the(optical(
window(and(the(laser(is(turned(on.(The(current(Ic2,(which(is(the(collector(current(on(the(
transistor( T2( and( the( Ib1,( which( is( the( base( current( in( the( HPT( (T1)( are( monitored.(
Figure( 5.18( shows( Ic2( vs.( Vb1( when( the( laser( is( turned( on( and( turned( off.( Ic2( is(
approximately(15mA(until( the(point(where( the(HPT( is( forward(biased.(The(HPT(starts(
going(on(when(Vb1(is(around(0.7V(and(then(Ic1(increases(as(Vb1(is(increased.(The(other(
trace( shows( Ic2(when( the( laser( is(ON.(We(used( a(VCSEL(with(6mA(bias.(The( collector(
current(Ic2(shows(an(increase(of(collector(current(all(over(the(Vb1(range.(The(increase(is(
little(compared(to(the(dark(current(value.(The(observation(of(the(base(current(of(the(HPT(
thus(provides(a(more(clear(view(of(the(photogenerated(currents(
(

 
Figure'5.18'Ic2'vs.'Vbe'of'the'HPTLbase'OE'Chip'

Figure( 5.19( shows( the( plot( of( the( Ib2( vs( Vb1.( The( first( trace( shows( the( Ib( vs( Vbe(
behavior(when( there( is(no( illumination.(At(0V(Vbe( Ib1( is(approximately(0A,(and(when(
the(HPT( is( forward(biased,( Ib1(will( increase.( (When(the(HPT( is( illuminated,(at(0V(Vbe,(
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Ib1( is(negative(until(HPT( is( forward(biased.( Ib1(starts( to( increase(and(reach(a(positive(
value(when(Vb1(is(equal(to(0.85V.(It(continues(to(increase(as(Vb1(is(increased.(It(can(be(
observed( that( the( illumination( results( in( the( decrease( of( Ib1,( which( is( due( to( the(
opposite(direction(of(the(base(photocurrent.(
(
In( summary,( these( observations( are( useful( to( identify( the( best( criteria( to( realize( the(
optical(alignment(of(the(fiber(above(the(HPT.(The(GSG(HPT(cascode(is(aligned(when(we(
see(a(slight(increase(in(the(Ic2(in(the(region(where(Vb1(>0.7V,(and(when(we(observe(a(
negative(current(on(the(Ib(when(Vb1(=([0,(–(0.85V].(
(

 
Figure'5.19'Ib1'vs'Vbe'of'the''HPTLbase'OE'Chip'

The(HPT(cascode(circuit(in(the(200µm(pads(are(then(diced,(assembled(and(packaged(in(
an(HPTRbased(ROSA(module.(Innoptics(is(primarily(responsible(for(the(packaging(of(the(
ROSA( module.( Figure( 5.20( shows( a( layout( representation( of( the( HPTRbased( optoR
electronic( amplifier( chip( and( the( dimension( and( placement( of( the( electrical( pads(
(circles)(and(the(optical(window((squares).(The(chip(also(contains(three(single(HPTs(to(
optimize( the( die( surface.( The( die( is( 1250μm( x( 2500μm( in( size( which( has( been(
normalized(for(all(of(them.(
(

(
a)( ( ( ( ( b)(

Figure'5.20'HPT'based'OE'chip'a)'layout'b)'dimension''and'placement'of'the'optical'windows'
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5.4.3 Interconnection,substrate,and,Electrical,contacts,
(
The(transparent(interconnection(substrate(is(an(essential(element(in(the(architecture(of(
the( ROSA(module.( It( allows( for( the( reception( of( the( optical( signal( thru( the( substrate(
while( providing( electrical( contacts( to( the( pads( of( the( HPT( circuit( chip.( The( electrical(
routing( to( the(pads(of( the(HPT(chip(are(designed(and(converted( to( lithographic(masks(
for( the( substrate( processing.( The( mask( design( for( the( HPTRbased( ROSA( is( shown( in(
Figure( 5.21(a).( The( fabrication( of( the( interconnection( substrate( consists( of( depositing(
different(metallic( layers( on( a( transparent( substrate,(which( is( either( glass( or( sapphire.(
The(final(metallization(layer(is(1.5μm(gold(layer(to(allow(for(good(electrical(conductivity(
and( to( ease( the( thermoRcompression( process.( The( final( interconnection( substrate( is(
shown(in(Figure(5.21(b).(It(has(been(fabricated(in(ESIEE(cleanroom.(
(

( ( (
a)((((((((((((((((((((((((((((((((((((((((((((((((((((((((b)(

Figure'5.21'Interconnection'substrate''a)'mask'layout'b)'final'implementation.'

Stud(bumps(are(placed(in(the(connection(pads(of(the(interconnection(substrates.(These(
stud(bumps(are(small(gold(balls,(which(are(used(in(soldering(via(thermal(compression.(
Each( stud(bump(allows( for( the( realization(of( an(electrical( connection( to( the( substrate.(
Some( of( the( stud( bumps( are( used( for( the( interconnection( to( the( HPT( die( while( nonR(
electrically(active(pads(are(used( for( the(mechanical( fixture(reinforcement(of( the(die( to(
the(transparent(substrate.(
(
Figure(5.22(a)(shows(the(close(up(view(to(the(stud(bumps(and(Figure(5.22(b)(shows(a(
cross(section(of(the(interconnection(substrate(with(the(stud(bumps.(

(

(
a)((((((((((((((((((((((((((((((((((((((((((b)(

Figure'5.22'The'interconnection'substrate'with'the'stud'bumps:'a)'stud'bumps'b)'cross'section'

The( HPT( chip( is( connected( to( the( interconnection( substrate( via( flip( chip( process( and(
thermal(compression.(Figure(5.23(shows(the(view(to(the(HPT(chip(that(is(attached(to(the(
interconnection(substrate.(A(flexible(PCB(circuit(is(designed(to(provide(electrical(access(
to( the( rest( of( the( system.(A( layout( representation( is( shown( in(Figure(5.24(a).( ( ( Figure(
5.24(b)( show( the( final( electrical( connection( system( of( the( HPT( based( ROSA,( the(
interconnection(substrate(is(attached(to(the(flexible(PCB(via(thermal(compression.(
(
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(
Figure'5.23'Top'view'of'HPT'OE'chip'that'is'attached'to'the'interconnection'substrate'

The( transparent( substrate( is( a( rigid( material( that( will( support( the( optical( coupling(
fixture( described( in( the( next( section.( It( is( however( mandatory( to( take( electrical(
connection(from(this(substrate(to(the(external(system.(This( is(provided(through(a( flexR
PCB(figure,((sketched(in(Figure(5.24(a).(The(transparent(substrate(is(then(mounted(on(it(
through(a( similar( thermoRcompression(procedure(using(pads( from( the(outer( region(of(
the(substrate.(The(flexRPCB(is(drilled(etched(in(its(center(to(keep(an(open(access(to(the(
full( surface( of( the( transparent( substrate.( Figure( 5.24(b)( shows( the( final( result( of( this(
flexRPCB(glass(SiGe(HPT(circuit(fixture.(
(

(
a)( ( ( ( ( b)(

Figure'5.24'HPT'based'ROSA:'a)'layout'diagram'of'the'flexible'PCB'circuit.'b)'final'electrical'
connection'system''

5.4.4 Optical,coupling,and,alignment,
(
The( optical( coupling( system( is( designed( and( fabricated( by( Innoptics.( Shown( in( Figure(
5.25(is(a(sketch(of(this(system.(A(ferule(holds(a(multimode(fiber(sot(that(the(optical(beam(
passes( through( a( ball( lens.( The( focused( optical( beam( passes( through( the( transparent(
interconnection( substrate( and( finally( hit( the( HPT( die( optical( window(with( an( optical(
spot(size(of(30µm(in(diameter.(The(mechanical(drawing(is(shown(in(Figure(5.26a(which(
shows(the(actual(components(of(the(optical(coupling(system:(the(body,(ball( lens,( ferule(
for(MMF(connections,(a(sleeve(to(assure(the(alignment(of(the(ferule(to(the(receptacle(and(
to(connector,( and(a( shield( to(protect( the(assembly.(Figure(5.26(shows( the( final(optical(
coupling( system.( The( ball( is( a( 1mm( sapphire( ball( lens,( in( direct( contact( to( the(
transparent(substrate.(The(MMF(position(is(controlled(to(by(typically(1160μm.(A(typical(
67%(optical(coupling(efficiency(is(achieved(on(the(30x30µm2((HPT.(
(
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(
Figure'5.25'Sketch'of'the'optical'coupling'system'

(
a)(( ( ( ( b)(

Figure'5.26'optical'coupling'system'a)'mechanical'drawing'b)'final'implementation'

The( optical( coupling( system( is( aligned( and( glued( over( the( electrical( interconnection(
system( shown( in( Figure( 5.23.( This( is( accomplished( using( a( micropositioning( lens(
alignment(bench(shown(in(Figure(5.27.(The(resulting(HPT(based(ROSA(is(show(in(Figure(
5.28(
(

(
Figure'5.27'Lens'alignment'micro'positioning'system'
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( ( (
a)( ( ( ( ( (b)(

Figure'5.28'a)'Component'breakout'of'the'HPTLbased'ROSA''and'b)'final'assembled'and'packaged'
HPTLbased'ROSA'

The( alignment( of( the( optical( fixture( to( the( electrical( system( is( accomplished( by(
observing(the(currents(in(the(base(of(the(HPT((Ib1)(and(in(the(collector(of(the(HBT((Ic2).(
The( onRwafer( measurements( were( used( as( reference( values( for( the( alignment( of( the(
electrical(system(to(the(optical(system.(A(negative(value(in(the(μA((range(in(the(measured(
Ib1( when( Vb1( =( 0V,( Vb2( =( 2.2V,( and( Vc2( =( 2.5V( shows( that( the( optical( system( and(
electrical( system( are( aligned.( However,( detecting( differences( in( the( μA( range( to(
determine( alignment( relaxes( the( requirement( on( the( precision( of( the( measurement(
instruments( that(will(be(used.(Using(a(resistor( in( the(Vb1(pin(provides(a(way(to( lower(
the(base(current(that(is(supplied(to(the(HPT.(Figure(5.29(shows(the(electrical(system(of(
the(HPTRbased(ROSA(before(the(optical(system(is(positioned(on(top.(The(placement(of(a(
resistance(value(in(the(Vb1(pin(is(highlighted(in(the(figure.(
(

 
Figure'5.29'HPTLbased'ROSA'without'the'metal'receptacle'

Figure( 5.30( ( shows( the( Ib1( vs.( Vbe1( curves( with( the( laser( on( and( laser( off( with( the(
optical(and(electrical(systems(aligned.(Measurement(with(the(laser(off(is(similar(to(when(
both(systems(are(not(aligned.(It(has(three(sets(of(curves(showing(the(different(resistance(
values(used(for( the(external(resistor((0Ω,( (20KΩ,(and(200KΩ).( (Similar( to( the(onRwafer(
measurement( of( the(GSG(HPT( cascode,( illumination( results( in( the( lower( of( Ib1.( In( the(
region( before( the( HPT( is( forward( biased( (0V( R0.7V,( Vb1),( the( effect( of( illumination( is(
more(pronounced(when(there(is(no(resistance(connected(and(becomes(less(pronounced(
as( the( external( resistance( increases.(This(means( that( if( the(base( current( in( the(HPT( is(
used( in( order( to( verify( the( alignment,( an( external( resistor( in( not( necessary.(However,(
precise(measurement(equipment(is(needed(in(the(alignment(bench.(
(
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(
Figure'5.30'Measured'Ib1'vs.'Vb1'with'laser'turned'ON'and'OFF'for'an'aligned'HPTLbased'ROSA'

(
Figure(5.31( shows( the( Ic2(vs.(Vb1(curves( for( the(different( illumination(conditions(and(
the( external( resistances.( In( general,( HPT( illumination( causes( Ic1( to( increase.( This(
increase(is(more(pronounced(as(the(external(resistance(increases.(For(Ic1,( the(external(
resistance(of(200KΩ(shows(the(highest( increase( in(Ic2.(This(means(that( if( the(collector(
current(in(the(HBT(will(be(used(to(verify(the(alignment,(a(resistor(with(a(minimum(value(
of(200KΩ(should(be(used(in(the(alignment(bench.(The(voltage(biasing(of(the(base(trough(
a( resistor( essential( convert( the( voltage( base( biasing( into( current( base( biasing.( The(
higher( resistance(value(gives( lower(base( currents.(The( lower(base( current( supplied( in(
the( base( allows( for( the( extraction( of( higher( responsivity( of( the( HPT.( The( measured(
illuminated( Ic2( show( consistent( results( with( the( constant( current( base( bias( DC(
measurement( of( the( HPTs( as( presented( in( Chapter( 3.( One( advantage( with( the( use( of(
external( resistors( is( that( the( measured( DC( responsivity( increases( and( having( the(
additional(benefit(of(reducing(the(dark(Ic2.(Equipment(with(less(precision(could(be(used(
in(the(alignment(bench(setup.(
(

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
-1

0

1

2

3

4

5

6
x 10-5  Ib1 vs Vb1

Ib
1 

(A
)

Vb1 (V)

 

 

 Laser OFF
 Laser ON
 Laser OFF 20K
 Laser ON 20K
 Laser OFF 200K
 Laser ON 200K

Vb2 =2.2V ,Vc2 = 2.5V

No Resistor

20K

200K



Chapter(5(SiGe(HPT(for(Radio(over(Fiber(applications(

Study(of(SiGe(HPT(for(UWB(Radio(over(Fiber(applications(( 177(

(
Figure'5.31'Measured'Ic2'vs.'Vb1'with'laser'turned'ON'and'laser'OFF'for'an'aligned'HPTLbased'ROSA'

The( final( alignment( of( the( optical( and( electrical( systems( of( the( HPTRbased( ROSA( is(
implemented(using(the(alignment(bench(shown(in(Figure(5.27.(An(external(resistor(with(
200KΩ(value( is(used( to(easily(monitor( the( increase( in( Ic1(of(an(aligned(system.(Figure(
5.32((a)(shows(the(shows(that(the(Ic1(increases(from(15mA(to(28mA(when(Vb1(=0,(Vc2(=(
2.5V(and(Vb2( is(2.2V.(Figure(5.32((b)(shows( the(measured( Ib1( for( the( illuminated(and(
nonRilluminated(conditions.(
(

(
a)(( ( ( b)(

Figure'5.32''ROSA'measurements'with'200KΩ'external'resistor'aligned'and'non'aligned'a)'Ic'vs.'Vb1'
and'b)Ib'vs.'Vb1'

5.4.5 OptoTmicrowave,,measurements,
(
This( section( describes( the( optoRmicrowave( ( response( analysis( of( the( fabricated( HPT(
cascode(ROSA.(To(proceed(with(the(characterization(the(ROSA(is(attached(to(a(test(board(
which(provides(the(biasing(voltage(from(a(single(bias(voltage(of(4V.(It(also(provides(an(
SMA(connector(for(the(output(of(the(ROSA.(Figure(5.33(a)(shows(the(HPT(Cascode(ROSA(
test(board.(OptoRmicrowave(measurements(with(two(different(VCSEL(were(performed.(A(
VI(Systems(VCSEL,(and(an(ULM(photonics(TOSA(were(used(the(internal(voltages(were(set(
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by(the(biasing(network(in(the(test(board(to(measure(at(the(optoRmicrowave((((response(
of(the(line((as(shown(in((Figure(5.33(b).(
(

(
a)( ( ( ( ( b)(

Figure'5.33'a)'HPTLbased'ROSA'test'board'b)'HPTLbased'ROSA'connected'to'the'HPTLbased'ROSA'
test'board'

Figure(5.34(shows(GOM(( link(gain(of(the( ( link(made(up(VI(Systems((VCSEL(and(the(HPTR
based(ROSA( (SR7)(when( ( the( laser( is( (ON(and(when( it( is(OFF.(The(measurement(with(
laser( OFF( shows( the( noise( floor( of( the( system.( The( measurement( with( the( laser( ON(
shows(a(dip(at(500MHz.(This(is(due(to(the(parasitics(in(the(bias(board(module.(

(

(
Figure'5.34'GOM'vs.'frequency'of''VI'systems'VCSEL'8mA''and'HPTLbased'ROSA'Link'

Figure(5.35(shows(a(comparison(between(the(optoRmicrowave((((measurements(with(the(
VCSEL(1)(and(HPT(cascode(ROSA(and(a((VCSEL(2)(and(HPT(cascode(response(measured(
on(chip.(The(difference(in(magnitude(in(the(low(frequencies(is(attributed(to(the(different(
output( power( of( the( VCSELs( used.( ( At( high( frequencies,( all( the( components( that( are(
external(to(the(HPT(chip(affect(the(response(of(the(link(with(the(HPTRbased(ROSA.((
(
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(
Figure'5.35'GOM'vs.'frequency''of'VI'systems'VCSEL'8mA''and'HPTLbased'ROSA'and'VI'systems'VCSEL''

8mA''and'CE'HPT'on'chip'measurements.'

Link(measurements(were(also(performed(using( the(ULM(Photonics(TOSA(and( the(HPT(
cascode( ROSA( optical( link.( Figure( 5.36( shows( the( optoRmicrowave( ( ( response( of( this(
optical(link.(A(dip(is(observed(in(the(200MHz(range(that(is(due(to(the(bias(board(for(the(
TOSA( and( the( second( dip( at( 500MHz( is( due( to( the( bias( board( for( the( ROSA.( The(
optoRmicrowave( ( ( ( link(gain(measurements(of(a(VCSEL(and(an(HPT(ROSA( link(shows(a(
response(of(around(R70dB(to(R75(dB(in(the(4GHz(to(6GHz(bandwidth.(These(signal(levels(
are(very(low(to(see(a(response(in(the(EVM(test(bench.(It(can(be(seen(in(the(measurement(
that( by( adding( an( 30dB( 12GHz( amplifier( (Photline)( results( in( a( increase( in( the(
optoRmicrowave((((link(gain(by(30dB.(
(

(
Figure'5.36'Link'gain'of''ULM'Photonics'TOSA'SS3'and'Cascode'SiGe'HPT'ROSA'SR7'

The(low(response(in(the(4GHzR6GHz(can(be(attributed(to(the(optoRmicrowave(response(
of( the(30SQxEBC(HPT.( It( ( can(be( improved(by( changing( the(HPT( type( to:( an( extended(
EBC(with(etched(oxide((30SQxEBCeO),(and(extended(EBC(with(sic( (30SQxEBCsic),(or(a(
combination(of(etched(oxide(and(sic((30SQxEBCeOsic).(Another(source(of(improvement(
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could(be(made(by(using(a( smaller(optical(window(to(have(higher(cutoff( frequencies(at(
the( expense( of( high( optical( loses.( Another( solution( is( to( use( a( CE( HPTR( CE( HBT( pair(
which(was(measured(to(have(link(response(in(the(R30dB(range(centered(at(5GHz(as(the(
core(element(in(the(HPTRbased(OE(amplifier.(It(is(also(clear(in(Figure(5.35((that(the(TOSA(
electrical(interconnections(were(not(optimum(and(provides(a(10dB(degradation(at(some(
frequencies.(

(

5.5 ,HPT,and,Cascaded,LNA,ROSA,
(
A( second( generation( of( ROSA( is( built( up( in( this( section.( It( is( implemented( through( a(
hybrid(packaging(of(the(10SQxEBC(HPT,(and(two(LNA(module,(and(SMT(chip(inductors(
[226].( (The( schematic(of( the( circuit( is( shown( in(Figure(5.37( (The(HPT( is( loaded( in( the(
base(by(50Ω(and(is(configured(as(in(a(2T(HPT(configuration.(The(LNA(module(used(is(the(
R3RLNA01( and( the( inductors( are( used( to( bias( the( HPT( collector( and( match( the( HPT(
output(to(the(LNA(input(impedance.(
(

(
Figure'5.37''Schematic'of'the'Hybrid'ROSA'

The( complete( ROSA( was( mounted( on( a( glass( interconnection( substrate( as( shown( in(
Figure(5.38(a)(where(the(two(LNA(dies(and(the(HPT(dies(are(connected(altogether(with(
Gold(RF( transmission( lines(and( thermoRbumping.(The(glass( substrate( is( then(mounted(
on(a(flex(PCB(and(an(optical(package(with(its(mechanical(receptacle(is(assembled.(Figure(
3( shows( the( photo( a)( from( the( bottom( view( and( b)( from( the( top( view.( The( dies( are(
mounted(through(thermoRcompression(while(SMT(devices(were(fixed(using(conductive(
glue.( The( ROSA( benefited( from( electromagnetic( simulations( and( improvement( on( the(
electrical(lines(on(the(transparent(substrate(and(on(SMT((devices(interconnections([226].(
This(step(was(important(to(get(rid(off(parasitics(observed(in(Section(4(TOSA.(
((

(
Figure'5.38'SiGe'ROSA'final'integration'and'packaging:'a)'bottom'view'with'electrical'

interconnections;'b)'Top'view'with'optical'mechanical'receptacle'mounted'on'the'flex'PCB'
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Figure( 5.39( provides( the( extracted( optoRmicrowave( ( gain( of( the( ROSA( where( both(
simulation( (including( the( SMT(elements)( and(measurement( are( shown.(We( can(notice(
the( amplification( stage( influence( at( 5(GHz,( providing( a( final( gain( of( R15(dB,( which( is(
15(dB(higher(than(the(SiGe(HPT(gain.(A(9dB(loss(compared(to(the(simulated(SiGe(ROSA(is(
found(that(is(explained(by(a(35%(coupling(efficiency(from(the(fiber(to(the(HPT(using(the(
ball(lensed(coupling(technique(due(to(the(small(size(of(the(HPT.(
(

(
Figure'5.39''Measurements'of'optoLmicrowave'response'of'the'on'probe'2TLHPT'under'Vce=2.5'V'

and'of'the'complete'SiGe'ROSA'(simulation'and'measurement'

The( fabricated( 2TRHPT( ROSA(was( integrated( in( a( RoF( link( using( 10Gbps( Philips( ULM(
photonics( TOSA.( The( Error( vector( Magnitude( (EVM)( is( measured( with( an( Arbitrary(
Waveform(Generator((AWG)(with(12(bits(resolution,(12(GSa/s(sample(rate(and(an(analog(
bandwidth( of( 5(GHz( (Agilent( M8190A).( An( IFROFDM( signal( is( generated( with( QPSK(
modulation( subcarriers( working( at( 3.08(Gbit/s( over( a( 1.815GHz( channel( bandwidth(
according(to(the(IEEE(802.15.3c(standard,(HSI(mode.((
 
The( comparison( between( the( EVM( of( the( link( using( the( same( VCSEL( connected( to( a(
highly( linear(photodetector( from(NewFocus( (NFPD)(and( the(EVM(of( the( link(using( the(
2TR(SiGe(HPT(is(presented(in(figure(5((including(the(backRtoRback(measurement(B2B).(A(
minimum( EVM( of( 25(%( is( demonstrated( at( 0dBm( input( power,( which( represents( a(
degradation( of( 16(%( compared( to( BackRtoRBack( measurement.( It( is( an( error( free(
transmission( after( Cyclic( Redundancy( Check( (CRC)( compensation.( This( is( a( first(
promising(result(that(could(be(improved(by(further(optimizations,(both(on(the(HPT(and(
LNA(stage(design.((
(

(
Figure'5.40'EVM'curve'of'the'light'source'module'plus'SiGe'ROSA'comparing'with'the'NFPD'at'an'IF'

of'5'GHz'

In( summary,( a( hybrid( ROSA(module( was( designed( and( fabricated( that( combines( two(
cascaded(LNAs(to(a(2TRSiGeRHPT.(An(overall(R15dB(optoRmicrowave(gain(is(achieved(at(
5(GHz(with(a(35%(optical(coupling(efficiency.(A(minimum(EVM(of(25(%(was(measured,(
which(represents(a(degradation(of(16(%(compared(to(BackRtoRBack(measurement.(These(
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results,( although(preliminary,( can(be(seen(as(very(promising(as( it( shows(an(error( free(
transmission(of(a(3.08(Gbps(IEEE(802.15.3c(HSI(signal(at(5(GHz,(after(CRC(correction.(
(
( (



Chapter(5(SiGe(HPT(for(Radio(over(Fiber(applications(

Study(of(SiGe(HPT(for(UWB(Radio(over(Fiber(applications(( 183(

5.6 Conclusion,
(
This( chapter( presented( a( proposed( architecture( of( a( 60( GHz( IF( RoF( system.( It( uses( a(
directly(modulated(VSCEL(as( the(optical( source(and(an(HPT(as( the(optical(detector.( In(
the(system(modeling(and(design,(the(HPT(should(have(a(responsivity(of(at(least(28dB((at(
5(GHz(which(translates(to((4A/W(and(a(cutoff(frequency(of(50MHz.(An(amplifier(with(a(
gain( of( 10dB( should( be( integrated(with( the(HPT( in( the( same( SiGe( process( to( provide(
suitable(signal(levels(for(external(processing.(An(adjustable(RF(gain(system(is(included(in(
the( optical( receiver( chain( to( provide( the( necessary( amplification( to( compensate( for( a(
lower(response(in(the(HPT(block.((
(
Different(cascode(amplifier(circuits(were(designed(for(operation(at(the(5GHz(and(17GHz.(
The(circuits(are(intended(to(be(used(as(post(amplifying(stages(for(the(SiGe(HPT.(
(
The(design(and(fabrication(of(the(preliminary(version(of(the(HPT((based(ROSA((was(also(
presented.( It( is( a( collaborative( work( between( ESYCOM( and( Innoptics.( It( uses( an(
30x30µm2( HPT( based( cascode( circuit( which( has( better( response( at( 5GHz( taking( into(
account(optical( losses.(Characterization(of( the( fully(assembled(version(1(of(HPTRbased(
ROSA( showed( responses( in( the( range( of( R70dB( to( R75dB( which( is( due( to( additional(
coupling( losses( from( the( optical( assembly( and( parasitic( losses( in( the( electrical(
packaging.((
(
An(HPT(and(LNA(circuit(is(chosen(to(be(the(circuit(configuration(for(the(implementation(
of(the(second(version(of(the(HPT(based(ROSA(using(a(hybrid(packaging(of(the(10SQxEBC(
HPT(configured(in(the(2TRHPT(configuration(together(with,(two(LNA_01(circuits(and(two(
SMT(inductors.(An(overall(R15dB(optoRmicrowave(gain(is(achieved(at(5(GHz(with(a(35%(
optical(coupling(efficiency.(A(minimum(EVM(of(25%(was(measured,(which(represents(a(
degradation(of( 16(%(compared( to(BackRtoRBack(measurement.(These( results,( although(
preliminary,(can(be(seen(as(very(promising(as( it(shows(an(error(free(transmission(of(a(
3.08(Gbps(IEEE(802.15.3c(HSI(signal(at(5(GHz,(after(CRC(correction.(
(
These(characterization(show(that(a(photodetection(module(could(be( implemented( in(a(
SiGe( process( technology(without( additional( processing( steps.( This(means( that(we( can(
implement(a(fully(integrated(OEIC(receiver(using(a(single(process(technology.((
( (
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6 Conclusions,and,Perspective,
(
Radio( over( Fiber( technology( is( a( key( technology( that( merges( wireless( and( optical(
networks.( It( is( traditionally(used(to(extend(the(reach(of(wireless(signals( in(an(external(
environment.( Current( advances( in( wireless( media( communication( technologies(
transforms( the( indoor( environment( such( as( building( and( large( area( households( ( to(
become(high(data( rate( environments.(Higher( frequency(bands( in( the(60GHz( range(are(
used(to(accommodate(the(very(highRspeed(wireless(requirements.((However,(the(60GHz((
offers(only(high(speed(short(range(point( to(point(communications.( (Radio(over( fiber( is(
seen(as(a(solution(to(extend(its(reach(with(the(use(of(remote(antenna(units(in(distributed(
antenna(configuration.(Implementation(cost(is(key(consideration(for(the(deployment(of(
such(RoF(system(in(a(home(environment.(A(tight( integration(of( the(electronic(modules(
and(the(use(low(cost(optical(component(is(essential.(The(core(of(this(PhD(was(focused(on(
the( advantage( of( SiGe( to( provide( a( full( Silicon( integration( of( the( 850nm( detectors( to(
prepare(further(OERMMIC(on(silicon(together(with(SiGe(ICs.(
(
The(developments(in(SiGe(based(process(technologies(with(transistor(fT(in(the(range(of((a(
few( hundred( GHz( makes( it( a( good( candidate( to( implement( the( RF( and( microwaves(
circuits(that(are(essential(to(the(implementation(of(RoF(system.(SiGe(based(technologies(
also( benefits( from( its( compatibility( with( Silicon( CMOS( circuits( that( are( needed( to(
implement(dense(and(highRspeed((digital(circuits((whenever(it(is(needed.(A(key(benefit(of(
SiGe( based( process( technology( is( capability( to( have( optical( detection( in( the( optical(
wavelength( range(of( 800nm(up( to(1000nm.(This( offers( the(possibility( of( integrating( a(
photodetection( element( with( the( electronics( circuit.( SiGeRbased( phototransistors( as(
photodetectors( in( these( systems( would( offer( lower( cost( remote( antenna( units.( Thus(
resulting( to( the( implementation( of( a(monolithically( integrated( optoelectronic( receiver(
chip(as(well(as(driver(circuits.(((
(
In(this(research,(we(have(chosen(to(implement(the(SiGe(HPT(structures(using(an(80GHz(
SiGe(Bipolar(process( (SiGe2RF)( from(Telefunken(GmbH.(The(basic(HBT(structure( from(
the(process(technology(is(modified(in(order(to(design(the(HPT(structures.(This(resulted(
in( two(main( SiGe( HPT( topologies:( 1)( the( Base( and( Collector( regions( are( extended( to(
collect( the( light( and( become( the( optical(window( (xBC(HPT),( 2)( the( Emitter,( Base( and(
Collector( regions( are( altogether( extended( ( to( function( as( the( optical( window( (xEBC(
HPT).(Additional(enhancements(to(improve(the(optical(reception(are(applied(whenever(
possible.( These( include( the( removal( of( the( silicided( titanium( (TiSi),( etching( of( the(
topmost(oxide(and(nitride(layers,(and(variations(in(the(optical(window(sizes.((
(
The( different( methods( for( the( characterization( of( the( HPT( were( presented.( The(
performances(of(a(0.5x10µm2(HBT(and(a(10SQxBC(HPT(with(identical(intrinsic(transistor(
size(of(0.5x10µm2(are(compared.(It(showed(decrease(in(current(gain(β,(increase(in(Early(
Voltage,(lesser(maximum(RF(gain(at(50(MHz,(reduction(in(cutoff(frequency(at(maximum(
RF( gain( bias( thus( still( achieving( a( maximum( fT( of( 41.54GHz.( ( The( different( HPT(
structures(were(verified(electrically(and(the(modifications(in(a(reference(HBT(to(design(
an(HPT(showed(process(compatibility(despite(process(rule(violations.(This(confirms(the(
viability(of(our(approach.((
(
The(DC(optical(measurements(showed( that(simply(extending( the(base(and(collector(as(
seen(in(xBC(HPTs(results(in(measurable(optical(responsivities.(The(removal(of(silicided(
titanium((TiSi)(and(the(etching(of(the(oxide(provide(the(needed(vertical(stack(variation(
to(improve(responsivites(by(a(factor(of(5.7(times(and(6.7(times(with(values(of((0.85A/W(
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(Vce( =( 2V,( Ib( =( 5μA)( and( ( 1A/W( (Vce( =( 2V,( Ib( =( 5μA)( respectively,(with( only( a( slight(
decrease(of(the(transistor(current(gain(from(305(to(292.((
(
Comparisons(of(different(10x10µm2(HPT(shows(however(that(the(extended(emitter(base(
collector((xEBC)(HPT(exhibits(the(highest(DC(responsivity(with(a(value(of(2.5(A/W((Vce(=(
2V,( Ib(=(5μA(),( including( the(coupling( losses( from(the(optical(probe.(This( is(due( to( the(
high(electric(current(gain(of(this(structure(which(is(as(high(as(447.( ( It(also(proved(that(
illumination( through( the( emitter( does( not( interfere(with( the( optical( absorption( in( the(
base(and(collector.(
(
We(used(an(on(wafer(optoRmicrowave(measurement(bench( to(characterize( the(HPT( in(
terms(of(its(optoRmicrowave((gain(GOM(and(frequency(response.(Using(the(full(extended(
emitter(structure((xEBC)(HPT(shows(better(performance(by(6.5dB(when(compared(to(a(
BaseRcollector( extended(HPT( only,( even(with( the( improvement( of( the( removal( of( TiSi(
and(oxide(etching((xBCrTeO).(The(etching( in( the(oxide( in(an(xEBC(HPT(or(an(xBC(HPT(
also(improves(further(the(optical(response(typically(by(2dB.(
(
The(two(operation(modes(of(the(HPT(were(analyzed(to(provide(an(understanding(in(the(
operation(and(characterization(of(the(different(HPT(structures.(In(the(photodiode(mode(
(PD)( mode,( the( effect( on( the( optical( path( of( the( vertical( stack( of( the( different( HPT(
structures(is(directly(visible.((
(
The(fabricated(HPTs(have(a(three(terminal((3TRHPT)(configuration.(This(means(that(the(
base(could(be(biased(by(a(current(source(or(a(voltage(source.(The(study( in( the( type(of(
biasing(in(the(base(has(a(strong(influence(on(the(DC(responsivity(of(the(HPT.(The(effect(
of(the(constant(current(CC(and(constant(voltage(CV(bias(in(the(base(was(studied(and(its(
effects(could(be(summarized(as(follows.(In(the(illuminated(condition,(the(average(power(
of( the( optical( signal( shifts( the( bias( in( the( base( of( the( HPT.( In( the( CV( condition,( the(
measured( current( in( the( base( has( a( lower( value( as( compared( to( the( nonRilluminated(
base(current(from(the(same(Vbe(bias.(This(forces(the(HPT(to(operate(in(a(lower(base(bias(
and(shifted(current(gain.(In(the(CC(condition,(the(measured(Vbe(is(higher(that(the(nonR
illuminated(Vbe.( This( indicates( that( base( bias( is( shifted( to( a( higher( Ib( bias( due( to( the(
photocurrent(and(the(current(gain(β(is(shifted(as(well.(The(extracted(DC(responsivity(at((
the( same( illuminated( Ic( bias( value( shows( that( CC( biased( base( will( have( higher(
responsivity( compared( to( ( HPT( in( the( CV( bias,( specially( at( low( Ib(where( the( 3TRHPT(
behaves(has(a(2TRHPT(like(behavior.(Responsivities(as(high(a(12A/W(are(reported(in(the(
CC(mode(with((a(50x50µm2(((R2R50SQxEBC)((while(the(maximum(value(of((0.7A/W(are(
17(times(lower((
(
However,(the(experiments(have(shown(that(the(type(of(biasing(in(the(base(has(no(effect(
in( the(optoRmicrowave(behavior,(because( the(optoRmicrowave( ( ( responsivity( is(a(small(
signal(property(and(the(HPT(is(operated(in(an(illuminated(Ic(bias(that(is(fixed(by(the(base(
bias(and(the(average(power(of(the(optical(beam.(However(the(CV(mode(proved(to(allow(a(
larger( amplitude( of( biasing( conditions,( independent( on( the( optical( power( that( is(
injected.(
(
PD(mode(measurements(show(that(the(xEBC(topology(has(an(advantage((as(compared(to(
the(xBC(topology(as(the(optical(transmission(is(improved.(However,(the(xEBC’s(abilities(
to(amplify(the(photodetected(signal(in(the(HPT(mode(is(also(further(improved(by(at(least(
4.5dB(as(compared(to(xBC(HPTs.(This(results(in(a((total(11dB(improvement(on(the(total(
GOM(xEBC(HPTs(as(compared(to(xBC(HPTs(.(The(cutoff(frequency(on(the(HPT(mode(GOM(
proved(to(be(improved(by(the(use(of(xEBC(topology(typically(by(a(30%(ratio.(
(
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The( optoRmicrowave( characterization( of( 10x10µm2( (HPT( ( (R1R10xSQxBCrT)( showed( a(
2dB(optical(gain(GOPT(when(comparing(the(PD(and(HPT(mode,(with(an(optoRmicrowave(
cutoff( frequency( of( the( HPT( in( the( 170MHz( range.( Further( characterizations( on( the(
10xEBC( HPT( structure( (R2R10SQxEBC)( shows( that( it( exhibits( the( highest( measured(
optoRmicrowave( response( at( 5GHz( with( a( valueR32dB( as( compared( with( the( R2R
50SQxEBC(HPTs(with(a(value(of((R42dB.(Despite(high(coupling(losses(associated(with(the(
26μm( spot( size( used( for( the( illumination.( The( R2R20SQxEBC( offers( very( high(
responsivity( in( the( low( frequency(of(operation(due( to(better( coupling(with( the(optical(
beam.( In( the( high( frequency( of( operation,( its( response( is( only( lower( by( 1( dB( at( 5GHz(
compared( to( the( R2R10SQxEBC( and( is( practically( the( same( value( for( operation( above(
6GHz.(The(20SQxEBC(offers( a( good( trade(off( between(optical( coupling( and( ( frequency(
response(
(
Experiments(on(the(external(HPT(base( loads(shows(that( the(optoRmicrowave(response(
in(high(frequencies(could(be(optimized(with(the(use(of(impedances(that(have(a(positive(
phase(angle.(The(simulations(on(the(passive(internal(base(loads(available(in(the(SiGe2RF(
technology(showed(that(resistor(and(capacitor(loads(shows(improvement(up(to(25dB(in(
the( low(frequency(region(and(the( inductor( loads(shows(improvement(up(to(5dB(in(the(
0.5GHzR1GHz( region.( This( means( that( the( HPT( optoRmicrowave( ( frequency( could( be(
tailored(with(the(use(of(an(adequate(base(load(circuit.(The(measurements(using(an(HPT(
with(an( internal(base( load(shows(that( the(base( load(effect(on(the(HPT(can(be(properly(
observed(by(configuring(the(biasing(of(the(HPT(to(be(independent(on(the(base(load.(The(
fabricated(modules(with(an(inductor(in(series(to(the(base(of(the(HPT(is(severely(affected(
by(the(DC(bypass(capacitor(of(to(provide(the(base(bias(to(the(HPT.(A(redesign(should(be(
useful,( but( this( design( as( a( blind( guess(was( still( useful( to( validate( our( simulations( in(
comparison(to(measurements.(The(fabricated(modules(with(a(capacitor(in(series(to(the(
base(of(the(HPT(allowed(for(the(2T(HPT(mode(of(operation(of(the(HPT(in(DC.((
(
Measurements( in( the( HPTRHBT( pair( shows( that( the( HPTRHBT( pair( shows( improved(
performances(as(compared(to(a(single(HPT.(The(HPT(cascode(exhibits(a(1.4dB(increase(
in(response(as(well(as(an( increase( in( the(cutoff( frequency(by(25%(up(to(344MHz(for(a(
R2R10SQxEBC( HPT.( The( simple( HPTRHBT( cascade( has( a( very( tight( biasing( range( but(
offers(at(most(a(30dB(increase(in(the(low(frequency.(While(its(cutoff(frequency(is(almost(
reduced(by(40%(as(compared(to(a(single(HPT,(it(still(provides((a(10dB(improvement(at(
5GHz(and(reach(the(level(of(the(single(HPT(configuration(at(10GHz.((
(
An( architecture( of( a( 60(GHz( IF(RoF( system( is( then(proposed( in( the(ORIGIN(project.( It(
uses( a( directly( modulated( VSCEL( as( the( optical( source( and( an( HPT( as( the( optical(
detector.( In( the(system(modeling(and(design,( the(HPT(should(have(a(responsivity(of(at(
least( 28dB( ( at( 5(GHz(which( translates( to( ( 4A/W(and( a( cutoff( frequency(of( 50MHz.(An(
amplifier(with(a(gain(of(10dB(should(integrated(with(the(HPT(in(the(same(SiGe(process(
to(provide(suitable(signal( levels( for(external(processing.(This(consisted(a(target( for(the(
fabrication(of(a(complete(ROSA(base(on(our(SiGe(HPT.(
(
Different( cascode(amplifier( circuits(were( then(designed( for(operation(at( the(5GHz(and(
17GHz.(The(circuits(are(intended(to(be(used(as(post(amplifying(stages(for(the(SiGe(HPT.(
(
The(design(and(fabrication(of(the(preliminary(version(of(the(HPT((based(ROSA((was(also(
presented.( It( is( a( collaborative( work( between( ESYCOM( and( Innoptics.( It( uses( an(
30x30µm2( HPT( based( cascode( circuit( which( has( better( response( at( 5GHz( taking( into(
account(optical(losses.(The(cascode(topology(was(expected(to(prevent(from(the(unknown(
output( impedance(of( the(HPT(at( the( time(of( its( first(development(and( then( to(offer(an(
ease( and( security( in( the( ROSA( design.( OnRchip( characterization( showed( a( gain( in( the(
range( of( ( R66dB( to( R69dB( at( 5GHz.( However,( characterization( of( the( fully( assembled(
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version(1(of(HPTRbased(ROSA(showed(responses(in(the(range(of(R70dB(to(R75dB(which(is(
due( to( additional( coupling( losses( from( the( optical( assembly( and( essentially( parasitic(
losses(in(the(electrical(packaging.((
(
An( HPT( and( LNA( circuit( is( then( chosen( to( be( the( circuit( configuration( for( the(
implementation( of( a( second( version( of( the( HPT( based( ROSA( using( an(
electromagnetically(optimized(hybrid(packaging(of(the(10SQxEBC(HPT(configured(in(the(
2TRHPT(configuration.(It(integrates(the(HPT(together(with,(two(LNA_01(circuits(and(two(
SMT(inductors.(An(overall(R15dB(optoRmicrowave(gain(is(achieved(at(5(GHz(with(a(35%(
optical( coupling( efficiency.(A(minimum(EVM(of( 25%(was(measured.( This( represents( a(
degradation(of( 16(%(compared( to(BackRtoRBack(measurement.(These( results,( although(
preliminary,(can(be(seen(as(very(promising(as(it(shows(an(error(free(transmission(of((the(
signal((3.08(Gbps(IEEE(802.15.3c(HSI(signal(at(5(GHz),(after(CRC(correction((BER(<10R5).(
(
These(characterization(shows(that(a(photodetection(module(could(be(implemented(in(a(
SiGe( process( technology(without( additional( processing( steps.( This(means( that(we( can(
implement(a(fully(integrated(OEIC(receiver(using(a(single(process(technology.(
(
In( this( research,( several( aspects( of( the( HPTs( were( explored:( implementation,(
characterization,( and( integration( for( amplifiers( for( OERMMIC( application.( As( the( SiGe(
technologies( continually( evolve( with( faster( transistors,( the( study( on( ( the((
implementation(of(further(SiGe(HPT(should(be(present(using(these(evolving(technologies(
as( well.( This( adds( another( dimension( to( the( possible( application( of( these( high( speed(
silicon(based(technologies.((
(
The( use( of( the( SiGe( HPT( for( optoRmicrowave( ( ( amplifier( applications( offers( fully(
integrated(OERMMIC( functions( for( Radio( over( fiber( applications.( Further( study( on( the(
SiGe(HPTs(use(in(other(function(in(an(optical(system(or(radio(over(fiber(system(should(
also(be(pursued.(These(include(OERMixers(and(OE(oscillators(and(integrated(RoF(remote(
antenna(front(ends(where(in(the(optical(receiver(and(receiving(amplifiers(are(integrated(
with(laser(driver(circuits.((
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Résumé,
(
Ce( travail( de( thèse( présente( le( développement( de( phototransistors( bipolaires( à(
hétérojonction((HPT)(SiGe/Si(mis(en(œuvre(dans(une( technologie(de(processus(80GHz(
SiGe(bipolaire(pour(des(applications(de(transmission(RadioRsurRFibre.(Le(cas(particuliers(
d'un( réseau( domestique( sans( fil( à( infrastructure( optique( est( considéré( pour( lequel( le(
critère(de(coût(est(prépondérant.(Le(fonctionnement(des(ce(HPT(SiGe/Si(est(étudié(sous(
une( longueur( d'onde( optique( de( 850( nm( en( exploitant( des( fibres( optique( multimode(
(MMF)( suffisantes( pour( les( besoins( de( bande( passante( dans( un( environnement( de(
réseau( domestique.( Le( HPT( SiGe/Si( est( également( développé( dans( l'objectif( de(
permettre( une( intégration( combiné( du( photorécepteur( et( circuit( intégré(
monolithiquement,( conduisant( à( des( structures( de( type( Opto+electronic& Microwave&
Monolithically& Integrated& Circuit( (OERMMIC),( visant( à( poursuivre( l'intégration( et( la(
réduction(des(cours.(
(
Deux(topologies(ont(été(explorées(principalement:(1)(une(topologie(avec(élargissement(
de( la( base( et( du( collecteur( (xBC(HPT)( et( 2)( une( topologi( avec( élargissement( des( trois(
régions( de( base,( émetteur( et( collecteur( simultanément( (xEBC( HPT).( Des( variations(
technologies( ont( été( réalisées( et( analysées( en( détail,( à( la( fois( en( terme( de( couches(
verticales( que( de( dessin( de( masque( (layout).( Les( mesures( ont( démontré( la( validité(
technologique( de( chacune( de( ces( approches,( et( permis( d'isoler( l'impact( sur( les(
performances(statiques(et(dynamiques(de(chacune(de(ces(couches.(Une(solution(de(type(
xEBC( se( montre( ainsi( préférable( pour( le( cas( de( composants( de( petites( dimensions(
inférieure(à(50x50µm²,(dans(la(bande(du(GHz.((
(
Les( phototransistors( sont( développés( dans( une( configuration( à( trois( terminaux( (3TR
HPT).(Le(type(de(polarisation(de(la(base(du(HPT(influe(également(sur(la(responsivité(du(
phototransistor.(Une(polarisation(de(courant(constant((CC)((démontre(une(plus(grande(
responsivité(par(rapport(au(cas(d'une(polarisation(en(tension(((CV).(Une(anlyse(détaillée(
montre(aussi(les(différences(de(responsivité(mesurées(en(continue(et(celles(mesurées(en(
basse( fréquence( à( 50MHz.( La( connexion( de( base( permet( également( de( varier(
l'impédance( de( charge( présentée( sur( celleRci.( La( théorie( de( l'adaptation( des(
phototransistors( est( rappelée.( L'effet(de(différentes( impédances(de(base( sont( étudiées(
par(la(simulation(et(la(mesure(des(circuits(réalisés(technologiquement.((
(
L'intégration( du( phototransistor( au( sein( d'un( circuit( élémentaire( est( enfin( explorée.(
Différentes( configurations( de( paires( HPT( R( HBT( sont( étudiées,( formant( des( circuits(
élémentaires.( Des( caractérisations( expériementales( permettent( de( vérifier(
l'amélioration( apportées( par( ces( topologies( par( rapport( au( phototransistor( unique.(
Enfin,(un(phototransistor(SiGe(en(configuraiton(2TRHPT(est(utilisé(et(intégré(avec(succès(
pour( la( première( fois( au( sein( d'un( module( de( type( Receiving( Optical( Sub( Assembly(
(ROSA)( pour( la( mise( au( point( d'une( transmission( RadioRsurRFibre( multiGigabit( par(
seconde(pour(un(réseau(domestique.(
(
( (
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Acronyms,
(
2STD(

#
Two#step#de-embedding#

3TRHPT(
#

Three#terminal#heterojunction#phototransistor#
AMPS(

#
Advanced#mobile#phone#system#

APD(
#

Avalanche(photodiode((
CMOS(

#
Complementary#metal#oxide#semiconductor#

COTS(
#

Commercial(off(the(shelf(
CT2(

#
Cordless(Telephone(2nd(Generation(

D-OILO  
#

Direct(optical(injectionRlocked(oscillators(
DAS(

#
Distributed(Antenna(Systems(

DFB(
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Appendix,I,
(
This( section(will( show( the( complete( characteristics( of(HPT(with( the( highest( observed(
response(at(5GHz(of(operation.(HPT(Run1(showed(that(the(extended(emitter,(base(and(
collector( (xEBC)( HPT( has( the( best( response( when( compared( to( the( variants( of( the(
extended(base(collector((xBC,xBCrT,xBCrTeO)(HPT.((In(HPT(Run(2,(an(optical(window(of((
20x20μm2(in(an(xEBC(HPT(provides(higher(opto(microwave(response(at(low(frequency(
(50MHz)( as( compared( to( a( 10x10μm2( xEBC( HPT.( However,( at( high( frequencies( of(
operation( such( as( 5GHz( for( example,( the( ( size( of( xEBC( HPTs( greater( than( 20x20μm2(
show(lower(response(due(to(the(limitations(in(the(transit(times(of((the(larger(HPTs.(The(
R2R10xEBC(HPT(exhibits(the(optimum(optoRmicrowave(response(at(5GHz(of(operation,(
This(performance(is(also(verified(in(HPT(Run(3(where(different(sized(HPTs(of(xEBC_eO(
types(were(measured.( (The(difference(in(the(substrate(properties(of(HPT(Run(3(vs(HPT(
Run(2(were(important(beacuse(the(measured(responsivity(of(the(xEBC(HPTs(even(with(
etched(oxide(showed(lower(results.(
(
In( the( dark( DC( operation,( the( output( characteristics( and( the( gummel( properties( are(
shown(in(Fig.(1(a)(and((b)(respectively.( ( It(show(and(early(voltage(of(R5V.( (The(current(
gain(of(the(HPT(has(peak(value(of( (612((and(a(range(of(610(to(612(in(the(0.65(to(0.725(
Vbe( or( 0.114μA( ( to( 1.07μA( ( Ib( or( ( 28.45μA( to( 654.5μA( ( in( terms( Ic.( Fig.( 2(a)( and( (b)(
shows(extracted(results(from(the(bias(dependent(frequency(response(measurements(of(
the(HPT.(Fig.(3(shows(the(measured(50MHz(RF(gain(S21(of(the(HPT(as(a(function(of(the(
collector(current.(It(shows(that(a(gain(of(15dBR19dB(is(achieve(with(a(collector(current(of(
2.8mA( to(19mA(and(17dB(at(7mA( .In( this(bias( range,( the( R3dB(cutoff( frequency(of( the(
HPT(is(from(1.39GHz(at(2.8mA((with(a(peak(at(2.1GHz(at(7mA(and(down(to(566MHz(at(
19mA.(This(biasing(range(correspond(a(range(of(Beta(from(597(to(84.(This(translates(to(
0.775V((to((975(in(Vb((

(
a)( ( ( ( ( b)(

Fig.'1'
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(
a) b)(

Fig.'2'

The(DC(responsitvity(of(this(HPT(as(a(function(of(the(measured(collector(current(shows(
that(DC(responsivity(as(high(as(4.9A/W(could(be(achieved(with(an(HPT(constant(current(
bias(in(the(base(of(of(1μA(in(the(base(with(Vce(of(2V.(With((a(constant(voltage(bias(in(the(
base,(a(peak(value(of(only(0.4A/W(is(achieved(with(0.85Vbe(bias(in(the(base(which(is(__(
mA(in(Ic.( (However,(a(realistic(collector(bias(in(the(HPT(using(a(constant(current(in(the(
base(producing(a(15dB(RF(gain(is(achieved(with(a(collector(bias(of(____(mA.(In(this(bias,(
the(measured(DC(responsivity( is(______.( It( is(much(lower(than(the(peak(DC(responsivity(
but(it(is(still(higher(than(the(measured(DC(responsivity(with(a(constant(bias(in(the(base.(

(
Fig.'3'Dc'resonvity'from'gummel'and'icvce''Vs.'Ic'

The(optoRmicrowave(responsitivity(of(the(HPT(as(a(function(the(frequency(and(Vbe(bias(
with( Vce( set( to( 2V( is( presented( in( Fig.( 4.( (a)( shows( the( 3D( representation( of( the(
extracted(optoRmicrowave(responsivity.(It(shows(that(the(peak(responses(are(in(the(low(
MHz(range(with(cutoff(frequencies(in(the(200MHzR250(MHz(range.(The(peak(response(in(
the(10MHzR50MHz(range(are(seen(in(the(bias(of(2V(Vce(and(0.85V(Vbe(as(can(be(seen(in(
the(darkest(region(of(the(top(view(of(the(responsivity(plot(as(seen(in(Fig(.(4(b).(
(
(
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(
a)( ( ( ( ( ( ( b)(

Fig.'4'

From(the(3D(plot(of(the(responsivity,(2(bias(point(are(localized,(the(PD(mode(with(Vce(=(
2V(and(Vbe(=0V(and(the(HPT(mode(with(the(peak(low(frequency(response.(Fig.(5(shows(
the(extracted( responsivity( (dB)(as(a( function(of( frequency( for(both(PD(mode(and(HPT(
mode( with( a( PD( mode( responsivity( of( R15dB( and( HPT( mode( responsivity( of( R10dB(
respectively.( (The(difference(between(the(two(responses(shows(the( (GOPT(of( the(HPT(as(
function(of(frequency.(This(is(shown(in(Fig.5(b)(where(at(low(frequency(the(Gopt(is(5dB.(
It(has(peak(value(of(7dB(at(around(400R500MHz.(And(1dB(at(9(GHz.(Fig.(6(a)(show(the(
extracted(responsivity(in(A/W.(At(10MHz,(the(responsivity(is(0.4A/W.(This(extracted(low(
frequency(optoRmicrowave(responsivity(is(near(the(0.46(A/W(extracted(DC(responsivity(
from(at(0.85V(Vbe(bias(as(presented(earlier(in(Figure(3.19(a).(

(
a)( ( ( ( ( ( b)((

Fig.'5'R2L10xEBC'a)responsivity'vs.'Frequency'(HPT'mode'and'PD'mode)'(dB)'b)'GOPT'vs.''Frequency'
(dB)'

(



Appendix(I(

Study(of(SiGe(HPT(for(UWB(Radio(over(Fiber(applications(( 212(

(
a)( ( ( ( ( ( b)(

Fig.'6'R2L10xEBC'a)responsivity'vs.'Frequency'(HPT'mode'and'PD'mode)'(Linear)'b)'responsivity'vs.'
Supplied'Vbe'

The(R2R20xEBC(HPT(offers(the(better(range(of(responsivity.(It(has(a(higher(response(in(
the(low(frequency(operation(and(an(adequate(response(in(the(GHz(range(of(operation.(It(
offers(better(optical(coupling(as(supposed(to(a(10x10µm2( (HPT.(Its(size(does(not(suffer(
severe( penalties( in( the( high( frequency( of( operation( as( supposed( to( a( 30x30µm2( or(
50x50µm2( HPT.( The( DC,( RF( and( optical( and( optoRmicrowave( ( ( ( ( ( characteristics( are(
presented(in(Error!'Reference'source'not'found.(
(

(
a)( ( ( ( ( b)(

(
c)( ( ( ( ( d)(

(
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'Fig.'7'R2L20SQxEBC'
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Abstract,
(
Essential( to( the(deployment(of( indoor(distributed(antenna(systems(or( remote(antenna(
units(is(the(total(system(cost.(Using(commercial(of(the(shelf((COTS)(components(implies(
that( MMF( RoF( systems( could( be( easily( implemented( with( performances( meeting( the(
requirements( of( different( indoor( wireless( systems.( Another( aspect( that( will( reduce(
implementation( cost( for( IFRRoF( systems( is( thru( monolithic( integration( of( the( optical(
component(with(the(electronics.((In(an(IFRRoF(system(where(high(frequency(electronics(
are(needed(for(in(both(the(transmitter(side(and(the(receiver(side(of(the(RoF(link(module,(
a(reduction(in(size(and(power(consumption(are(possible(benefits(that(could(be((achieved(
if( the( TROF( modules( could( be( implemented( using( minimum( integrated( circuits( as(
possible.( For( a( remote( antenna(module(wherein( you(have(RF( I/O( and(optical( I/O,( the(
received(radio(signal(from(one(TROF(will(be(transmitted(in(another(TROF.(The(ROF(Link(
serves( as( a( tunnel( and( no( demodulation( of( the( received( RF( signal( is( needed.( All( the(
driver(and(amplifier(and(other(circuits(in(IFRRoF(could(be(implemented(in(a(single(MMIC(
or( HF( integrated( circuit.( Additional( implementation( cost( is( reduced( if( optoelectronic(
devices(are( implemented( in( the(same(MMIC.(Thus,( resulting( to(a(single(chip(OERMMIC.(
Integrating( a( Photodetector( in( the( MMIC( chip( will( produce( a( single( chip( OERMMIC(
optical(receiver/rf(transmitter(with(laser(driver.((
(
This(research(is(focused(on(the(study(of((silicon(germanium(base(heterojunction(bipolar(
phototransistors( (SiGe( HPTs)( implemented( in( an( 80GHz( SiGe( Bipolar( process(
technology.( It's( application( in( a( radio( over( fiber( system( for( home( area( networks( are(
investigated.( RoF( for( Home( area( networks( are( envisioned( to( implemented( with( a(
minimal(system(cost.(Operation(at(850nm(is(identified(as(a(critical(parameter(to(achieve(
this( goal.( Low( cost( off( the( shelf( optical( components( are( readily( available( at( this(
wavelength.(The(use(of(multi(mode(fibers((MMF)((as(opposed(to(higher(cost(single(mode(
fiber((SMF)( is( sufficient( for( the( bandwidth( requirements( in( a( home( network(
environment.((
(
A(monolithically(integrated(OE(receiver(chip(would(help(in(the(overall(reduction(of(the(
system(cost(by(having(the(optical(detector(in(the(same(chip(with(the(electronic(circuits.(
We(have(designed(and(implemented(three(terminal(HPT((3TRHPT)(structures.(The(two(
main( groups( of( the( HPT( structures( are:( 1)( HPTs( with( extended( Base( and( Collector(
regions( (xBC( HPT)( and( 2)( HPTs( with( extended( Emitter,( Base( and( Collector( regions(
(xEBC( HPT).( Variations( to( improve( optical( coupling( the( though( optimizations( ins( the(
vertical(stack(and(lateral(size(of(the(HP.(The(measurements(and(characterization(showed(
that(all( the(structures(are(compatible(with(the(process( technology.(The(type(of(biasing(
used( in( the( base( of( the(HPT( also( influences( the(HPT(performance.( A( constant( current(
(CC)(bias(has(higher(extracted(DC(responsivity(as(compared(to(a(constant(voltage((CV)(
bias.(The(effects(of(the(different(passive(base(loads(on(the(HPT(responsivity(are(studied(
through( simulation(and(measurement(of( fabricated( circuits.(The( impedance(presented(
on(the(base(has(a(great(influence(on(the(HPT(responsivity.(The(performance(of(an(HPT(as(
circuit( component( is( studied( using( different( HPTRHBT( pair( configurations.( Tests( and(
measurements( verify( that( improvement( in( the( classical( transistor( pair( configurations(
are(also(present(in(the(optoRmicrowave((((response(of(the(HPTRHBT(pair.(Finally,(SiGe(hpt(
is(used( in( the(development(of(a(ROSA(module( for(a( radio(over( fiber(systems( for(home(
area(network.(
(
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