; e3esnnodpRNgs6JsTs_| K1 0 WO 00104616 1 8 D E C 2002 PCT/ G B99/ 0228'13 L 200
ELECTRO- OPTI C SEM CONDUCTOR DEVI CES AND METHOD FOR MAKI NG THE SAME 5 WahﬂeE !
present invention relates to electro-optic sem conductor devices which
incorporate multiple active and passive conponent parts and nethods for
maki ng the sanme. In particular the present invention relates to

sem cond¥R0&P46kaser s and detectors with integrated 10 senPCHGBIBOZIBS
wavegui des and extended cavity sem conductor |asers and methods for naking
the sanme. El ectro-optic sem conductor devices are used in the quickly

devel oping field of high speed anal ogue and digital optical g I
processing 15 circuitry which have applications in high speWﬁWlﬂ/’/ll///[l

wi de- bandwi dt h opt om crowave and optical transm ssion techniq /Ml/
particularly in the field of tel econmunications. El ectro-optic 616

sem conduct or conponents, such as sem conductor |asers 20 and wavegui des,
are our r epilBCIROMOPTREYEMRE ONDUCTORFDEVICESWND MEFRRIPEOR generate

di fferent conponent structures on separate crystal substrates.
Subsequently) the separate MAKINETHE SAMEres are assenbled into a single
subsystem There are significant |osses at interfaces between the separate
conporent structures which lead to 25 high i nput power requirenents. Also,
probl ens e §resuritt PhBnAOH | leRltéy 13l bRRBUHHE seAfBdRdEteP ARG Structures
| eads to high conplexity and cost. Alternatively) electro-optic

sem conduehish ipeaiRenale: S)ultiplehackives @nde passiveu60BWPANgsE rRat @Nfavegui des

are gro i gean e o S, ch. area of
crystal Wg?‘%ﬂ@s ggl éﬁ%ﬁé‘r‘%a@@? t Hﬁ@éggﬁgﬁ'ﬁmﬂ%ﬁ rﬁg%'trlgg?%mg’?‘ovw h | ayers
are subsaelstes | Yo * seatodiductdr 8ld3ers Cand02detestdrsO0RARN 2 ARtegrated OQ 2; Q0 2
destraqyed by th rocess of, quantumwel | interm xing i,n which the sel ected
par t 400f '-i%'éca o wWrveguldep.RRd Sxtendrd LAVIYY SEPICHRREAUECtRr Ja88ES oundi ng

crystal ggrgy\ﬁqlgtﬂ@é%$mm€mé@%gl_y, the quantum wel | diffusion nethod
only allows device to be grown within a passive 5 wavegui de. Al so, the

di ffuse material can change the properties of the surrounding crystal

growm h | gyer for exanpl e, passive wavegui de gore |ayers, .in.an

ndest r atEeREr <SiMEBuTSRE PEKERs cRBaed Ty AR EPYPRPIG) dependent

ITﬁ whflt figdd ket high aspeed |%$13!:‘dgu¢c'(aﬂde ?@i&&l @p_tic?\prsilgorfampmdea&ig strugt_ur e.
is aces a constraint on the type of materjals t hat _can be used in

t he dgantWﬁPWI Y"hl“;"yg%? %%‘8?“‘?#%" g Pesd. iderkanayigth PRtRyui res a

post pro j (ar R £ ected areas

B e 1 o O e b R It DBt et hod of

growi ng Itelespenugnigationsum wel I's within a passive waveguide core is to grow

the layers of quantum wells over the whole area of crystal growth and then

stop the crystal growmh and selectively etch away unwant ed areas of the

| ayer s ofElgttedbptic wetlisond\idter céipoabaty, BUIChr£i semicondartdrMasaay egui de
| ayer.__is grown over, the remaining o
20 and waveguides, are currently grown separately in different growth
processes to generate different component structures on separate
crystal substrates. Subsequently, the separate component structures
are assembled into a single subsystem. There are significant losses at
interfaces between the separate component structures which lead to
25 high input power requirements. Also, problems of accurately optically
aligning the separate component structures leads to high complexity

and cost.

Alternatively, electro-optic semiconductor components, such as
30 semiconductor lasers and waveguides are grown with quantum well
layers, which extend over the whole area of crystal growth. Selected
areas of these quantum well crystal growth layers are subsequently
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r owt rocess has to be interrupted.to performat |east one etchi

&'Q@ézl:‘?% This adds conplexity and cost to the growmh process and Carlﬂarogggggzss
yield. 25 A nethod and device are described in US 5,418,183 in which the
device is made using selective area epitaxy in which a mask i s deposited on
the partly grown device and the nask is defined by an etching process. This
is followed by further epitaxial growmh in the areas exposed by the nask
and then by renoval of the nmask by et chi ng. The structure and 30 thus the
resulting characteristics of the epitaxial growh in the areas exposed "by
the mask are critically dependent on the dinmensions of the deposited nask.
Al so, the renoval of the partly grown structure from AVENDED SHEET ~ a o
Ehc Z002 %ﬁﬂ@%ZB@Stheofbgmehsrof'quénﬁm e ilnpérgmxhgl ir:gwﬂ@fﬂ_m@anber for
the two etchi st ages ,and the processes involved in the etching stages can
i ntroduce i%ﬁ&gi% H%’tq’f’cﬂf the SU?WB”T é‘é‘iﬁs%yﬁlf REG i causegl i diffysa NS he net hod
descri bed 4 bV, Wrﬂ?( ca (of Vi s. 5 The
present in%/l_'gﬂﬁﬁ%i ¥ttag over ccg at H@@ggﬁﬁJﬁ E&Ida ovewrérlalgtioned
probl ens bgiffgsioni method| ewlyoalbpys devies donbec gmwnlewithios awipassiver e cheap,

Ther ef o o, WAL EPn¢ e FRATTeE BIFeralE ChHRER Ipe Hobliss diean

el ect r o- opurfoLARING endtditgrowtie ldyees, cormexamipls FassiE waReygaidercoravegui de
with a core region within which is |gcated at |east one active AMENDED
SHEET 1 leyerSeimanaudesinatls AOTer pARRlTuROmMOcsss i SISt t he cor e

of the vavaGyl dibeident €. Bhat HAGHE ¥GAARR dtuditle GOEY RO HBHERM LN

. diffuse active area ndterial and the active area and wavegul de are
monol i t hi & ém@aBrstruptoren | hhisnplades ta censfraint onpthectype. obmatsalsaccor di ng
to the,pr t_ipventi.on, ere, | rqvided an_electra optic semni conduct or
devi cd%opel e BEaReg R b aheful WHITVFSE AorE ST bRl Thin whi ch
i s | ocat eqgraivth gagliresea arist rosessinghRIRitom Relpiméirhiking stdie teor e regi on
follows the profile of the active area, and the active area and wavegui de
are nonol idasteydne selectgdamas pfdhedaveds gkauantupy walls, which Rdgfocess. The
el ect ro-o;g)gp%ngg_m' -conduct or device according to the present

15 A further method of growing layers of quantum wells within a passive
waveguide core is to grow the layers of quantum wells over the whole
area of crystal growth and then stop the crystal growth and selectively
etch away unwanted areas of the layers of quantum wells. After the
etching process a passive waveguide layer is grown over the remaining

20 areas of quantum well layers. The problem with this process is that the
growth process has to be interrupted to perform at least one etching
process. This adds complexity and cost to the growth process and can
reduce yield.

25 A method and device are described in US 5,418,183 in which the device
is made using selective area epitaxy in which a _mask is deposited on
the partly grown device and the mask is defined by an etching process.
This is followed by further epitaxial growth in the areas exposed by the
mask and then by removal of the mask by etching. The structure and

30 thus the resulting characteristics of the epitaxial growth in the areas
expased by the mask are critically dependent on the dimensions of the
deposited mask. Also, the removal of the partly grown structure from
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Cont1Nnuous crysta naterlal 15 The termadaitive grow
.0%p06ces® is used to define a growth process in which a nonolithic @?QQ%902285
structure is grown wi thout any internedi ate stages i-n which material is
removed fromthe crystal previously growm. For exanple, it excludes growth
processes which have an internediate 20 etching stage. Clearly, an additive
grow h process will generally be sinpler and so will provide a cheaper way
of making a monolithic crystal substr®t@ aonprising an active area | ocated
wi thin a passive wavegui de region. 25 The present invention conbines this
advantage with the advantage that no post processing stage is require to
destroy selected parts of the active areas. Also, as the resulting device
i s nonol il e n o] tive area
and the V\t/g\%e%&&%g.éﬁsﬁaﬁlwp%%mg%oggggb%g%é) é&ﬂﬁi%@ veéAaEfetg are
confi gur emoassmaaimodyaﬂoin &&@tqb‘dm@rstage$aah la’srouawrcsntmdlrﬂabact ors.
I nt egrati as e i r ore. of .a U|de enabl es
opti cal lgﬂln@& '%SHltmgléeé" Eﬁg‘g%&ﬂWS ﬁ:@f{d& P@Q@f%@ Y4 | between
a plural |dqmprf5x@nejc¢arph@¢z§ ag@dcmedp@wefé|as configured fromthe active
areas, wthin a single crystal structure. Subsequent device configuration
uses onventional and establlshed processing technology to configure the
active ar 3@9@ S ntegration
wll all o-l\?v%rLE:géel'l?;éf?1 h%ﬁ{ | e Eﬁ%g |l%%gto%aggls)|&‘rjlgdete%§§ %t rate with
| ow cost ménmbr@ﬁlrd \podbigers ayepmiduaagalect?ﬁhmtroesahﬂwndm desncase si npl e,
conpact a obus% because thq entire device is a single.c talllne
struct uré’" @re aheap; NguAdey Igsses gad é?a‘?ﬁf”@e"ac"?“&%re @ 3e interface
requires gny arclydnseal 10 allignnment, and so good optical alignnent is
achi eved cheaply and wi thout adding conplexity. Preferably the active area
is | d@ated between two adjacent growth |ayers of the core of the wavegui de.
The gro d_f S i r nables nultiple
active ar-rzba(:'lsﬁ,lc8 {JPQ acgégw |Strc1J gﬂé;ﬁ%lé%gnte%}vgeg\)?}ﬁgl %gér%m%h%v\ﬁﬂgﬁgdgﬁs not
require ralfbatrc}batge memiesrsdquoor deegeomdsmpﬁsmgctavesemeenﬂuetberabl y
conpri ses_at st. uant um o, t ul k I er havi ng a
smal ter B‘éﬁ%?@é'ﬁ]a W “rngeJSB@ onJ'E'HMAé @%Ca l g s 38 EE he resulting
single crystal structure outside an actlve area becone t he passive optical
i nterconnections defined by the wavegui de whereas the regions with quantum

wel I s beconme, for exanple, active |laser or detector devices on subsequent
processi ng.
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25 This is because the waveguide, having a w der bandgap is transpar en?}gtg{c 2007
the light generated or detected by the. active area. It is preferable that
the bandgap in an active area is less than the bandgap in a transition

regi on between that active area and the core of 30 the wavegui de. This
reduces 1Wo9884ahe to band gap absorption outside of the aptt/c8RiR8s 18
D E C 2002 WO 001 04616 PCT/ GB99/ 02285 The quantum wel |l |ayers may be
configured to act as a | aser by post g?ovvth processing in which a | aser
stripe and an el ectrode are added. Alternatively, the quantumwel| |ayers
may be configured to act as a detector by virtue of their absorption of |

i ght when they are reverse 5 biased. Preferably, the wavegui de and active
areas are gremiwheseinghetaane ehthewavegpide oujsiderkthe aptiveiareavs aoki npl e

mechani cal . oI el | I r i tive areas
can be gr oﬁﬁ%ﬁf{?{%ﬁ"‘s‘ %ggggs%gt'?%ea r%ﬁ%%ﬁ%f%?%%gﬁ%eé ow mask to
be sel ect edaybgaiderpder indholithidand arhgidnh B additive grewt procass. r eact
strongly and so crystal deposits over the shadow mask are reduced. This
conbined with the area definition achievable in a nol ecul ar beam process
such as CB ; %ﬁ I : t: l % echni que 15
enabl ezj a g‘llec garéc'}cég?'hgﬁ{gdg%ahgs %é@%ﬁ"ﬁﬁgtrﬁégéd%ﬁ%@% g@;%&é nition to
acti ve ar eaptic Abtrecoraducier devicarpmpeisingds semicindactorsvavethlide avith Mol ecul ar

Beam Epita MBE). and Met al. Organi c Vapour, Phase Epita MOVPE. 20 The
navegul de. S RETECEEIOR LS WHiH BARRIeSEt oA St ong NP EHA ISP LB posi ¢ i on
which may pefil@df URt Riws regidn foacwd tWBiprbfileast therdbtivBea@asiandf e active
el ecto-optical conmponents operating at wavel engths, typically of, 1.3 and

1.5 ni cr onactivesamea apdwavaguide are menalithic asdaale glewnie an &dditivg conpri se a
F1T-1 em ition which may be InAs, GaSb, or InSb based far
Mo g{:&gfﬁg@%\%h g{&g&%g:%

el ectro-opfti npone perating at wavel engths from1 mcron to greater
than 8 mcrons or GaAs based operating at visible to UV 30 wavel engt hs. 1

8 0 E C 20 WD 001 04616 PCT/ GB99/ 0228 I n. one, enbodi nent _according to
the pr esen?%?n ﬁf%ﬂp?‘hes‘?ml‘g‘?ﬁ‘g@?’t‘%&%&ﬁﬁ SteceEingsia i e irrerant i um
Arseni de bpsefitivhi ishmomdlifrdc MBrid1§obasS ias sfraftus tdongp G3eRF 1of 0a Oflhple and

optical conponents operating at wavel engths of 860nm These short operating
wavel engt heoRtEqus ¢rystalline mass of material.

15

The term additive growth process is used to define a growth process in
which a maonolithic crystal structure is grown without any intermediate
stages in which material is removed from the crystal previously grown.
For example, it excludes growth processes which have an intermediate

20 etching stage. Clearly, an additive growth process will generally be
simpler and so will provide a cheaper way of making a monolithic crystal
substrate comprising an activé area located within a passive waveguide
regioﬁ.

25 The present invention combines this advantage with the advantage that
no post processing stage is require to destroy selected parts of the
active areas. Also, as the resulting device is monolithic there are very

low coupling losses between the active area and the waveguide.

30 In post processing steps the active areas are configured as electro-optic
components, such as lasers and detectors. Integration of at least one

active area in the core of a waveguide enables optical connection



5 conpact conponents, such as |asers and detectors, which are generalqy pEc 200
stable as a function of tenperature, are nore efficient and exhibit low
noi se. Furthernore, GaAs based processing technology is relatively advanced
conpar ed Rf ?J/@g{f [11-V sem conductor devices. 10 Wiere a (aAs based 111-V
sem conductd i ce working a 860nmis required the wavegufeEGCBE2RHpri se
Alum nium Gal I i um Arseni de and the actiqve area can contain at | east one

| ayer of Gallium Arsenide and the core of the wavegui de conprises typically
20% to 40% Al um ni um and upper and | ower cladding |ayers of the wavegui de
can contain 15 typically 40%to 80% Al um nium Furthnore, one of the .

cl adding | ayers nma e n-type doped.,and the other of the cladding | ayer may
be p-type 3% .e_nlfgé’?léﬁaﬁyl §f?e§cfr§§;atlc3 Ce%‘R?r'\ﬁ_ﬂf%l"Fq 'gé'{eﬁﬁ?f“t nner than
a GaAs |ayesctd afeddlewitll P ShgR ichydtaIcativetird. tSeosiet! deiRenavegui de
beyond the active area and in a comon plane with the active area. This -

prevents | eeqpfigpratiopouses convertionrand esialishedeprospesinguisichgolagyst al
growth as ig, %R{@&”rg;ﬂbée L%étnik}gr E%C?g‘gﬁtozélﬁ%-g&\ﬂ Cc%-ﬂ;gé}é?éﬁisr.‘g "rRist he

pr esent i nventTo X cavl aser conprising at east one

quant umswel inohalithic interhtion will hilowaepeatabld aadwaliable fibricatiencon ent of t he
| aser cavity may be defined gy t he nat uyr al (fl eavage pl anes of t'_he
monol i t hi ¢ ERgiet aubstrale whh clov rostidl ihigh j\wlygegedre BehidvegieyiT®€ accor di ng

to the presgaldvaaiibad ABWIMBKE dorfbatthid toBlisPBbLYEsERRSCHREN n the

core region. Thi's enables a plurality of electro ]
00/ 04616 PCig\BEBOds 0228iBgle epystalihedstructure.t o Qpiidaht aljgamenti of afari ngl e

l'ithi Il b . ' d .of th
orosent | AR 1 Ror BSS0HVBUREA" BRET4Rt noRaBrSSaig TARCEANER! o- opt i c

sem conduct glligiAEAIC and WP gbdd Naptidie Sligekserttl is GcAivved ahbapht apart of a
core |layer of a sem condutor_ wavegui de, selectively growng at | east one
active Layevithpidaddingagemalexity0 area of the first part of the core |ayer,
and growi ng a second part of the core |ayer of the sem conductor wavegui de
over the first part and the active |layer, wherein the nethod conprises an
addi ti ve crRw=tfferablyrtbetdctive aces is lotstethzetwekadiiovadjgcent gravwthdayerst i ve | ayer

may conveniently conprise the stepseof; selective cQvering.a partion of
(ho firet fnesoreny e runfEpoey i prBhansiied for ST aRalsl 1O Dart
of the1gor e/gt sifipler and'ePidbh® AultieHctiod carags itocbe Frewnoih hhsingsposed
partial area, and uncovering the first part of the core |ayer.

epitaxial growth which does not require multistage processing or

regrowth.

An active area preferably comprises at least one quantum well layer or

20 thin bulk layer having a smaller bandgap than the core of the
waveguide. The parts of the resulting single crystal structure outside an
active area become the passfve optical interconnections defined by the
waveguide whereas the regions with quantum wells become, for
example, active laser or detector devices on subsequent processing.

25 This is because the waveguide, having a wider bandgap is transparent
to the light generated or detected by the active area.

It is preferable that the bandgap in an active area is less than the
bandgap in a transition region between that active area and the core of
30 the waveguide. This reduces losses due to band gap absorption

outside of the active area.



25 The. method according to the present invention enables the creation AdaDEC 2007
integration of optical and el ectro-optic semni conductor devices (active and
passive) on a single sem conductor wafer. Mnolithic and planar integration

of optical sem conductor devices is enabled on smaller lateral scales with

| ess pr oMB&WMG16t han previ ously possible by 30 integrati orp@f/GRed/02¢85 1 egi on

in a wavegui de | ayer at growt h stage. so, the need for etching and

regrowmh is renoved. Performance and 1 8 DE C 2002 WO 00/ 046l 6

PCT/ GB99/ 02285 _ r robustness are thus inproved and cost, size) power

requi rement and wei ght reduced. Wavegui de cl addi ng | ayers nay be grown

above and | ow the core 5 | ayer and the active |ayer nay conprise at | east
one quantu qa”ﬁ‘é{?éﬂ’e'hl&VFF?g%‘é‘V%‘FQ@QUB%i%éﬁt ?ﬁéhlaﬁﬁéxﬁﬁpé of the
wavegui de. gftﬁmﬂi it 14 t I e core |ayer
and active ayerpcrgtr,'l% ar \j\ﬁﬁﬁ/\é&ﬁ%ld@%g?ﬂﬁ@%{%@%%g%I%Hrg?(?/ a?%%%d?aﬂlo In a GaAs
based seni édtechatively, thevguantuim well layeys may be coofigueeditsact dd above, in
order to reduce inpuriti i.n_the gro rystal,,and so i nprove the optical
charact eri g?tjeé:gor&rv) 'HBePgi'eﬁ“f Fhﬁorggw\%nﬁﬁﬁ‘x’ﬁﬁgstf‘% ABAPYTERt s, the growth
i s prefgrabliagsegonducted at a tenperature of 400 15 to 700C. The first part

of the core of the waveguide is preferably selectively covered by a
mechani cal shadow mask whi ch nmay be made of silicon coated with silicon

oxi de, silj 1@ X4 ikl hikd i ragiaﬁ he anpunt
of crystal PS?%CW lﬁoﬂrﬁl@te‘ﬁgoﬁggbém ggﬁa{é %ge%%gﬁégﬁglv{/rpgéﬁgne t E:at('adges of

t he acti vebeageepitaxyi(€Bhx)ef GBEallowsaa sinmpleadgebanical sbadtvdoasktsk defini ng
;an aperture_which ex ?sea an area of .the first part qf the core.of the
navegui de Sreoss el dFDED AideS NS Wiikte Scte, AIRS CandIR ORWL It he i 1 st

part ofpt hg eyaRisefthe hRetddeslCHE d10WY 4 RRaHbBiwnkskelatbokeldited aper. The
nmet hod according to the present invention nay be used to selectively grow a

plurality afmalerialwithaybich thedrBEishasmisals wilk aphreagtesteongly @nd $@ rst part
f th ' | ' i . tical
of the Core?%@égaﬁpozng %@?3%3@5@ vﬁsg%e B %dagteuvegﬁiseegﬁq%%?ecfg Ica

devi ces, su asers an ors e integrated in S ng
nonol i t hi cwighylse area defisitibs tachieyable in anmwiécular beany\Pradyss4didn as

PCT/ GB99/ 0 9. T ' ti i | d i ith ref
Lo the acoumaAnBrieclAs figb GHE vinie: M (lrd NoBAREUN) BNIE < ext ended
cavi t y19 asehabile@cg omedchgnical ishadpheatdik iteoteiigae b Wive gosdiovdge he | ayered

structure of the active portion
definition to active areas.

Alternative epitaxy methods which are suitable are Molecular Beam
Epitaxy (MBE) and Metal Organic Vapour Phase Epitaxy MOVPE.

20
The waveguide and active area may comprise a lli-V semiconductor
composition which may be indium Phosphide based which can form the
basis for active electo-optical components operating at wavelengths,
typically of, 1.3 and 1.5 microns.

25

Alternatively, the waveguide and active area may comprise a li-IV

semiconductor composition which may be InAs, GaSb, or InSb based

for electro-optic components operating at wavelengths from 1 micron to

greater than 8 microns or GaAs based operating at visible to UV
30 wavelengths.



of the extended cavity |aser of Figure 1.- 10 Figures 3a to 3c show a 18 0EC 2002
schematic representation of the nethod according to the present invention.
used to make the extended cavity laser of Figure 1. Figure 4 shows a

cross- secliaRks ¢l ew of a wavegui de 15 according to the present invention
within which are grown - two active areas. Referring first RGI/GBYERMS]

there is shown a nonolithic extended cgyity |laser (2) conprising an active

| aser region (4) and a passive wavegui de 20 region (6). The active |aser
region (4) is formed by the selective gromh of a two quantumwel | |ayers
,(8,10) in a core (12) of a waveguide (14). The two quantumwel |l |ayers.

(8,10) formthe narrow.bandgap sem conductor material . .requir f,or | asing
action. 2~rp“rh8"‘?:|u&ﬂ?‘iﬂﬂ'w&l"l(EI Fgg,cgﬁpg( 3‘,01 € aPEesER! K IVEPHRY #}eoﬁﬂévlooA (100
Angstron) sbhficonditor ebnipsitionnisAGaiint Aré6xide) basEewhichEamfuegh| | ayers
are grown within a _ |ayer of undoped Al um nium Gallium Arseni de (Al GaAs)

conpri si ngt@RAsisufAmadiive elpctioagplic gndoplical Gompenanis anesating @t(12) of a

id 4 ' h ' | Lap.(4 d
bassrve valEibiRS tABORR. | THRLE"SAGE oBEry \pRElentnd FE5OR 1) | Oler
boundary ocoripadticomponesits,(sich ax laskbes sy detecters, Which ard gemerdllyr om a

| ayer of n-type doped AI_Ga%i“corrpri sing 40% Alum.nium 1 B D E C 2002 WO
001 04616 P &/ d Supstian qfdemperalure, aregmare efficient Apd ik Ia%an t he 20%

Al GaAs whi GRigkOr ﬁé:rfmﬁnfd?é,e daAg d%‘;?ebhﬁirl?‘é@é@& | Eia?chnqlir’g;g‘r:]%g laffipdary or

cl addi ng layer (18) of the waveguide (14) is forned ayer” of p-type
doped Al GaAsvanegdcempared togtheydiA semitanductiredesicdsie and passive 5
regions (4,6) are grown on an n-doped substrate of GaAs (20). The post
growt h processing steps used to produce the extended cavity |aser (2) are

the sal® ayhdrese Gahsibaskd OI-\Coamivtndastdr daviee vidrkingea 8B80ne@nsiuct or
| asers (wthout an integral, extended cavijt 10 el i m nates additi onal

.. Thi
conpl exi t yegiiredl e peveauids %"’l"hﬁeﬁ‘rp(ﬂ'sﬁr@é‘&ﬁié‘& IC'?EHI@,H‘BWS@H@GH!% a good
yield On vé %?eé’%ﬁrc&ﬂﬁﬁﬁﬁf dsBBRE lé}@% of’?yéél?ﬁg?@réiégpgdﬁn@t ructure

is deposite adUI’I ng post growth processing; ctric
i nsul at or {e2koref of tea avpiaguids icoomtisBsdypibally RAI2)tp 41%i Sluminium i de (Si N)

or a conbi i th jnt | i p t .l aser vegui de
stripe (24?%/?1'?%8{1gglangjs‘&%}hgiayﬁﬁﬁffrga@??@eI‘Q%’e%g%('% .caf'hgggﬁaﬁy?pe can,
for exEsml gpidaiyet GWodB06(Alumiaing:.nFuftharorgb onewfdhe cladditg Myerons. The
openi ng of the waveqgui de stripe is_ onl reqtii ra,d f or convi}réi ence, it is not
essential &Y RRoryRe Agd theotherRfthecladding laygr mayde iYR®e i s
required igoé)%@_er to get a netal contact 20 (26) down onto the wavegui de

| ayer. Over e whole length of the active laser region (4), on top of the
dielectric insulator (22) and within the stripe (24), is deposited the

nmetal cont i [ Eent | J t regl of the
quant um 250 G ey 1 TS RHGH: &s Fupb RBh er el BRaaPREe 24)
Sti mul2@ edinethiessitive areaus socited et corendfuiewedveduidebeyarid tHe | i e bel ow t he
stripe active area and in a common plane with the active area. This prevents
lengthy exposure of an AlGaAs substrate layer during crystal growth as

is explained further below.

25 The device according to the present invention may be an extended
cavity laser comprising at least one quantum well layer located within a
core of a waveguide. The extent of the laser cavity may be defined by
the natural cleavage planes of the monolithic crystal from which the
device is formed.

30
The device according to the present invention may have a piurality of

active areas within the core region. This enables a plurality of electro-



(24) when current is punped into the |laser (2) via electrical contact (1286DEC 200?
- and the substrate (20). The structure of the active |laser region (4) of the
extended cavity laser 30 (2) of Figure 1 is shown in nore detail in Figure
2. Figures 3a to 3c show schematically, the nmethod steps used to formthe
wavegui dgoadpdssisl 8 0 E C 2002 WO 00/ 046x6 PCT/ GB99/ 022851,(1:]./&,5?)35#%1 wel |

| ayers of the extended cavity laser (2) of Figure 1. Referringto ese two
Figures) a 1.5 mcron |ayer of n-type "oped 40% Al GaAs {16) is grown by
chem cal beam epitaxy (CBE) on an n-type doped substrate (20). Then a 1000A
thick layer of undoped 20%5 Al GaAs (43) is grown, followed by half of a
20A thick undoped GaAs layer (39). In Figure 3 the layer (29) conprises the
40% Al Ga I débvii o I ( of the

| ayer (33?9&%&%%‘?'?%?%2%&;23%%{%& 33) Shdle, fShoRffE ihisathe o L0
Si0 is | ocxubstrate.er t he passive region (6) of waveguide |ayer (29) (see
Figure 10 3b) so that the active region (4) is exposed and the rem nder of
the layer (39) is grown. A 100A | ayer of undoped 20% Al GaAs (35) is

sel ecti vel Acdiir@itg tora 8Cord 88pdct D té prdrsert inndinfibnhércit Previgegosed by the
shadow _mask (34}, followed by a 100A thick GaAs |ayer, which forns the
first §uard mathed of making ag)sleatrr-APHC SBAUERNALGEIS daYies: COmRIISING6) of

undoped 1§ é%‘i/éﬁé As is selectively grown over the exposed area (38) of

t he crystaP structure, followed by a second 100A thick GaAs | ayer) which
forms the second quagtowingwalfirst partof @ldre Idyerlof adsebfiddndiiock | ayer of
undoped 20% Al GaAs (37) is ,selectively grown over the exposed area (38) of
‘the crystal structurWa¥@8enal |y a 10A thick |ayer of GaAs (first 20 part
of layer (40)), is sgligefivelphiovang uwron@&wénaf&do@?a?éraéo of the
crystal structure. The layers (3578, 36,10,37) are 1abelled together as (31
) in Mgures 3b and 3Fea dftbedisideat abithe ¢@s)layer, andn renoved and a 10A

thick GaAs | ayer (se r I 0 Q t hi ck undoped 20%

Al GaAs |ayer (42), S E A decha ﬁafp&éy%‘)éeé%b%’a"q%% 25 Al GaAs | ayer (18)
and a 0.1 m cron t hissmjzohgpetol syaegGrissoventhe figt4darhand theoaotivwequential |y
over the entire area of the crystal structure. Layers (42,18,44) are

| abel | ed together as@¥86) in Figure 3c. The laser cavity of the extended
cavity | asgiered tHeSmid@idd188mpYises aaVRMithik Efsell grdwd ptBtesywhi ch are then

cl eaned and mrror coated. fn accordance wi th convention, one facet (30)
will b2 coated with a partially transnmissive mrror coating to allow

coupl i ng i : 4616

PCT/ G899/ ?}%ﬁ@\%@@é&%éﬁf(@f&%ﬁ g%wévgg&%éétﬁpgﬁgﬁ%sﬁgg?&t he opti cal
wavegui de stieps af;ng the laser lie. the region under the stripe (24)) has to
be aligned to the crystall ographic axis,. of e olithic crystal structure
of the laser (2). Itglég%eggcﬁverr%?PQM 0{{‘:‘&*{}?{:%3%88@? ‘(Xy% of the
quantum wel | 5 | ayerijgyéBtoléipctieta paHRE BFeS bf e firdt pAR clth& cofe t he stripe
(24) and so the rotational alignnment between the shadow mask (34) and the

cryst%@ pl anes of t Hay@onol i t hi c crystal structure of the laser (2) has to
be growing at least one active layer on the exposed partial

area, and

uncovering the first part of the core layer.

25 The method according to the present invention enables the creation and
integration of optical and electro-optic semiconductor devices (active
and passive) on a single semiconductor wafer. Monolithic and planar
integration of optical semiconductor devices is enabled on smaller
lateral scales with less processing than previously possible by

30 integration of active region in a waveguide layer at growth stage. Also,

the need for etching and regrowth is removed. Performance and



accurately controlled to enable the mirrors of the laser (2} to be def1' @%E 2007
by the natural cleavage planes of the crystalline sem conductor. 10 ,
Alternatively, ion etched facets can be used for the mrrors, thus ’
el imnati requi renent of alignment of stripe (24) and edges (9)

relative 'ioﬂ)gmc?rystal structure. The length of the | aser PEAUGBYP/02283) f or
exanpl e, be between 300 microns and 1280 microns. 15 Laser structures were
processed and cleaved into a series of devices with a width of 75m and

varying cavity |engths of 300, 500, 700, 900 and 1200pm G owth was carried
out on a CBE reactor as described in a report by T. 20 Martin and CR .

Wi t ehouse gublished in, J. .Cr¥s¢£{1 G.owt h 164 §1990) 57‘eﬁgei?taxi | filns

were deposifPRéEtBESS aradhus dmProved, padi sast asidenpoped requiremignd and 20) whi ch
wer e | oadeq,dimigeliiBegeactor. The native oxide was thermally renoved from

the surface of the wafer (20} before growh comrenced. Triethylgallium

(TEGa) (although triisopropyl 25 gallium (TIP&G) could be used as an

| t ti d. | dj. | am I d th
11 pr cur Sp oGk Stadth V) e AR AN AN bR S EReE” (e e
I nj ect o Cedyerfaind-the-dative fayasr nidypBomprisé Beleisoope Guamitisewelfidyrerand Al GaAs
epi | ayers were doped n-type using Hydrogen Sul phide (H2S) 30 and p-type

usi ng Car b5AVING:3 aM3YRT Bandaan 1han the Gare of ewayegwdeal | i brated with RHEED
(Reflection H gh energy Electron Diffraction) oscillations and the growth

tenperature was calibrated before each run 1 8 D E C 200. WO 00/ 0461 6
PCT/ GB99/ 0Azgdsasaeyd aboveyit RHPEfeTed thatiat deastee core dayenrandastiveict i on

transition - jilis ; - ki a fixed As over-pressure.
The typi callJJg?gﬁ"?‘&ﬁgléwgtﬁ%@%%%%ggﬁggﬁed using infrared

pyronetgy (Ircon Series V, wavel ength range 0.91-0.97tzm. A tenperature of
5 540C has been_identified as the near ideal growmh tenperature to mnimse

t he uni nt effl i dn@BASHASEEr sEMiPNStUCEly geMicgnwihard dAyereTRBtrgetoi@ h. The
& As f i id] : : i i t 9 0 GaAs
val e destloat anebeihtdb 1 rddidh ol fifes RIS GroyBhidial iy

waf er (20) S prou er to ow I nti e con ween the
gr owt h subsbrmpeoanthe bpticah abaracherisiics Of yse eddtiry httiva langhpasdiveras

achi eved by | ocati t he jar flat of the wafer (,20) against lat in the
ol der - THEOTBERENHS the Srfhahgs PEs Eraehrditied it ARTIRSEOLEL desi gned
so thatsthe roo%d.i onal alignnment between 15 them was conparable to the

tol erance comercial wafer suppliers quote for the alignnent between the
maj or flat and the crystal ographic axis (better than f0.5). The CBE growh

must Do St IRRSH SaPEfe Lorel YRS lnakGERIC YL ERMy Bidcifeny n 1ot of the

growt h substrate. bare surface o rone to ‘an unacceptable
degree of coveradibyaaimnechanidadthadow osask whichemay bei madetdfesiieask. Ther ef or e,

the additional ,10A thick half l.aver.of, GaAs..(39)..1. rown_over the whole
area of t hebaerarihsles offe sURES licking AR bitida B8RS, ' 07\ ot he
growt lp@f  tduruckQBA drapaitsof(chysta) growtie oAThg neadiisifader Monadgawily h a 10A
hal f | ayer o& G‘;}gs &go% ?nd t he ir owt.h. mask repopved, The rerpa'hni ng Al GaAs
| ayers ar e9EHRA NG BBC2PL Kie 3ctveAavelALisqieiarTed bt dhe 9dg@s ot (P8mai ni ng hal f
of layer (4RadowMSask defining an aperture which exposes an area of the first

part of the core of the waveguide are tapered so that the edges adjacent

to the area of the first part of the core of the waveguide form the thin
25 end of the taper.

The method according to the present invention may be used to
selectively grow a plurality of active layers over different partial areas of
the first part of the core layer. This enables a plurality of active electro-
30 optical devices, such as lasers and detectors to be integrated in a single

monolithic crystalline substrate.



resultirng 20A thick GaAs | ayers have a wi der effective bandgap than that %f
"the 100A thick quantumwel |l |ayers (8,10) so that the 20A GaAs 30 Iayer"s8 EC 2001
wi |l not cause absorption | osses at the bandgap of the quantum well | ayers.

1 8 DEC 20p, WD 001 04616 PCT/ (GB99/02285 _ 14 r During shadow nasked grow h

by CBE) tWe0¢piddow nask is stored, inserted and renpved coppteingdyzké

vacuo, ie. it is not exposed to air. Air exposure of the gromh surface’

and/ or conplicated ex-vacuo processing@is thus totally avoided. 5 The above
growt h sequence generates what is essentially a planar structure with the
active narrow bandgap | aser region (4) being only approxi mately 50nm hi gher
than the passive wi de bandgap wavegui de region (6). The growth process ~

ensur es t hTheapsszent lngsratibat Mmolh move Wes de@chibedewitht referarideonts, thd the order
of 100 tines |onger. than the 50nmor so height difference (See enlarged
portion of 2EFQYUPANYIRY drawings B ¥ gr adat i on gives rise to a gradual

i ncrease in average bandgap fromthe | aser region (4) to the wavegui de
region (6). This ensures that the interface between the regions is
transparent to radi aFigweafl tshewssomnmmpmolitie! extandest canityl dseer (2) and so

absorptd on | osses arg_|lo | Ce ing a structure as shown in
Fi guresé 1 and 2 w |,Scﬁ%&”gi‘??ﬁ%é’?g#ﬁzﬁ‘éeqﬁﬁ?-esho| d current of around
500Acm 2 when the cavity length is 500 m crons 20 The shadow mask (34) is
made using a suitable dielectric, which is selected so that CBE growh

occurs sel ectively ofigURR 2o dhesiayeres siuciine efufreaaetivehgorian on t he
exposed surface of t i . at there is little or no
h'éaé&erﬁ&e%i cavi lésé{@ﬂéf;‘@ﬁré q

crystal growmh from the expos ace across the edges (48) of the
shadow mask (34). if growmh occurs 25 fromthe exposed surface across the -

dge of, the shad k then, h K is. d th | h
acrosaQ ne cdge 1 brORET SRVTRGNa% agoaamalseePrrerapon bR | Jon

shadow mask coat ed Widthéd laceomtin)slthe Presetiindbhfibitised f makecon di oxi de
is preferred. 30 To achi eve good edge definition in the selective growth

process requires thetheogdendadravty lager efurigsre A. t he shadow nask (34) to be
thin, ie. of the order of mcrons thick. This ensures that the epitaxial
growt h 1 8 p EC 2002 WO 00l 04616 15

Figure 4 shows a cross-sectional view of a waveguide

15 according to the present invention within which are grown
™ two active areas.

Referring first to Figure 1, there is shown a monolithic extended cavity
laser (2) comprising an active laser region (4) and a passive wavegu‘ide

20 region (6). The active laser region (4) is formed by the selective growth
of a two quantum well layers (8,10) in a core (12) of a waveguide (14).
The two quantum well layers (8,10) form the narrow bandgap semi-
conductor materiai required for lasing action.

25 The quantum well layers (8,10) are each formed from a 100A (100
Angstrom) thick layer of Gallium Arsenide (GaAs). The quantum well
layers are grown within a layer of undoped Aluminium Gallium Arsenide
(AlGaAs) comprising 20% Aluminium. The layer of 20% AlGaAs forms
the core (12) of a waveguide (14) which extends through the active laser

30 region (4) and passive waveguide region (6) of the extended cavity laser
(2). The lower boundary or cladding layer (16) of the waveguide (14) is
formed from a layer of n-type doped AlGaAs comprising 40% Aluminium



PGT/ GB99/ 02285 process is not dom nated by a vertical wail of the mask

which is nore than 100 tinmes higher than an epitaxial |ayer. Therefore‘bBtDlﬁézﬂml
shadow mask (34) is forned fromSilicon wafer (typically around 450 m crons
thick) a Oé& 46?@ n edges are achieved by the use of a 5%tetranethyl 5

ammoni um'hydr oxi de (TMAH) etch. This etches preferential | yPER&B29/92285

pl anes and produces a 54.7 taper at thggmask edge (shown in the enlarged

part of Figure 3b). O her etches, however, may be used The edges of the
silicon mask (34) should be tapered as shown at (48) 10 in the enl argenent

in Figure 3b. This ensures that the edges of the quantumwell |ayers are
suffici entlwi‘iabrupt so that they can ba] detected visually in the post

plr ocessidng dhBas & highes refractive index _aﬁ‘a@‘l@ 0% fipans Wijeh demesit of ht hﬁ
200 R MISIRED T6S\RER, BuIBY LRy UgET o 11

stripe (24 e un exten eyon e ‘edge of the
el ectrode (19))of fagiwaeqfideddipiedforrieds fromdexr tayrhof Ipetyper doped 24) wil |

(5) oper at BUSaRS AR spliiel dDrF I n TS GRAHVESBA PADTNR) the
laser (8) reyicies(4,6partk glawteonumg-dopea’subistaesiof GaA¥ @ey conduct or devi ce,

alternatively, it could be made using an | ndi um Phosphide (InP) based Il1-V
sem - conduct or device which could operate at wavel engths of the order of

1.3 or 1.57R i , V‘ﬁr\‘ﬁﬁﬂn‘&e i ea may
conpri se aT ?c{%\@/ﬁgoe\&ﬁﬁ]cétéﬁé? gid %gér%o%%éta?%)n I ch m?ty gﬁ%\%&?v@asm or

| nNSb basedlaser (2] am the sanmie asothnsecraquired doatdomyentiona vastide gtiise f rom 1
mcron to greater, than,8 mcrons or GaN based operatin t.vigible to U
wavel engt h ?m%"ﬂgcgoa{n'?_)Seer§eé‘ﬁ't$?‘_t'}rnan1ém§ﬂr r&ége'}f%“i ﬂx* FisIl #e 3c the
upper 4@y egliraindtée JPRItPHNGS cw;a@uit‘;d%nﬁll&krufgﬁbhm stdmelaPd Protessek, t he
quant um wel | 1 8 DE C 2002 WO 00/04616 PCT/ (B99/02285 16 r region (31).

This is bethgieky eRauEng stg9cd Xigdd.s Qmiamef e uprenkeundandayery(dd) (46) are
rown over i m wel |

?egi on ?’eggf@%&ﬂéé@%@ﬁ%yg czlg)gl 'lgnrhai‘ﬁ%ﬂéﬁ'l %%e(ﬁd‘%%riﬁ? é\ﬁ{ﬂc])ﬁro%%gg{?] "3c) the

upper surf adayarf of Helpatssiinsulatore () d éorl exeenpleasSiicdan Siexid¢ 8JjOi)n it where

it foll h of i | th dge. of. th t | I. [ VWiile th

above descolion it Ep80 408 ETBisRtep sE AR ol WG ecoRAR B

el ect r1@ opfakér R iveaveduide Stifpen24 MRhRh R finkB&he eI 88WEFlatlr and can be

used in the fabrication of devices wherein a plurality of different active

areas are @owhherstaprsi eap.efasugxamale have ahwidthi (WFfanairg AromriZfure 4,
shows a si g L on t : i i . ; iy h two
active ar e@ﬁsér?éi)%g?\% r‘(ﬁ%&;so T-ﬂge r@%t&lﬁ](ra\mh%:%g %U@? %?J%?%)?ée dﬁ%v\n in
Fi gure 4 crequiredefor sonvbaianaes it BOhot essential foradevicefoperatian.si e wavegui de
29) including the way i de cl.addi ng l.ayer, an er _layer of ssive
havbgur de.going HEOVRHRE T SuiBEdh e B arAGr FoB8! 2 il BMRERT um vl |
regi oz (3R6) dewth ¢ath the wangeduife Gapasit um wel | regi ons coul d be of different
bandgap material and could have different dinensions. They may be grown

si mul taneously onto the 20 sane substrate (29) through a single shadow nask

W th two aggef lﬂlﬁéswhbl:é ié}ﬁtﬁa&ﬁ t%?{?iv&?ﬁsé?%@% Q%lér; %gﬁ d&ﬁiﬁé are made

fromthe sanme materia ernati ve e regrons _ (31') may be
gr own sequdigtectnic insulatou(@R)cand avithin thehsidiow (Rdskis depositegdhe unmetal | n

be 25 1 nt catieel 2] itCM R COTsss: # bl it TodloRE b B doaidin ' 15 1
E c 2032 .weBidfers. (8370GwBicH %i80di8étly below the stripe (24). Stimulated

emission occurs at these quantum well layers which lie below the stripe

(24) when current is pumped into the laser (2) via electrical contact (26),

and the substrate (20).

The structure of the active laser region (4) of the extended cavity laser
30 (2) of Figure 1 is shown in more detail in Figure 2. Figures 3a to 3c
show schematically, the method steps used to form the waveguide and



17 CLAIM5S 1. An electro-optic sem conductor device (2) conprising a 18 DEC 2007
sem conduct or waveguide (14) with a core region (12) within which is 5

| ocated at | east one active area (31, 31') characterised in that: the core
(12) of the waveguide (14) outside of the one or nore active areas (31,
31') is gj?gl%m nated by diffuse active area material; the one or nore
active ar eao? 31') and the wavegui de (14) are 10 nonol i tRET¢GBIRMA285he- one
or nore active area (31, 31') and the whvegui de (14)are grown in an
additive growth process without any internediate steps in which material is
renoved. 15 2. A device according to claim1 wherein the one or nore active
areas (31, 31 ) are |located between two adjacent growth |ayers (43, 42}of

t he core( t [ C eaqy one of

t he precedi % R.Im Wé" Wﬁkﬁ%r%’?ﬁ"%@%‘éﬁqe\/{ﬁ é%slgg %?%Fctgid?pg:'%%rl ges at | east
one quant ufRefetring ’ﬂwihesertvdwFigurwa 1 EBmickoh I:mysan ofon-typendoped 40 dgap t han

the proceageRsat1R) Boanet by arbioal hagmbopiaen (GEE i Aoab@’ 317 °i s

| ess than BBEeBaQQQﬁPatb”F?O)”aﬂ%rf 'aOWOOGA' ﬂﬂcl@qw@ﬁﬁf td}ﬁiop%@t bpe, ar ea (31
31') and the core(4é12) ol t'he wa A device according to any
r

one of &l aAlB3Asr(4d) d4$ raraweo fqlﬂme.t? ﬁytlnai qﬁaweamﬂmlq undgred GaAs 10) are

b0009285. AYRs 5R-oln FiedEER & PR cbinbrisef e d RCRALERE, 4 wherein
t he quantu bhdlmee:zs% RIGHAs yerqda] iwﬂvéth@ifaat ties layele(3g)tor. 5 7. A

devi ce accor o any one of tZe preced é I ms wherein %he wavegui de
(14) and oﬁ@e(ﬁa r@ shadow magk 3?)3mad§1r§ a @cgmmt%m &% caI beam
epitaxy. 8 eC

Wher o1 B t NG SYER LR PASSNETGRA Y RO P2 PR e se

a |1 (-\0 sedbrandbattbe &@M@d’gmqmﬂ) 'Qexmw/&imtbﬁcm@dﬁgof th&:laaff-‘m 8 wherein
the TH-V sl iCONEWRT OR fRIRRYet 0P inbiSped 2oYnalB8ARN5EF iLPasE vely

grown in the area (38) of the crystal structure exposed by the shadow
mask (34), followed by a 100A thick GaAs layer, which forms the first
quantum well layer (8). Then a second 100A thick layer (36) of undoped

15 20% AlGaAs is selectively grown over the exposed area (38) of the
crystal structure, followed by a second 100A thick GaAs layer, which
forms the second quantum well layer (10). A third 100A thick layer of
undoped 20% AlGaAs (37) is selectively grown over the expased area
(38) of the crystal structure and finally a 10A thick layer of GaAs (first

20 part of layer (40)), is selectively grown over the exposed area (38) of the
crystal structure. The layers (35,8,36,10,37) are labelled together as
(31) in Figures 3b and 3c. The shadow mask (34) is then removed and
a 10A thick GaAs layer (second part of layer (40)), a 1000A thick
undoped 20% AlGaAs layer (42), a 0.9 micron thick p-type doped 40%

25 AlGaAs layer (18) and a 0.1 micron thick p-type doped GaAs layer (44)
are grown sequentially over the entire area of the crystal structure.
Layers (42,18,44) are labelled together as (46) in Figure 3c.

The laser cavity of the extended cavity laser (2) is defined by cleaved
30 facefs (28,30), which are then cleaned and mirror coated. in
accordance with convention, one facet (30) will be coated with a partially

transmissive mirror coating to allow coupling of the laser light out of the



15 10. A device according to claim8 wherein the I11-V seniconductor 18 DEC 700
conposition is Gllium Arseni de based. 11. A device according to claim 10,
wherein the wavegui de (14) 20 conprises Al um nium Gallium Arseni de and one

or nore agtive areas (31, 31') conprise at (east one layer of Gllium

Ar seni de. WP0¥0861§eyi ce according to claim 10 wherein the cE®CE/GHMN2285 t he
wavegui de (14) contains 20%to 40% Al ujy ni um and upper and | ower 25

cl adding | ayers (16, 18) of the waveguide (14) contain 40%to 80%

Al um nium 13. A device according to claim 12 wherein the one of the

cl adding layers (16) is n-type doped and the other of the cladding | ayer. 30

18) i -t d d. NDED SHEET 18 DE,C. 2002 OS-O-~2000 19 14. A
((jevi) clesagcdﬁl‘g'?‘??g? g ar‘@‘\‘/g_ cgavpﬁgfagpgﬁ 154 i‘S_PS_r 5%%&?“733! AELUEPein the
dovi ce [ LMefseR it hd A2Rin (RderRERLiSs (349 hasassbe alignayant urm

t
well. layer (8, "10) |ocated within a core (1 a wavegui de”(14) and the
extent of ttadhe sristalingraphiciaxisief theduorglithicerystalstauctyreaf threlasepl anes (28,

30) of the nql i.t hj [ dgyi |.S I ) . A device
ac)cor di ng t(g?'aﬂl%/ 'éo?ésc%%r ﬁi“ﬁ%&%@dﬁh\gg ﬂ%]aeltdggsi @gv\ﬁf tc ﬂﬁgpﬂﬁﬁr\géﬁ plurality
of acti ge aawg (8310) &g’ ;)erp;éﬁdil:ﬁlarﬁom aRid @IIthma&ripg (aa) e:cn_dcids thept i ?43) f
sem conduct or devjce, conprising the steps of; gr ng a first rt 0
a core Iayé’Pta(t'ﬂ?E?‘ @EQB"?%T&Q%W& pti5e &Bﬁfﬁﬁﬁi’ﬂ@sgl@% %gr@ dhe | qryp ?grovvi ng an
active la ' : b f tin£43) of the
core Iaye)rlei?q_rg%Ogﬁtﬁe)gp%vﬁ%ﬁtgm%r&z}é%%lnétr%%iyt% ?ﬁz@go&t% ﬁe(?zgﬁaeéaﬁgy%é ()12) of

t he sem corateatatelyvenrdmlliedao(en@ble ther mirharsfofrthe lasert (2) 46 )beadefindd acti ve

| ayer (31, 31 haragterised,in th t he ne d conprise n additive
ar ot h ot odls dheonafitAL e YAF hiees dta the s BRLANTe L APTIPOELETa) | s
renovedg 1Altetafidhpd icit CERR OfabetsC cah "bd Sugder or NtHehenigIrscithue growt h of
an active layer conprises the steps of; selectlveléﬁcoverlng a(gortlon of

the first FAMINglng teg reqeiremenbee aligyaent of)stiRe dépbaedacgars (@) area of
the first paftiv@itothe GPSaI kf¥&ure. The length of the laser cavity can, for

example, be between 300 microns and 1200 microns.

15  Laser structures were processed and cleaved into a series of devices
with a width of 75um and varying cavity lengths of 300, 500, 700, S00
and 1200um.

Growth was carried out on a CBE reactor as described in a report by T.
20 Martin and C.R. Whitehouse published in J. Crystal Growth 164 (1990)
57. Epitaxial films were deposited on 2 inch semi-insulating and n-
doped_ GaAs wafers (20) which were loaded into the reactor. The native
oxide was thermally removed from the surface of the wafer (20) before
growth commenced. Triethylgallium (TEGa) (although triisopropyi
25 gallium (TIPGa) could be wused as an alternative) and
Ethyldimethylamine Alane (EDMAAI) were used as the group Il
precursors while arsine (AsHs) which was thermally cracked (EPI Gas
Injector Cell EPI-Ta-GS-L) at 1150° was the group V source. GaAs and
AiGaAs epilayers were doped n-type using Hydrogen Sulphide (H2S)
30 and p-type using Carbon Tetrabromide (CBrs). Growth rates were
callibrated with RHEED (Reflection High energy Electron Diffraction)

oscillations and the growth temperature was calibrated before each run



growing at |east one active layer (31, 31") on the exposed partial area,§ pgEC 200
and -uncovering the first part (43) of the core layer. 30 18. A nethod
according to claim16 or 17 wherei n wavegui de cl addi ng | ayers (16, 18} are
grown above and bel ow the core layer. GB 009902285 AMENDED SHEET 1 8 D E
C 2002 08YUBIMHOL 20 19. A method according to any one of crei/GBId@280 18
wherein an active |ayer {31, 31') corrpji%ses at feast one quantumwel | | ayer
or bulk layer (8, 10) having a smaller “bandgap than the core (12) of the 5
wavegui de (14). 20. A nethod according to any one of the clains 16 to 19
wherein the core layer (12) and active layer (31, 31') are grown using
chem cal beamepitaxy. 10 21. A nethod according to any one of clains 16 to
20 wher ei n byhestgr BHEER to (monitemiheagtface reganstpgtionstrapsisionpirome 111-V

sem conduct i $1 NS : cof di o] Lm.21 wherein
tho 111y Aislaies b e"@a‘ﬁ%%@?%‘? a3 T as, eﬁﬁé’?&%ﬁ&% SR bigd e e
accordi ng tgrogitmitempérathey @iag 540°0 bk -rvessuredousingt ibfracedngoiriedry | S

Gal i um Arseni de_based. 20 24. A method according to claim23 wherein the
wavegui de (A@pncaapes sbswavelenathumags |Q-%1n0A9Be'n?.dePaﬁ@mméaM@i@fe | ayer

conpri ses 0 e0f | i u |d ' . A net hod
accor di ﬁg %4%@?%3&5%2%@?9{%%?@ c{ct)]re eﬁ%%)ﬁg%%l ghée\ﬁt\]/'\'va\t/%?;;1 i(ﬁ%l%@%n ains 20%
to 40% Al umninimiseathe: upiptantiand! invogyoration df raxylgepeansd (chbod$h ©BEt he
wavegui de contain 40%to 80% Alum nium 30 26. A nethod according to claim
25 wherei n YA¥USf the cladding |ayers (16) is n-type doped and the other of
the cladding layers (18) is p-type doped. GB 009902285 AMENDED SHEET

The GaAs wafer (20) was mounted in a indium-free holder in which the
10  GaAs wafer (20) sits proud of the holder to allow intimate contact
between the growth substrate and the shadow mask. Crystalographic
alignment was achieved by locating the major flat of the wafer (20)
against a flat in the holder. The mounting of the wafer holder and the
shadow mask were designed so that the rotational alignment between
15 them was comparable to the tolerance commercial wafer suppliers
quote for the alignment between the major flat and the crystalographic

axis (better than +0.5°).

The CBE growth must be stopped in order to insert the shadow mask
20  (34) in front of the growth substrate. A bare surface of AlGaAs may be
prone to an unacceptable degree of contamination if left exposed while
fitting the mask. Therefore, the additional 10A thick haif layer of GaAs
(39) is grown over the whole area of the substrate, before the shadow
mask is applied. Also, after the growth of the 100A layers (8,10), the
25 growth is terminated with a 10A half layer of GaAs (40) and the growth
mask removed, The remaining AlGaAs layers are then grown after a
10A GaAs growth restart layer (remaining half of layer (40). The
resulting 20A thick GaAs layers have a wider effective bandgap than
that of the 100A thick quantum well layers (8,10) so that the 20A GaAs
30 layers will not cause absorption losses at the bandgap of the quantum

well layers.
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10A 10A 10lka@nhgoadagyed edge. Therefore, a snllcon shadow mask coated with

silicon oxide, silicon nitride or a silicon dioxide is preferred.

30 To achieve gocd edge definition in the selective growth process requires
the edges (48) of apertures in the shadow mask (34) to be thin, ie. of

the order of microns thick. This ensures that the epitaxial growth
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allignment for deposit of the electrode (26) so that there are no regions

v

of quantum wells underneath the stripe (24) which are unpumped, ie.

15 which extend beyond the edge of the electrode (26). Regions of
unpumped wells undemeath the stripe (24) will degrade the efficiency of
the device (2) by optical absorption.

The laser (2) operates at a narrow bandwidth centred on ~860nm.

20  Although, the laser (2) is described above using a GaAs based [lI-V
semiconductor device, alternatively, it could be made using an Indium
Phosphide (InP) based Il1-V semi-conductor device which could operate
at wavelengths of the order of 1.3 or 1.5 microns.

25  Alternatively, the waveguide and active area may comprise a lll-IV
semiconductor composition which may be InAs, GaSb, or InSb based
for electro-optic components operating at wavelengths from 1 micron to
greater than 8 microns or GaN based operating at visible to UV
wavelengths.

30
As can be seen from the enlarged portion of Figure 3c the upper layer of

the passive waveguide (46) follows the profile of the quantum well



10 10, 10! xI 1°110%& ()- !j11°! 10%& ()- 6(6h6667i 7| 7aBr SL! B"f#10 10% 18 QEC gqp;

U& ()-S10% U& ()-10% U& ()-!S 109%JU& ()-s10% U& ()-910%

U& ()-177>88c99<: aBr S1! B"f #10L*10% U& ()-(M 10% U& ()-$y10% U& ()- !'yY'! 10%
U U& ()-S%O&’ﬁ)ohléi'é()-lo% U& ()- <:::n;<+<,<-<.<aVK@B"f#1 10 U 10 U 10 U 3:

10% U& () M-
U& () - . <=<Z<<<<=aBVK@ B" f #1 16

% U U& ()-1310% U& ()-010% U& ()-1s-10%

PCT/GB99/02285

region (31). This is because the crystal layers making up the waveguide

layer (46) are grown over the quatum well region. Above the edges of

the quantum well region (eg. above the edge (9) in the enlarged portion

of Figure 3c) the upper surface of the passive waveguide layer has a

5 step (60) in it where it follows the profile of the edge of the quantum well

region.

While the above description relates to the construction of a semi-

conductor electro-optic device with one active area, the same processes

10 and can be used in the fabrication of devices wherein a plurality of

different active areas are grown on a single substrate, as shown in

Figure 4. Figure 4, shows a similar cross section to that shown in Figure
3c, but with fwo active areas (31) and (31’). The monolithic crystal

structure shown in Figure 4 comprises a substrate (20), a lower layer of

156 passive waveguide (29) including the waveguide cladding layer, an

upper layer of passive waveguide (46) including the waveguide cladding
layer and two quantum well regions (31) and (31'). The two quantum
well regions could be of different bandgap material and could have

different dimensions. They may be grown simultaneously onto the

20 same substrate (29) through a single shadow mask with two apertures,
in the case where the regions (31) and (31’) are made from the same
material.  Alternatively, the regions (31) and (31’) may be grown

sequentially through different shadow masks with apertures in different

positions. This enables a plurality of electro-optical devices to be

25 integrated in a single monolithic crystalline substrate.



-OBEVE &

S Newe=—SE>dEVK@ BT f #1 10%I'&()
B - E>>>(2u??. GBVK@ B" f #1° Y- 1090°& () - Y*10967& () - &9! 109%0°&' ()

' 8100 R N0 2

04 & < _ 100
T0O0& ()11 1000& ()-

QOUTK

0% & ()- FéO%I’

B 0099 2285

1 891 109 ()- "mlO%r& ()- !& 109%& ()-. @@ AAAB\ B] B*BAE: / 10T
10TYL<109%0& ()- Y: 109%& ()-9' 1 10%& ()- Y7109@& ()- Y21090& () -

1L! 10967& ()-~B_BnBBBCCDr S1/ !, L!109hh& ()- L 10% & ()-!L

10%1h& ()-10#10%~& ()-#10% L& ()-)wWL0% h& ()- 10TDFr GGGt Hi H} A21/
LY/ 10% h&' ()- Ys-10% h& ()-1+10% h& () -, L! 10%

&'()-

|, L1 10%h& ()-!, L! 109%h& ()-tHH kI 11BJCIDIME:/ 10 h 10 hY,:10% -

h& ()-9L! 10% h& () - Y810% h& () - Y310% h& () - Y@10% h& () - 09! 10%
h& ()-DIEITIrJJIzKLLUS4/ 1010% U& ()-! 109AJU& ()-10% U& () - F! 0$109%& () - $10%
s& ()-)110% U& ()- 10 hL" MiMVNO' Pl MdfiaslO! 1Y) ~ ! 1008JU& () - #10% U& () - ! ~:110%

U

5

10

15

20

25

30

1. An electro-optlc semiconductor device (2) comprising a
semlconductor waveguide (14) with a core region (12) within which is
located at least one active area (31, 31') characterised in that:
the core (12) of the waveguide (14) outside of the one or more
active areas (31, 31') is not contaminated by diffuse active area
material;
the one or more active area (31, 31') and the waveguide (14) are
monolithic; and
the one or more active area (31, 31') and the waveguide (14)are
grown in an additive growth process without any intermediate
steps in which material is removed.

2. A device according to claim 1 wherein the one or more
active areas (31, 31" are located between two adjacent growth layers
(43, 42)of the core (12) of the waveguide (14).

3. A device according to any one of the preceding claims
wherein an active area (31, 31') comprises at least one quantum well
layer or bulk layer (8, 10) having a smaller bandgap than the core (12) of
the waveguide (14).

L]
4, A device according to any one of the preceding claims
wherein the bandgap in an active area (31, 31') is less than the bandgap
in a transition region between that active area (31,.31") and the core (12)

of the waveguide (14).

5. A device according to any one of claim 3 or claim 4
wherein the quantum well layers (8, 10) are configured to act as a laser.

AMENDED SHEET
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5 7. A device according to any one of the preceding claims
wherein the waveguide (14) and one or more active areas (31, 31') are

grown using chemical beam epitaxy.

8. A device according to any one of the preceding claims
10  wherein the waveguide (14) and one or more active areas (31, 319
comprise a IlI-V semiconductor composition.

9. A device according to claim 8 wherein the -V
semiconductor composition is Indium Phosphide based.

15
10. A device according to claim 8 wherein the [lI-V
semiconductor compasition is Gallium Arsenide based.

11. A device accerding to claim 10 wherein the waveguide (14)
20 comprises Aluminium Gallium Arsenide and one or more active areas
(31, 31"} comprise at least one layer of Gallium Arsenide.

12. A device according to claim 10 wherein the core (12) of the
waveguide (14) contains 20% to 40% Aluminium and upper and lower

25 cladding layers (16, 18) of the waveguide (14) contain 40% to 80%
Aluminium.

13. A device according to claim 12 wherein the one of the

cladding layers (16) is n-type doped and the other of the cladding layer
30 (18)is p-type doped.

AMENDED SHEET
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5 planes (28, 30) of the monolithic crystal from which the device is formed.

15. A device according to any one of the preceding claims in
which there are a plurality of active areas (31, 31".

10 16. A method of making an electro-optic semiconductor
device, comprising the steps of;
growing a first part (43) of a core layer (12) of a
semiconductor waveguide (14),
selectively growing an active layer (31, 31") over a partial
15 area of the first part (43) of the core layer (12), and
growing a second part (42) of the core layer (12) of the
semiconductor waveguide (14) over the first part (43) and
the active layer (31, 31",.
characterised in that the method comprises an additive growth process
20 without any intermediate steps in which material is removed.

17. ‘ A method according to claim 16 wherein the selective
growth of an active layer comprises the steps of;
selectively covering a portion of the first part (43) of the
25 core layer (12) to expose a partial area of the first part of
the core layer,
growing at least one active layer (31, 31') on the exposed
partial area, and
uncovering the first part (43) of the core layer.
30
18. A method according to claim 16 or 17 wherein waveguide
cladding layers (16, 18) are grown above and below the core layer.

AMENDED SHEET
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an active layer (31, 31" com_pnses at least one quantum well layer or
bulk layer (8, 10) having a smaller bandgap than the core (12) of the
5 waveguide (14).

20. A method according to any one of the claims 16 to 19
wherein the core layer (12) and active layer (31, 31") are grown using
chemical beam epitaxy.

10
21. A method according to any one of claims 16 to 20 wherein
the core layer (12) and active layer (31, 31") comprise lI-V
semiconductor compositions.

15 22 A method according to claim 21 wherein the lI-V
semiconductor composition is Indium Phosphide based.

23. A method according to claim 21 wherein the 11I-V
semiconductor composition is Gallium Arsenide based.

20
24, A method accordiﬁg to claim 23 wherein the waveguide
(14) comprises Aluminium Gallium Arsenide and the active layer
comprises at least one layer of Gallium Arsenide (31, 31).

25 25 A method according to claim 24 wherein the core (12) of
the waveguide contains 20% to 40% Aluminium and upper and lower
cladding layers (16, 18) of the waveguide contain 40% to 80%

Aluminium.

30 26. A method according to claim 25 wherein one of the
cladding layers (16) is n-type doped and the other of the cladding layers
(18) is p-type doped.
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covered by a mechanical shadow mask (34).

28. A method according to claim 27 wherein the shadow mask
(34) is made of silicon coated with silicon oxide, silicon nitride or silicon
dioxide.

10 28. A method according to claims 27 or 28 wherein edges of
the shadow mask (34) defining an aperture (38) which exposes an area
of the first part of the core of the waveguide are tapered so that the
edges (48) adjacent to the area of the first part of the core of the
waveguide form the thin end of the taper.

15
30 A method according to any one of claims 16 to 29 wherein

a plurality of active layers (31, 31") are grown over different partial areas
of the first part of the core layer (43). .

20 31, A device which is grown using a method according to any
one of claims 16 to 30.
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