;efe3e] ZL(tJ6T: @ 1 METHOD OF FABRI CATI NG A SEM CONDUCTOR DEVI CE The
invention relates to a nethod of fab ll“ﬂmlllm muml m conduct or devi cewi'th a
tapered epitaxial |layer. 5 Opto-elec cont ain tical fibres
and opt o- el Q574 seni conduct or devi cesgomsh as | asers, Pﬂgﬂ“ﬁ’?"ﬁé‘ﬁs,

nodul ators, detectors and switches. The size and shape of the optical nodes
supported by optical fibres are signjficantly different to those within

10 and nETAR OB FREFERHRS A SHEBRBW TR PRYTER, T coupl ed bet ween such
devices and fibres. One technol ogy which reduces such optical |osses

| nvol vescihig, Usgn 0l a@s & Al RL RS DLIREMJLBE: SRiiRh SHbEgE! ©

sem condu eV| ce and t e op e m cro ens anges t he

si ze of emtaxnahayeral node output by the opto-electronic sem conduct or device
or opgical fibre, but not the shape of the node. Another technol ogy

I nvol ves the use of an optical node-converting wavegui de pl aced between the
opt o- el e@ptocaigatropicnExstanki cootaindeplicat filires amrk opfa-¢lectronfc semicomisicter of t hese

t echnol O&HVE% QFEWEgIa\é@Fsyamgmr@H&Umé otefgcf'orr@ﬁﬁcﬁw?mhre? &H&F&S%Hbt that the

allgnrrent e conponents can represen e nobst significant part of
t he tot ashapef the opiicabFiases|suppartedi by optivalefhresh aten signifieantiv riifesyy toni ch

reduces RolnkitHigoptBehRFohiB YOhKEdUcRE dHﬁé‘esOEnd)tlﬂFs%%lﬁ% H&Bél%nﬁ?ﬁbﬁ g nduct or

devi ces havi ng out ut wavegui des wth a two-di nensional tapered

t hi c¥hes¥dphigh precag&smwh%meptﬁet fagiation, jst caypled Retvrss %@haﬂw%a%ut put
facet. Tipres tapering of the output waveguide allows the relatively small
(0.5 to 2.0 Vim) and sonetines highly asymmetric optical node fromthe
active part of an opto-electronic sem conductor device to be closely

mat ched Ore tdaAndiedyowhick Geduzed GuehThpticai roes&sa:hwvaymgei of aomdrslanhs nmode

supported by .an optjcal fibre. 30 La apering.of the tp wavegui de
of an oﬁ%—eél@é“l’?%' %hE ?é?fr“'@B‘FRﬂfcf%P'cﬂ?é{?F"Bé deyicg, an?élbeep‘)tﬁalf ane
par alsl elmit@iens sechegeatthe ssizd ot ethe rmgtncblembl aupa bgithg &mmm conduct or
processing.techni ques such | i aph hem cal hing. This
P Ccar r iBissniuder dvies,of Befica Tre, e i HpASRE & B SR AROPRL Sevi ce i s
made. 3Yechaplegy myolvesthearse of ay eptical madevasregting avaveguideplaces Iplqumndl cular to
the pl ari'hee Oofpto elec%n?cO/sZ%?cgﬁduFé?T/ %3\/% / %2& tﬁe optical fibre. Both of these
technologies demand very high alignment tolerances with the result that the alignment
20 of the components can represent the most significant part of the total cost of an opto-

electronic system.

A third technology which reduces coupling losses involves the use of opto-electronic
semiconductor devices having output waveguides with a two-dimensional tapered
25 thickness profile between the active part of the device and the output facet. This
tapering of the output waveguide ailows the relatively small (0.5 to 2.0 um) and
sometimes highly asymmetric optical mode from the active part of an opto-electronic
semiconductor device to be closely matched to the larger (6 to 10 um), circularly
symmetric optical mode supported by an optical fibre.
30
Lateral tapering of the output waveguide of an opto-electronic semiconductor device,
i.e. tapering in a plane parallel to a substrate surface, may be achieved using known
semiconductor processing techniques such as photolithography and chemical etching.
This is carried out after epitaxial growth of the wafer from which the device is made.

35 Tapering the core layer of a waveguide in a plane perpendicular to the plane of

T
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2 epitaxial layer on which it is grown is nore difficult and invol ves
controlling the thickness of the core layer during wafer growth. Methods
currently u¥@W B8 produci ng vertically tapered and fl ar eBCEERO@MAHFuct or 5
opti cal wavegui des are described by Merman in | EEE Journal of Sel ected
Topics in Quantum El ectronics, Volunme 3 , Nunber 6, pp 1308 - 1320 and may
be classified under three main headjangs as follows: Etching and re-growth
t echni ques ]]0 n t hese techni cw i taxial rovvth of the wafer is

st opped epft@xial gueroan (whigh &yis (gre '('Ed?é" rgytficyt athdn\plies ontielinarie waf er s
t hen r ermaickibsh bbiielche ldadr aurinly wakdgrowpar at us and the core layer is etched
to produce the required taper profile. The wafer is then replaced in the
growt h apparatus and the upper guiding |layer is grown over the etched core
| ayer. TWethedd earreritlguesd rfan/prddheinj oettioslyntapeicd ashda fdrad esemiddntigdtor 15 t he

overall , Lng.is tine-co 1.ng. n enoval of the
part?’al lc&ré&ﬁ&%ﬁe%ﬁqe&ar dg% ﬁﬁ%%}j&) a%%’%ﬁ&tﬂ?ﬁ'ﬁ'ghgfeggﬁﬂ?$3°‘?'ﬁ%'"wavegui de
core | ay@uantumb IEtettromiss, MulungenB naNunaber iGnipp 1308 -Vi3Re gnd dedy bereresifiddng opt i cal
| osses T t hese net hods have very | ow

repr odugﬁgﬁtﬁ%g%{hghgéﬂgg 2 Qh&%‘n known as di p-etching, it not possible
to process the whole surface of a mafer 20 Inpurity-induced disordering:
This is ing vertically tapered wavegui des starting
with a m%/%ﬁ;@rg%om%ccﬁmﬁ%ccore | ayer has a uniformthickness. This

t echRi qire these|tegtiniquds.i epitaxialtorowts ofrthe iwafersistapped aliercdrpiosiomobthehave a core
layer c pl&,a2 ﬂép't i ffused
into thg&%}a% éﬂ?d@rat%ﬁgu'ﬂét r@euﬁ" : tH +vaeB 2@6@12?&8 aeaﬁt rg\%r@s the core
| ayer tGPER,thUFr anei the opeer Iaw wtheldatpeqraqiuosd etrertwredutareer qsefgret itd® in the

Pl ane OfuqfehGs ithirbcla thWebowtbesfatéd Bha Resughel bR ’Ia)IeP‘?s %r%tvﬁa(:t' ve J

i ndex of the core layer is Feduce ers, producing

verti capverdbeiche eqre {ayer. vﬂ\?é@tﬁcﬂ@queﬁrﬂayeﬁf&:fﬁ“ﬂ“&‘& 'P%Pé’aﬂféﬂf’sr dpmbdwei bi lity,

and 1§ he tHee sverhil ragocagswgl\segzerhaeﬁ ah@Vi&baHBuMmingd N iSeBBtd, GBolAISSF tB t he
regi ons where zinc sion occurs. It is also limted in respect of the

mat er i aPa'§‘9 lyrgrawn water fi HW“%S’%'@GPP%W a%qd sichipg thewvaNeadide SaRedaYer ¢ echni ques

exi st i mrobided doRndirdbion Glo & RaveyyRse, méaaag%t.@urdisé@ahmyﬁuc,ﬁa a 35
wavegui de n%gdﬁ rown in asrn%le ste erature

e
gr adi en¥ield gthedsThavayevdoM Jepr LICW"FVOJDL‘?B SF?T’ ’Pﬁ\i‘ gp'ﬁﬂ\é’"of a waf er
consi st a&@ipQtchings U A6L fodkiBleds droded INE Whokisdifade dfaygiferdur i ng the growt h of
t he Qiore | ayer by nol ecul ar beam epitaxy (MBE) may be used to control the
t hi €%ness of that layer. In this technique it is very difficult to control
t he conmqs«jrmﬁ-ra&adedwr&ofdahﬁgty of ternary and quat er nary conpounds across the
terrper ure5 di ent, and terial.s . havin t_or
r equi r| asnt ﬁ 199G+ 07 (RERRNEING: Y c%? g% ‘&a"ﬁa?'ge%/v ka{gﬂ'bqgwg Buitabl e
growt h Wevqmardanmwbrsh thehdose lalerdws al unifortns thioknedse Thesrtpmnmriehrgrtadm ents that
may be e )ﬁi ?EI
"growt hﬁgﬁkh%yrﬁﬁ Potr@ \Laﬁghgé‘ éth@‘ﬁ%n@ %gelﬁ)ée? Q gfda'e"m(JJI*'p'vary| ng
wi dzth nm;anhen-weﬂ;d&md Brncas difftierd lotmlﬂlelvmvagurde ﬁlnmghrmeexpaerdgtadrhg)wer gui di ng

L2 Y RS 4 S @ 0O U TS B oy 001" PP
i ncr easpositiap in lthe place hf the eriitexiali Idms délb,‘lneeam hﬁ;rd}fmscd ntyeae[rgqam ed
1avegul e B LA WG TAALE Y0 Rl P GEIAY 170, SERH SURT el e

processi ng ore epltaxia
tapering of the waveguide. Thrs technique has low reproducibility, and the resulting

30 waveguides have significant optical loss in the regions where zinc diffusion occurs. it

is also limited in respect of the material systems that may be used.

Epitaxial techniques:
Several techniques exist in which the tapered core layer and upper guiding layer of a

35 waveguide may be grown in a single step. For example, a temperature gradient



15 the core and upper guiding |ayers can take place. Yet another epitaxial
techni que i s shadow nask MOVPE grow h using a dielectric mask. In thi's
t echni que, awpabtmasned diel ectric mask is deposited onto apieERdo2ias!l | NY
MOVPE epi taxial growh, deposition takes place through a window in the
shadow 20 mask. The |l ateral thickness of the | ayer deposited underneath the
shadow mask may be controlled by varying the |ateral dinensions ~of the
wi ndow, the distance befinreen the sk and the substrate, and the reactor
pressure. lntmiuseq! cthripiane of apafercepnaistingdefia substiste gaindwat lhwert gyiding lageowi ng t he
di el ectri [ 4 al so

duri ﬂtrﬁ& S dbrs! %’é?tbg%?é% %F%é@ﬁ&%ﬂeég&%%e

i nvol ves pro ess ng steps to conS|derabIe
del ay anccontig! the Ahieknese of that daver. c bnthisntepknique. it /8 veno giffieuld tonsomteahithenl shadow

mask nmay g ddsifishdl Uﬁlfo‘?ﬁﬁy effteaqaﬂ) SdSfobtebta Brodt Yk dé}wsé?&w ot ably
results in conpositional” non-uniformty wt |n t e tapere ayer due to the
unequd Jredientyandmateridls havieg 8 Hewr @aling gIPingadle sequiNingOYFBigl rgsowh. Thi s

results 'tQmF&EfLﬁé:H X%ah@@%rﬂ&%l#%é Bfomas:x g%v&thltan,sé?auﬁeaperrﬁéip|héaéer whi ch
adversely affects t within that |ayer. Al so, exposure

of the MMPW@‘%HE‘%E%&SH@?@‘%D%WW Ie¥eder ti on and renpval may result

in contam nation of the wafer. A further disadvantage is that deposition of

material on the mask itse luTe lQei(gessma,t es mask ¢l eani_ng or repI acenent . WO
t

00/ 77548 APEIPLEBIPH faehn own, agp Peputh-gr-arridge’ Py rtansdard stehingvi de an

al t erroat inve2hdtisQredge 6f%ryf@mumaﬁam Pro8dEdwpreiwafep Eoriitisingd susiltevavegui de.
The i nvent| og \grow a sem . conducgtor device

i ncl udi nd Fr &y l@’f%&ﬁ‘fﬁ?%f“'{a@% ”ﬂ%"&"&%@%ﬁf RYROIQANIE VaRYEr upon a
supporti :pgamﬁtazye(MOVBE)imeagrﬁwmd'aierbftbﬂ”&aﬁen{ahﬁwgahadegaﬁé [EVETS |hc&9§§teed
epi taxi a chem cal  bea a.taper in a
ploane i n@Flt'?f'y‘H'd rbgfttﬁg "gn%%?rf?ﬁ?a %rﬁwcérl?ea %%Séﬁ%n-rﬁ‘ﬁ@?"qu’ Bosm bl e
to fabri wbbeacampimgtedchndltmqnemramg Gpfex mmeesumgaya’ore]ibltmal@owmpﬂr S

t th I f bstrat whi ch
he vavelt e frfyltePBaoREIRERLaf g, L 0 0l Goe orown tyy MDD the
core |l ayer thickness first increases before taperi ng to the thin part of
e con el BhonAuaEa YocAhGGE 6 ohbuhifl NBPEORSIH dndAggRbhEe! |05 of
conposi t m@alal Ini this denbgigne. a pa;@nmdgb@mnq maslapdem'tessornteglvmig dJuringvegui des
prOducedMﬂMEExﬁ %\%}\Mh E@pd@‘ﬁeﬁ Q%sdd"fﬁnet t@ur&d&ﬁ émﬁeﬁ%qﬁgmam%e

reactions 1n CB E’resent es it ossi ble to avoid

uncoR®romagk Ehmisirsal thipkness ekihe dayep deposited wndernpeath the shadaw magk @BY t axi al

grow h t B@Q:oﬁmiﬂe@fog%fe/ ifg e Jatbrai &&eﬁEu@r&eéft e wirlowd thBYiSdHES BetReeh NCT €aSE
its optical |oss he i nvention al so provides. a nethod of fabricating a -

seni condthétBaskiand the substrate: afd therepcior RgEswhe This teshpiquesinolyes an ed

epi t axi ahdditnar grbWthGtEP\6F ghbviRg tHeQidiedify mask a?qdmnadaemw aﬁdadsmj dépto the
supporting surtace using a nechahi cal shadow mask and single e i taxial

growt h stoefemoye Maglt;3ige ypluess Rrocessing $ters, s Beftesd th%maﬁlf HNERHIPVRIYS t axi al
gr owngd) éd?%ldﬂfdbiée@é}at y &nd mb@wavemé ﬁ#fﬁ@ét EortdHinated) Anhoaabhavmagwah@blatl vely
i nexpensi ve ction o nln Ustri.a QVvo|
cont gm n¥ftadg 2’3‘0’@?&?80” {pteAd YR gl lﬁ'j mﬁewgfc’iﬂ?\ "}f"“é@ér t aper ed
i nI a pl aneetlnltsehpmmboembadl rto?;]mlfa'ﬂftgammlrsthﬁmpéremgaylet dué\do ttllfelauaeqml no
(0] Crys | N 0] on e Snadow axl a
P o aBisiosh endhe e fhedfhatsit BRE ERIE el S THR bl T e BV 0 ¢ he

prodess iadek nensuriformiey witlkn the tdpered la}'eza/vhm'gadveréewr affects theoguiding ohs. This is

In cgntra hbyl\/BEWnere n|f | yeryst II|ne row h

occ s oot iR RIS manee SEPsES o Entar B nalimbepnets Buond maf 500, 7754
PCT/ GBOOhs$ktichbarid réinevail m@rrésuﬂnn &mmamleathnrojmedwera Arferrtherddissdvarthge cat ing a
sem con r h e 0 pere

epi t axi ggctf'gtygfgpeo:éisﬂ%ﬁr%vﬁ %%'e stggrrrggs’k Qgt'f F"'Es]?;%sg&aztaés g}%ts‘f eé;es" % § unt aper ed
epi t axi depleegreent. 5 The net hod pr ovi des |rrprovenents in the rate at which
such devices may be produced and in the yield and quality of such devices.



When the process is enployed to fabricate wavegui des of alum niumgallium
arsenide (Al GaAs) and gallium arsenide (GaAs) it preferably uses triethyl
gal I i um (TEQDG7S4ri 10 i sopropyl gallium (TIPGa) as the PgaldBousergsOUr Ce,
t he et hyl dinethyl am ne adduct of alane (EDMAAI) as the al um nium source
and thermal |l y-cracked arsine as the arsenic source. In order to reduce
inmpurities in the gromh crystal an4 so inprove optical characteristics of
the res o h ref d temperature
it he itod bt 5P s, PieRER b rbiial o aleBhlp HRARKE IS llefiod §'F
phosphi Gen'(donﬁl)ctmﬂcaidlabmavgmtﬂe um ar seni de phosphl de (I nGAsP) the
process preferably uses trinmethyl indium (TMn)) trinethyl gallium (TMz),
arsi ne and phosphine as the sources of indium gallium arsenic and
phosphorTie in\eeﬁi@mprqwéﬂey a p@thod offakricatingha sefmicondyaten deyiceningluding @ore ful ly
undegst Q t e I Mo} exanpl e
onl yEs Wit erendg%ptl%as% @Ea% or\rér%aé y“?ﬁg‘ %?%r\?mﬁﬁ&fs al ﬁﬁb\fﬁﬁmﬁ%g %:I gures 1 to
4 show Fh@"aﬁtﬂl"m ipathats thegatsleast @eﬁawewpmrlwngs geewmby ichereiggli on f or

pr oduci Bga ebR4syqEBEYARIPE HBY InPhaPHBRLY iAnBisldhoigRuRabay er vhi ch is
tapered in two dinensions, Figure 5 shows a vertical section of a
mechani cal apparatus used during 30 production of the waveguide, Figure 6
shows aTKgliiveRfidn MAkéd RPpoSdibia t& ?a’#ﬁ@ﬂerﬁiﬁkvégﬁ@@ uhébrﬁd?@h r9e62Shydri gure 7
shows a plan view of the shadow mask 54B PCTy / GB00/ 02145 6
Fi ghPe whichdiapers ?F&‘“E‘t‘?‘ﬁ&’t"ﬂl?é"aé‘F PSWeB‘ﬂiP‘HaféPgl?tR'%?ﬁQfassé‘HftE’lS?la'ﬂl&‘f‘GP nodul at or

whi ch e Baveguibe isfabhtite] 1R Yagered WaRGEIdEE glolha uyrmevpsqne%afé Mfrch has a
core |la er Whl hjst%nbegdlntvw dlne Refer ggto Figure 1,

there i SABRHITSt PEep? ¢re Jarating jte fhe @c’??’gﬂf g‘ﬁrcé’[f'gh Yarselim ar seni de

(GaAs) afidrad thetgRidivaf p’rbpérﬂes iﬁtﬁomwhswsaéfehdﬂavgume@ﬂnedvcinoéd Bhé axi al
grow h accor.din proce d ar tothoe k||| d inthe art

O e BeRa afesc, PRARahE, HafRasibonal mafaas bites HraterE | na
nol yHderagionk of daveglites peidavet) by MOVPElgwmedresaﬁoktdatJeto]melaSsérmaded into a

Cinder (PR BHRP GRACURAY i AR The sl rBha BHRARE £805Re o BV, charper of
t hgef:Bgum:paolﬁlucwhammem th[dikhbrsscmd iréframtive uadek dmag le;itdxlll gcpggd?zﬁemiyﬁlr ]Yaggo C
\l/J\Ei | st el#uﬁ%lgﬁ'[dﬁ’& pio&erfz Za&ar cge VSC?I|§ gjgga?%ﬁ%?\eni ng. The

tenperature of the substrate 10 is then set to a growh terrperature in the

range 4'ﬂ93[ u?vem& célsolv\ﬁ:\ %\Xcms | Hétl%éo Efaér%r%d%c%emoﬁﬁgﬁ ?Q\%

i ncor poration o erfed sources.
Ref er r i ¢hgracterised urtbatzhe atleast 9h¢ mpwg eb&wai tayet ie grown with the taperin a

plane perpendicular to the supporting surface using a mechanical shadow mask and a
single epitaxial growth step.

25 As the tapered layer is produced entirely by epitaxial growth, the process is relatively
simple and rapid, allowing relatively inexpensive production on an industrial scale. The
method avoids contamination associated with processing a layer to obtain a layer
tapered in a plane perpendicular to a surface supportihg it. As there is no
polycrystalline growth on the shadow mask during epitaxial| growth, a shadow mask

30 used in the process maintains its definition during the process and may be re-used
without cleaning in further growth runs. This is in contrast to growth by MBE where
significant polycrystalline growth occurs on the shadow mask causing unwanted
shadowing effects.



successivel y deposited by CBE unifornly over the surtace of the substrate
10 in the followng order. 20 a 0.5 ~mlayer 11 of GaAs, a 3.5 pmlayer 12
of Al GaAs haWOP7#A8 al umi nium nol e fraction of 0.05 t 0.00B¢T/aB@od14sm | ayer
13 of Al GaAs having an alumniumnole fraction of 0.3t 0.03, and a 1.8 wm
| ayer 14 of GaAs. 25 During CBE grovvth of the layers 11 to 14, the CBE
reactor pressure is kept bel ow 10" forr so that gas phase reactions are
avoi ded b S I ev0 r nute The
Taver 118 RUGEH ORHAE, Brobieh o RO 4 Beorilylel i AR e e

subst r at ehdactetisgdeinstha thenat l&&fmertaﬂmﬁepi@xiadlaygr lsagfewe in the k@am&0 fi ni shed
wavegui d f al to that of a thin region of

t he tape eﬂ@gtreg%s%%r%ﬁ@t%t&% ei’[%a)!dﬁvé\ggggw de. The substrate 10 and the
| ayers 11 to 14 constitute a partlally grown wafer 28. Follow ng deposition

of the | r i t Egsmp@ag, re of the
waf ergZSG}?‘g 'Pé@ mﬁ&e%l g%ég\tég%g\‘/szfrﬁmreoﬁﬁﬁgaﬁ%%c% f% 2‘6 \lljlpper #Jace

00/ 77548 PP@FPM'OMGWaF@ﬂ@MWQf@UMVFGS Figure 3, a silicon dioxide
coated silicon shadow mask 22 (of which an end portion is shown) having a
series of apertures such as 23 is nmounted in intimate contact with a

t ant al umsadls pPregessris amplsysd tafabhicate waveguides of AYBIRIN g apeiilRY mask 22
and spaceggGafs Jaa'n% da@@#%ém@(dahe) ) Ffmr fb@émﬁét Tﬁfgaﬂlbﬁ (FBBaporappar at us

under UHV condi tions _and cl anped ositio acer 20 separates the

shadd® niserropy galiym (HRC é&ﬁ%é’?dgﬁ'ﬂ-l"f é%c%fth? I?éhyf dinetnypming, agdugt 8t ance of
100 \ft m al’ége t(ammn@ a\i;wkhr?(almﬁmﬁw %&#ﬁbrﬂﬂhﬂﬁ@ui tblﬁcké@m}ﬁh@bsl ke a}&zsﬁche waf er 28
isS returne 0.a (0] nmper at ur |1 C S e 0 I Na ro

t enper at B4 54 ° %e" &%f?‘i&'&?é‘&pll"@resérh & 8TPWHL ErYPg! an Edig%é’@prpg\ B?CS‘! ure of the
waf er 28ctuftacleristicellof thé refdtirghdelioe, ntie kgrawthl s pmably\g:ohdaéted atsafromit.

CBE growth is.then resu vironnmental conditions in the CBE
appar at \Sge"}sf’teéat‘é'ﬁé'hth?ﬁ%ﬂg%@%%% will take place on a chenically
appr qmrl ate surface (i.e. layer 14) but not on an inappropriate surface

(1.e. urface .of the k 22). .A.4 ~m| r of ., Gaps i s grown over
the I aye‘% ti‘ﬁ Wfoﬂg‘ﬁa‘feﬁﬂ'dﬁﬁiﬁﬁég Inqjurp Wgoﬁ%owlﬁ)agﬁd .'urT-rPaP'g@i ons such
as 29, cd:raenidé phddpbidé InShdsB) tile prbeesa peefenably uses trinfethyidrsdiurd ZTMine gr owt h
rateis t h e esspphrofile in
t he regi on %Fgﬂﬁ%ﬁ (Jtﬁg'bgﬁ saerg'h%ob ﬁ%glﬁprh c?')"?‘éh %se#’% {L%ﬁ%é ér%hg@/lgrg §§||"'g'§’er al
di stancearsémammqsplmresgpsgmelpm Layers 14 and 16 form a honbgeneous core
| ay 18 having tapered regions such as 15. It is believed that the profile
of the tapers such as 15 is dom nated by the angle at which chem cal beans
20 arri Ve cadertthat thafievention mayibhegmersi fubik uadergjeenitembotiimentsethgraef will t he t apers
15 may t h nd the
angl o at b aroep R B, e BE LR Bnby WA RTer, oo SRR6RRa
cont r astdrewinghiadieharask growt h by MOVPE where the taper profile is
dom nated by the geonetry of apertures in the shadow mask and gas phase
reactions so that the tapers' |lengths may be Iimted by 25 the diffusion
| encfh of mhTMERR b 4 ahawtheqrineing!stages ip §ipRerst BFROETRG @rtBe InvpRlignh of | ayer
16 is term fgt Sediings ¥l mdMu&érf optiest WhibguRk WitPHPcoré llayef AMichi Bi Ng speci es
to the growt h chanber of the CBE apparatus. The tenperature of the wafer 30
i s reduced tPeRSYNvodigensiansar si ne supply to the CBE apparatus is switched
of f.

Figure 5 shows a vertical section of a mechanical apparatus used during

30 production of the waveguide,
Figure 6 shows a vertical section of a shadow mask used in the process,

Figure 7 shows a pian view of the shadow mask, and
35



30 .The spacer 20 and shadow mask 22 are renpved under UHV conditions. The
arsine flux is then switched on and the tenperature of the wafer 30 is
returned t o997 nately 540 C. CBE growth is then resunBdT/GRe¥@145i ng now
to Figure 4, a 1.2 pmthick |layer 24 of Al GaAs having an al um ni um nol e
fraction of 0.2t 0.02 is deposited on the upper surface of the |ayer 18
form ng an upper guiding layer. A 061 35 umcapping |layer 26 of GaAs is

deposi ted U?EL;PJ @EQ/P: %e{hetgﬁlcﬂl Vé) ﬁf Lqpﬁ Qgctlrcﬁ'lyﬁe E?raéondalctt%ﬁ &QJJJ&’

PCT/ GB0O/ 02 t axi al en co i'm ohed waf er
3l is rennv&’b'chmﬁh almbmedwpahya& process of meanvetnﬁtpeandmghldf hasha corevegui de,

i.e. taperipdet Whigh E'tﬁé‘é‘?’ecpﬁrhgbhﬁr{enﬁgné he plane of the 5 surface of the

substrate 10) is then carried out by photollthography and reactive-ion
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and
a 1.8 um layer 14 of GaAs.
25
During CBE growth of the layers 11 to 14, the CBE reactor pressure is kept below 10
Torr so that gas phase reactions are avoided and the substrate 10 is rotated at 60
revolutions per minute. The layer 11 is a buffer layer which separates waveguide
layers from the substrate 10. Layers 12 and 13 form lower guiding layers in the
30 finished waveguide. The thickness of layer 14 is equal to tﬂmat of a thin region of the
tapered core layer in the finished waveguide. The substrate ‘iO and the layers 11 to 14
constitute a partially grown wafer 28. Following deposition of the layer 14 the arsine
flux is switched off and the temperature of the wafer 28 is reduced to 200°C to avoid

roughening of its upper surface.
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Growth of layer 16 is terminated by switching off the flux of group Ili -containing
species to the growth chamber of the CBE apparatus. The temperature of the wafer
30 is reduced to 200 °C and the arsine supply to the CBE apparatus is switched off.
30 The spacer 20 and shadow mask 22 are removed under UHV conditions. The arsine
flux is then switched on and the temperature of the wafer 30 is retumed to
approximately 540 °C. CBE growth is then resumed. Referring now to Figure 4, a 1.2
pm thick layer 24 of AlGaAs having an aluminium mole fraction of 0.2 + 0.02 is
deposited on the upper surface of the layer 18 forming an upper guiding layer. A 0.1
35 um capping layer 26 of GaAs is deposited uniformly over the upper guiding layer 24.
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Referring to Figure 5, there is shown a vertical section of a mechanical apparatus 50

which is used to hold the substrate 10, the spacer 20 and the shadow mask 22 within

the CBE apparatus during epitaxial growth. The substrate 10 is mounted on a

molybdenum carrier 52 and is secured in position by two tantalum springs 54. The

25 substrate 10 has a major flat which sits firmly against a flat surface 56 of the carrier 52.

The carrier 52 is attached to a heater assembly 58 by three pins such as 60. The

spacer 20 and shadow mask 22 are mounted in a molybgenum holder 62 which is

mounted onto the apparatus 50 over the substrate 10 by three pins such as 64, the

spacer 20 being in contact with the substrate 10 around its.edge. A clamping ring 66

30 having three springs 68 is mounted over the shadow mask 20 on the three pins to

ensure contact between the spacer 20 and the substrate 10. The apparatus 50 gives

minimum rotational error and accurate registration betweaen the substrate 10 and

shadow mask 22.
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of the shadow mask 22 and aiso indicates the apertures 23 and the position of the
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attached to the molybdenum carrier 62.

16
In a further embodiment of the invention, the process may be used to fabricate a

tapered waveguide in which the guiding layers are of indium gallium arsenide
phosphide (InGaAsP) and the tapered core layer is of indium phosphide (InP). Such a
waveguide may be used for guiding and reshaping optical modes with wavelengths
20 around 1.3 or 1.5 um. In yet further embodiments of the invention, the process may be
used to fabricate vertically tapered waveguides having core layers of indium arsenide
(InAs), gallium antimonide (GaSb) or indium antimonide (InSb) for use with radiation

having wavelengths between 1 and 8 um.

25 The process of the invention may also be used to fabricate other semiconductor
devices incorporating at least one tapered layer in a single epitaxial growth step.
Figure 8 shows the structure of an opto-electronic semiconductor modulator 100 which
may be fabricated by the process. The modulator 100 is fabricated as follows. An n-
type GaAs substrate wafer 110 is prepared, mounted and loaded into a CBE apparatus

30 as described above. The following epitaxial layers are then successively deposited on

the wafer 110 by CBE in the following order:

a 0.5 um layer 112 of n-type GaAs having a doping density of 10" cm3,
a 3.5 um layer 114 of n-type AlGaAs having an aluminium mole fraction of 0.05 +

35 0.005 and a doping density of 10" cm?,
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2. A method according to Claim 1 characterised in that the at least one tapered
epitaxial layer is grown with the taper in a plane perpendicular to the supporting

10  surface using a mechanical shadow mask and a single epitaxial growth step.

3. A method according to Claim 2 characterised in that the at least one tapered
epitaxial layer is grown in the same growth step as at least one untapered epitaxial
layer.

15
4. A method according to Claim 2 or 3 characterised in that the mechanical shadow

mask comprises a silicon wafer having etched apertures and an oxide film coating
upon which deposition does not occur at temperatures used for growth by chemical
beam epitaxy.

20
5. A method according to any preceding claim characterised in that the semiconductor

device is a device in which radiation is guided.

6. A method according to Claim 5 characterised in that the semiconductor device is an

25  optical waveguide.



