)

8 S EP 2004 WD 01/ 67497 PCT /CB01100904 1 QUANTUM VELL | NTERM)XJ NeEP 2004
,Background to the Invention The nonolithic integration of several

optoel ectronics 5 devices'in optoel ectronics integrated circuits ( CElCs)
and photonic integrated circuits (PICs) is of considerable interest for
t he devel opnent of tel ecommuni cations systens. In OElCs, optical devices
such as lasers and electronic devices such as transistors are integrated

on a 10 si ngjoemﬁmyp for high speed operation since par asiEhdindsgact ance in
the el ectrical connections can be mnimzed fromthe closely packed

devices. PICs are a subset of CEICs withino electrical conponents, in
whi ch only photons are involved in the 15 communication or connection
bet ween optoel ectroni cs and/ or QURANSTEM IWELUCINRRRYIXIN@ driving forces for
PICs ar et_to : _rrprkove the conplexity of next-generation optical
comuni cation links, networking architectures and switchin systens, such
as in mltiple chann@F“ﬂﬁ%"\?é‘PQng‘f HEEi gf‘g‘?%ti‘}ofo mul tipl exin g( n and hi gh
speed tine division Tl_rrﬁlrrtdnpllétdiiﬁgi(ltrmat§9§t@n§?v?1fﬁlPPE§?§th‘é'§F8 £%ai ni ng
Hlom the LIO\_@V CQfitwi cBL 26 bBEsKIdc@Ron 8t inbegRasdde pankiag (QEIGsdbarsd ness,

e main advant f}%}%&'oﬁiéh%teaggat Be s LBLAILOMREY | aRs Jiet ysitn debepi aidi vi dual
gui ded- wave 25 el'ectronits devi ces are precisely and Bernanently
al i gned with respgereed foR e DS FRICPERRE &t i SRATEYHT a4 ong fystems - 7
|'i t hographical ly prodoceskrdsn tbetigilegdaviass psyeBssas coksied® deRd ces are
built up from GORRRERLS debatedRicMesy tdbhéBitRat are fimtegranal bhya 30 such

as light emtters, vequi de nmpdyl ators, a .ect qQl; Eaé‘ﬁn_, nent
needs differBnt Fafefi & lpstfdlfctlﬁlr lils tc'%éeadchl %%%%S%}i ?nglgrgg per fé%?%@ce. As a

result, the abiddacyanee nsdithy ehectyEitddapoRIRG 7 ant T ne® rErYELETVe i ndex
of materials is fiyfROEha@ndldselprsetketiodeeiddsze OEI Cs 35 and PICc. A nunber

of techniques haVe eﬁésge‘émgorat@hﬁset of OEICs with no electrical

' componentsg, in which only photons are involved‘ in the

15 communication or connection between optoelectronics and/or

photonic devices. The driving forces for PICs are to

improve the complexity of next-generation optical

communication links, networking architectures and switching

systems, such as in multiple channel wavelength division

20 multiplexing (WDM) and high speed time division

multiplexing (TDM) systems. In PICs, besides gaining from

the low cost, size reduction, and increased packaging

robustness, the main advantage ig that all the

interconnections between the individual guided-wave

25 optoelectronics devices are precisely and permanently

aligned with respect to one another since the waveguides

are lithographically produced. _

In the integration process, complex devices are built

up from components that are very different in functionality

30 such as light emitters, waveguides, modulators and

detectors. . Each component needs different material

structures to achieve optimized performance. AsS a result,

the ability to modify the bandgap energy and the refractive

index of materials is important in order to realize OEICs

35 and PICs. A number of techniques have emerged for this

purpose, including growth and regrowth, selective area



purpose, including growth and regrowth, selective area 0 8 SEP 2fjUB WGEP 2004
01/67497 2 PCT/ GL301 /00904 epitaxy or growth on a patterned substrate and’
quantum well intermxing (QW). Gowh and regrowth is a conplicated and
expensi ve techni que which involves growi ng, etching and regrowing of 5
guantumwel | (QWN | ayers at selected areas on bulk material. These | ayer
structures are overgrown with the sane upper cladding but a different

active rew Q7 40is approach suffers from ni smat chescigpoif@oopt i cal
propagatlon coeff icient and m smatches in the dinensions of the 10
wavegui de at the regrown interface. Im addition, this process gives |ow
yield and | ow t hroughput, and therefore adds cost to the fin i pr oduct .
Sel ecti ve arepiimanbh aroth z:@sacﬁaﬂifié:lﬂ@?cé‘ébf'rtﬁ-”at@p?xfdaﬁ?%ﬁ‘t‘fr%lygi conposi tion
and thi CkneS§n@é§Ql*qﬁ bywz)15 growth through a mask to achieve spatially

sel ective bandgap FL’ atlll&)nr&rgamll‘("% 5% gpbgwcgggwgmdt%eﬂég%rate I S

patterned with a & suc slot gWith

+ I ch
di fferent wi tHetenigue Wekqnaégvoliee %ff‘?i%flﬁ reitcglln?n Vggge%rOW1n§r eas depends on
the wi dths of ghher@pereny aoW) 2Q.aykes patt eseliavgedf Et’?‘?ésrre@k bRdKgrowt h can
take place op,.L0of 10f &H@s&lll%dyéet gtﬁm@caﬁes Home \lerg Bt adehmitgeat i on of

the species can ta 8@t_{;‘(ileﬂfor E &f%e?‘@ﬁ@ Q85 rLBfon MEHiEO the

near est openPRAYS “ﬁ?@ra Je?&e or this proach | s a reducti.on in the
total number approraicestiory DEmEHRLEHER 1Ph%?’te eBEETRY BFPRAHCPum | aser and
nodul at or  NMUbLE e et ardddm MdratchEdY isectheondigemsivesacebnmpbeshed in a
single epd t axi al Lowh tigaggarg SifR¢gss, WIEKS a@itionynddisa precisely

cont rol 1'8d sg?v%gfm' arameters i fficult. t p a generic
. fashion. In EG@I‘F?%SOHWS%) Y ¥1?3e%r?ﬁld g%“’ *ih\’/"e%‘g%%gcr n%%élt ?’l"%}effec’gg ution of

} around 100 pass angtheacthe Wen@hwoﬁé%ect ion generally has a relatively
high | oss. Selective area growth utilizes differences in

epitaxial layer composition and thickness produced by

15 growth through a mask to achieve spatially selective

bandgap variation. Prior to epitaxy growth, the substrate

is patterned with a dielectric mask such as Si0,, in which

slots with different widths are defined. The growth rate

in the open areas depends on the width of the opening and

20 the patterning of the magk. No growth can take place on

top of the dielectric cap. However, gsurface migration of

the species can take place for some distance across the

mask to the nearest opening. The advantage of this

approach is a reduction in the total number of processing

25 steps such that essentially optimum laser and modulator

) multiple quantum well (MQW) sections can be accompllshed.ln

a single epitaxial growth stage. This process works well

under a precisely controlled set of parameters but is

difficult to manipulate in a generic fashion. 1In addition,

30 this technique gives poor spatial resolution of around 100

pm, and hence the passive section generally has a
relatively high loss.

OWI is based on the fact that a QW is an inherently

metastable system due to the large concentration gradient

35 of atomic species across the QWs and barriers interface.

Hence, this allows the modification of the bandgap of QW

structures in selected regions by intermixing the QWs with



QA5 is based on the fact that a QVis an inherentl me
to the large concentration gradient 35 of atomc gpem Eags;glr)l)gs t %’/\?ﬂﬂ#
‘and barriers interface. Hence, this allows the nodification of the bandgap
of QN structures in selected regions by intermxing the QM with i 6 SEP
2004 WO 01/67497 PCT/ GB01100904 3 the barriers to formalloy

sem conductors. This technique offers an effective post-growh nethod for
t he Iaterﬁlg) %lﬁm,}egratl on of different bandgaps, refp@eddoydrossndex and
optical a 3 pti'on within the same epitaxial layers. 5 The QN technique
has been gaining recognition arid pogularity for which several potential
applications in integrated optoelectronics have been identified, for
exanpl e bandgap-iinad:«elEebinallgoypidntdronduaietd atsor sThiSbaﬂdlyéimuleunéd | asers,

| ow | oss wavegui des_for e n&gg‘k g n S hC P
I
i ntegrated g?%ndeancaw C|téle;}Ef g’%g?l he- ngr Fn%\%gw E%rgﬁ@ E&:gé%é f?(raquegcy
a

di stributed BraggrataonefofifbERI™Y FEEFFAPSHp I rIaSEF{E% W S,
non- absor bi ngpaléamra‘bsogptibromphas¢hegsmq wgst@maldﬂ@vfer%ut ed feedback

(DFB) | asers, pﬁﬁl Lt@cﬂﬁwthasdlﬂédﬁSga;p@ir@‘ iZabbantidisensi ti ve
modul at OI‘S and aj:?f;&:le dr d;ﬁ]nd m'”e%n'arpale e%ltg gt gg) 5?§@£t§mnsoi'hr ent o

resear ch hasPBE® roac as.inpurity free
vacancy i ndudetegxitswt d@PW@e(CItFW))CS I &éé‘? ﬂ?ﬁﬂ‘ce&i ‘Ef?tsl&rlagrl ntgo (LID) and
20 inmpurity iendused dicsasgas-ithged| | BlecEacdbaoirpthose @adulee@iti ques has
its advant ages 1 % ShoL [icomlréggrSThe Ilqucgrgg hodwwe@h\das t heeteposi ti on of

a dlelectrlc mat er i al ials d aauent  hi
t enperatif e éﬁﬁ%ﬁ?qlﬁ'&q‘bn%r%oé‘ef’h %rﬁgt ?](:)npo vggg %I es Pr omI ?Ee

di el ectric capténddache c@withes erfoal slaﬁ%l—l??éfﬁ@@e@nhé%st'heswﬁ]eer m xi ng at
sel ected areagqudiy |d@§t:§m,ed| Brég\Tef AedlAs (QBRITataxsral spoBrO2 is  known

tgfolugd:'lfle Ouégﬁ]éréegs.l.asef n%%@@r Yl ngi Aeal i ggin kRencghgenerating
gratings 1str1g£é " feedback (DFB) lasers,

15 superluminescent dicdes, polarization insensitive QW

modulators and amplifiers, and multiple wavelength lasers.

Current research has been focused on QWI using

approaches such as | jmpurity £free vacancy induced

disordering (IFVD}, laser induced disordering (LID) and

20 impurity induced disordering {IID). Bach of these QOWT
techniques has its advantages and shortcomings.

The IFVD method involves the deposition of a
dielectric capping material on the QW materials and
subsequent high temperature annealing to promote the

25 generation of vacancies from the dielectric cap to the QW
materials and hence enhance the intermixing at selected
areag. For ingtance, in GaAs-AlGahs OW materials, S8i0; is
known to induce out-diffusion of Ga atoms during annealing,
hence generating group III vacancies in the QW material.

30 The thermal stress at the interface between the GaAs and
the ©£i0, layer plays an important role. The thermal
expansion coefficient of GaAs is ten times larger than that
of 8i0,. During high temperature annealing, the bonding in
the highly porous Si0, layer deposited using plasma-

35 enhanced chemical vapor deposition (PECVD) may be broken
due to the stress gradient between the GahAs and 5iQ, f£ilm.
Thus, the out-diffusion of Ga helps to relieve the tensile



30 The thermal stress at the in i
plays _an inportant role. The thgsgﬁceeggg\rﬁ?gnt Ege??ﬁii 22? 01E hgaiﬁs? SE?}]?B
times larger than that of 'SiQ . During high tenperature annealin tf] ©
bonding in the highly porous Si G2 |ayer deposited using plasna Bg’enhe d
chem cal vapor deposition (PECYD) may be broken due to the stress rag_ncet
P:]{ ;N:\?g EEZ tGZ'rAlii fandsgipog film Thus, the out-diffusion of Ga hel pg toI o
o .
GaAs. The¥® ¥ *Vacanci es ?h\e/\? g%i)ggggt?epg\/mmg)?é/ ?ggggﬁg‘ﬁ?&%ﬁﬁ;l A Eﬂe.
interdiffusion rate of Ga and Al, ang hence result in QW . Afterct6he °
interm xing process, the handgap in the QVmaterial w dens and the
bt o med us R g e e e tdid brsbomalaln,  hene
suppress t he SO 883 .enﬁgllr“r:\%%‘%P@%&?ﬁtﬁ?@suiﬁukgﬁeﬂdgzgggﬁfAﬁ? Ihte_ncle
wavel engt h bamdghence ureshlbaser@H0 AbaSHUFLS JrEERRHTS p\fg\%gsg%'l d(ranJ e
phot odet ect org,ehBugaRGein SHECEB Shatdryalewbdrsiar anddth XHEAGRITFVD is a
Ziu\(iggs;];g% tggjgrg%gﬁ%%gfgts.erriplno?/ed i/n GaAs/ Al GaAs system this technique
to the poor t her'nﬁhesﬁéjcﬁqtlx‘tvﬁ'tﬁf g%%%%@@y%ﬁg%ﬁ z'%ﬂ;—_taﬁﬁﬁgl)lr EVDI 5 due
E;(r)]gess, - whi aisingqainr €sFhi tpyen dipelitibie EhﬁeaP?%,quéo?oﬁﬁd&?b gi ve | ow
b so?ggri ?\Sl (qr%}%él itsysglpgge%g;%m & {gdmf%%néﬁvgas baswdi@yV shimictesteddueaser induced
[ ncans! | nCaAdE P it el 1 Loghde (vl R e ey e e e ©
mat eri al 89 | rench a3 sdpba beseto yave s Hififc °&P§8§%°Ztﬂr%g%%fﬁk ?Hme% Egd a
)tcﬁgﬁ |eguous wasRcetMfullas @embustagitatlion is absorbed in the QVNregions, ’
Lhe houéhgteﬂgr aﬁ ;gg%gﬁt lgr2 RV 3 «CaUSId@ sEReT rRichb iglue etieh nergrleyrAng.
cof OSILLRTGRL er Lluhs Onbohe@Bhifale anghvekecimoeal

reproducibility in InGaAs/InGaAsP systems. Furthermore,
15 due to the poor thermal stability of InGaAs/InGaAsP

materials, the IFVD process, which requires high

temperature annealing, is found to give low bandgap

selectivity in InGaAs/InGaAsP based QW structures.

Laser induced disordering (LID) is a promising QWI

20 process to achieve disordering in InGaAs/InGaAsP QW

materials due to the poor thermal stability of the

materials. In the 'photoabsorption—induced. disordering

(PAID) method, a continuous wave (CW) laser irradiation is

absorbed in the QW regions, thereby generating heat and

- 25 causing thermal induced intermixing. Although the
) resulting material is of high optical and electrical
quality, the spatial selectivity of this technigque is.

limited by lateral flow to around 100 pm. A modification

of the PATD method, known as pulsed-PAID (P-PRID), uses

30 high-energy Q-switched Nd:YAG laser pulses to irradiate the

InP-based material. Absorption of the pulses regults in

disruption to the lattice and an increase in the density of

point defects. These point defects subsegquently

interdiffuse into the QW during high temperature annealing

35 and hence enhance the QW intermixing rate. Though P~PAID

can provide spatial resolution higher than 1.25 pm and



quality, the spatial selectivity of this technique i im

flow to around 100 pm A nodification of the Pgd D mzt hl)::lm Lﬁgmzxﬂagaﬁéf’aﬂﬂﬂli
pul sed-PAID (P-PAID) , uses 30 high-energy Q swtched Nd: YAG | aser

pul ses to irradiate the |InP-based material. Absorption of the pul ses
results in disruption to the lattice and an increase in the density of

poi nt defects. These point defects subsequently interdiffuse into the QW

during hi ht? rature anneal i ng 35 dadds 1 i
5=1 ing and hence enhan interm xi
rate. Tho%ﬁ% %E’AI D can provide spatial resoluti onqﬁfrg%glg than 1.25 Y:\/Ing

and a 8 SLEP 20@ WD 01/67497 5 PC: T/ (yyB01/ 00904 di iti ili
rect witing capabil
the i ntermxed materials give |ow qua5|y| ty due to the fornati og ofpextelnftlga

def ect s. %\{ﬁm CE wid s ?Qﬁlht@pUEhéymdaiuﬁﬁdddhmrdaﬂ.s ngivg 11 D) is the

only process r equl h froducti o MR,
material s in lerderatsty éjéﬂfal %% tﬁ‘r‘?e??ﬂ?aé nx?ﬁgexgregléggs elcEgeS | nL?l Ergsgc/\;n
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ff
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tec]tml que i s RPERAl Fodised idrobaghi @enam@a@pd;p ritE s Engiodti cal

confinement i iy dlgl?gnl&pq%ﬂl@ga%lggch that | ow t hreshol d current and single

| at er al --mode Operation can be abt ai ned,
consi derabl e i nterIéEt pof FREAGIE §r a%m% \E \R%%Imys%gﬁrsocjdc%ﬁéggersrzl !t;splora

wavel engtib | agsfersonineprockes- | okl hagy A ﬂ‘%’s“%&ﬂl BY Qe
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to achieve lateral electrical and optical confinement in

15 semiconductors such that low threshold current and single
lateral—mode operation can be obtained. Furthermore, the
IID process is of considerable interest for the integration
of WDM systems, such as multiple wavelength laser sources,
low-loss waveguides, modulators and even detectors.

20 The IID effect is widely accepted to congist of two
stages. The first stage is to implant impurities into the
QW material. The subsequent stage is to anneal the
material to induce diffusion of both impurity and point
defects into the QWs and barriers, and hence interdiffusion

25 of matrix elements between QWs and barriers. In an
InGaaAs/InGaAsP QW system, the interdiffusion of Group V
elements from barrier to well, which results in
blueshifting of the bandgap enexgy, is believed to be
caused by the diffusion of point defects generated during

30 the implantation process, the gelf-interdiffusion at
elevated temperature (thermal shift), and the diffusion of
the implanted species.

During implantation, impurities as well as point
defects, such as Group III vacancies and interstitiale, are

35 introduced into the wmaterial in gelected areas. The
diffusion of these point defects and impurities at elevated
temperature enhances the interdiffusion rate between the
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defects into the QM and barriers, and hence interdiffu

el ements between QA and barriers. In an InGﬁAs/InGﬁASE Ogmfgygzéﬁ?tfﬁf o
i nterdiffusion of Goup V elenents frombarrier to well, which results in
bl ueshifting of the bandgap energy, is believed to be caused by the

di ffusi on of point defects generated during 30 the inplantation process

éhe self-interdiffusion at elevated tenperature (thermal shift), and the
'foS'Ongﬂﬁym%hﬁ i npl anted speci es. During inplantabi-pgpeleddesrities as

wel | as poi defects, such as Goup Il vacancies and interstitials, are

35 introduced into the material in selected areas. The diffusion of t hese
point defects and inpurities at el evated tenperature enhances the

i nterdiffusiog.rate q%tr%@i?st b8 OnBnSEP 2ot E GhteFA07ing RCYe@B01100904

QN6 and barrl ers and hence pr.onmot t
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al tered fromcampquitrionnd paipaeafobhe O4 i@ aﬂFSF?t}l éroRSa SWALE
ft
S interdif fusi 9&&&5&%@351}:5 herbocnd. bandgap irenbasesfsind t the after the

COr [ CSPONG ] PSS LB MRS £ Iy ik ol

sel ective®ar XI'n across r_gcan be obt
f ai ned
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structures neeseltes beleimier otd 9§§%§?}f aP1s &E? aSheH%r YR
0 allowth
Llamlocathl on QlonpiieHated Fasgicarismditoatsss, and | ow | oss wavegui \élves ©
ugh QN tech qu 1quf %\(Ia\;tog Lat redVard agasigaQVelcrgs®WahIaANV r egr owt h

and sel ective epi aX|a
semlconductor water is a key requirement for the
fabrication of monolithic photonic integrated circuits
15 (PICs) . The absorption band edge of QW structures needs to
be controlled spatially across a wafer to allow the
fabrication of integrated lasers, modulators, and low-loss
waveguides. Although QWI techniques offer great advantages
over growth and regrowth and selective epitaxial growth
20 techniques for the bandgap engineering process, the gpatial
control of conventional QWI techniques ig indirect and
complicated.
The explosive growth of Intermet traffic, multimedia
services and high-speed data services has exerted pressure
25 on telecommunications carriers to expand the capacity of
their networks quickly and cost effectively. Carriers
normally have three options to expand capacity, ie install .
new fibers, increase the bit rate of the transmission
system, or employ wavelength division multiplexing {WDM) .
30 While the first option has problems of high cost and right-
of-way and the second option has limited growth potential
because of inherent system limitations, the third option is
therefore very attractive because it ig capable of manifold

increase of the network capacity at a modest cost.

35
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20 techniques for the bandgap engineering process, the spatial c@ngr8EP df[
conventional QAN techniques is indirect and conplicated. The expl osive
grow h of Internet traffic,” multimedia services and hi gh-speed data
services has exerted pressure 25 on telecommunications carriers to expand
the capacity of their networks quickly and cost effectively. Carriers
normal |y have three options to expand capacity, ie install new fibers,

i ncrease & '4%7 rate of the transm ssion system opcEEEhMbsavel ength

di vi si on ML) plexing (WDM. 30 Wile the first option has problens of high
cost and right- of-way and the secondyoption has [imted growh potenti al
because of inherent systemlimtations, the third optionis therefore very
attractive becauspmmarysof gbabXevesftippni fold increase of the network
capacity at a nodesicra9sd - t35 fReB feken? 11hviiit {1,674 9%eidd / €BOL/ 00904 7
Summary of the invention According tq .t e LN Q@ .a_nmet hod

manuf act ur i nﬂa%u%’rfo USARE ?rﬁct]eoé:Pg%gdl%e E%F%éc%%ﬁlilgl %&marll%g??ugt ure having
a quant um webtryatgizenhaving dd@eerHE ¥ebh BIGPpett Ag-RFuEFCBm wel |
interm Xing 6n pdweE Einingt gisantumihel biimtehwisirap aof tber forudtmgequant um wel |
intermxing _conori S83 tRE,SHEPSeforh@hgl B i Glel eShodrnakible structure
and differentially expaosi ng Fré%(?sgl ops _of fhe ph%tD%r ggéiﬂsstt ignatﬁpati ally

sel ective maRERTI9eSdeEhdehtd 19 oﬁoi“ﬁlen%ea'r_ e o quant um wel T i nterm xing
required, anstrisuhsequant | iiftarenspahly t REPPHBIDOr 889EME Prlef &PSbly, the

met hod conpr pz&soddiasst ep Hispappdlivngel @it ivpt nemherTrsk dépertdeacphot or esi st

and expagf .t e, PAOLALCH:S bul Rt A1 NEn ORIk Cakg MBS kit QBKI Cal Mask 15
havi ng an op??ca transmttance that varies in a Spatially selective
manner. |In t AEPSRBREELBLKEARBIR RePRYITESF“  hask is a Gray scal e mask.

Preferably, the opteifeabbly,anbeinetindebripes g ehep of applying
an optical mask to the photoresist and exposing the
photoresist through the optical mask, the opticalimask

15 having an optical transmittance that varies in a gpatially
selective manner. 1In the preferred example, the optical
mask is a Gray scale mask.

Preferably, the optical transmittance of the optical
mask varies according to a predetermined function. This

20 function is usually dependent on the degree of intermixing
required. In the preferred example, the optical
transmittance is substantially continuously variable over
at least a portion of the masgk.

Preferably, the photoresist is applied to a masking

25 layer. Preferably, the masking layer is a dielectric.

Preferably, the method further comprises the step of
etching the structure with the developed photoresist in
situ to provide a differentially etched masking layer.

In one example, the method further comprises the step

30 of introducing impurities into the structure in a single
ion implantation step. Alternative forms of IID include
focused ion beam and furnace-based impurity diffusion.

Preferably, the impurities are implanted in a region
remote from the qﬁantum well structure.

35 In another example, the method further comprises the
step of exposing the structure to a plasma or other source
of high energy radiation, thereby to introduce defects in
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mask varies according to a predeterm ned function. This 20 funct| on 1s
usual |y dependent on the degree of intermxing required. In the preferred
exanple, the optical transmttance is substantially continuously variable
over at least a portion of the nmask. Preferably, the photoresist is
applied to a masking 25 layer. Preferably, the nasking |layer is a
dielectric. Preferably, the nethod further conprises the step etching the
structure. ]Jg 5{1e devel oped photoresist in situ toppgR¥hisesed
differentia ched masking layer. In one exanple, - the nmethod further
conpri ses the step 30 of introducingdnpurities into the structure in a
single ion inplantation step. Alternative forms of 11D include focused
i on beam and dxer nage-Bases i tpurpiometiel f uebseguelPtef enaityy tweslli npurities
are inplanted_in u I pat tage. 35 In
ﬁnter?hﬁex% Olaé ?Jé?t ed @0 LG 1 ﬁ%éﬂ@s"\@é th% GHEldy

anot her exanpl e er conpri se t e "F exp05| ng the
structure to@ PRESMRIST BPWERS s68r U TaRBr g‘é/a §8l atf o thereby to
i ntroduce defgbsalhi() SEGcR2@E V\D'Ifbl/i@?MQ‘?e HOR,GROWedB9gatined he

structuregto ﬁ%@%heeﬁé&%ﬁﬁﬁ%ﬂbfgﬂaﬂé upeaRld. imier Akxicapled henkey feature

of the process is the ra tion danmage
to a crystaldPR ag?rPe[fgt ﬁ?eergyTgE”ac%ng%EQt rgggggf‘s E?T&%ﬂ?@ne”g‘giﬂm ni num
ener gy transfeusgsatrpedédplansment s %&FﬁécPrtlﬁérYdi@B aefRr Wt gy, Er,
Ener gy tranSfaenu%seXﬁ;&ediﬂgtE&:mw oneav€etlat oimstiasp| proiiehes, edt her primary

di spl acenent, %?qz Ay tlabgﬂeﬂé %Eﬂcgné}agyoeeaﬂéféxhesl E%@n&hepartl cl es,
pla

or secondary s

en _energy tra sf 1 Ih O host at om
previ oust§ stl"ioﬁ*ékatP?‘ePE‘?‘%ﬂﬂu? Yt i W*as ma 5° %ﬁ’era ed eﬁ ec% ron
cycl otron resenangesd Thy selcasAa CYW@& ORI Ees S Tlhésdééﬁ‘]‘%ed in
detai|l in our; @Qre@eBft NPréiRy Nad i atriped et agpdilcatn osumueder 15

Eﬁgegz eFS) refef eQCEg R nte%'gzgvg‘pal p§£glgte %thzaﬁihﬁ pRkod further conprises

15 (Agent's reference PJF01076WO).
Preferably, the method further comprises the step of
annealing the structure.
For the preferred examples, the presént invention
provides a novel technique based on gray scale mask
20 patterniﬁg, which requires only a single lithography and
etching step to produce different thicknesses of 8io,
implantation mask in selected regions followed by a one-
step IID to achieve selective area intermixing. This
novel, low cost, and simple technique can be applied for
25 the fabrication of PICs in genefal, and WDM sources in
particular. By applying a gray scale mask technique in IID
in accordance with the present invention, the bandgap
energy of a QW material can be tuned to different degrees
acrosg a wafer. This enables not only the integration of
30 monolithic multiple-wavelength lasers but further extends
to integrate with modulators and couplers on a single chip.
This technique can also be applied to ease the fabrication
and design process of superluminescent diodes (SLDs) by
expanding the gain spectrum to a maximum after epitaxial
35 growth.
The photonic integration research community currently
views QWI technology as a promising approach only for two-



anneal ing the structure. For the preferred exanples, the present i vkt i1
provi des a novel techni que based on gray scale mask 20 patterning, which
requires only a single lithography and etching step to produce different

t hi cknesses of Si02 inplantation mask in selected regions followed by a
one- step IID to achieve selective area intermxing. This novel, |ow cost,
and sinple technique can be applied for 25 the fabrication of PICs in
general, apdoMM;sources in particular. By applying gi@@yessial € mask
technique in I'I'D in accordance with the present invention, the bandgap
energy of a QVmaterial can be tuned tgo different degrees across a wafer.
This enables not only the integration of 30 nonolithic multiple-wavel ength
| asers but f wetbetn esheywsc eviaséegaat eomidritinnalll QWDr prasebsesupl ers on a
singl e chip. I*ﬂasoére%%gtq%ceag Bl B0uBCAPRIdB AL LA RS ent Bgudcabr | cat i on

and design process of super unlnescenteglo es l_ag ndlng the gain
spectrumto atnegi rﬁ?ﬁ’Pé‘F’E ek e siost §e§‘i’o‘(ﬁc h ﬁgréﬁ c “i ntegration
research comimstéyd corebatted Vo ewseQMeleacsimolaagh aﬁi’l&aﬂforﬁ%’ i ng approach
only for §wo@1Wp 1@J5/e@2g(9r7 R@é@é&H&OQO@h& peeidéran phoémyion devices as

convent i onal d}%\i}égro 8SSE %1 %gg%gggﬂégfb&&oqg Lediy H§t§tﬂqocorrpl i cat ed.

Al t hough 516X an ective, researchers have instead
preferred totu§es%<é11é’éﬁi\fte"&?é% egit a3 HHeP SETFﬁJItFFB‘FJeEu?ef:?lwe
[ nt egration. chbe @rmsenve] meEnbioers dembpsér athesughput hé ajglercati on of

I's not %{?éigdcc}tr%aréa\‘%os@gié&l% dead @§§ta:5n aghgll tdoRBinddiert echni que i's

nDre cost e ctive rs a er, throu u nd h yield
conpared o & BEHIA & %ﬁaé’asgfjf {i% ] glnhl% Pgﬁ%‘ ﬁ{; gray

‘yscal e mask t ephhizile andteal QWD aSTOEE S %aéerslrﬁaﬁ:?lsr?ﬁf’r@oﬁﬁ%?tm across a

waf er is theref ereatexpesigtiritaneraaiaeta significant inpact. Bri ef
Description of the Draw ngs

Brief Description of the Drawings
15 Examples of the present invention will now be
described in detail with reference to the accompanying
drawings, in which:

Figure 1 is a s&chematic representation of an
InGalAs/InGaAsP SOW layer structure;

20 Figure 2 is a band diagram for the structure of Figure
1;

Figure 3 is a graph showing the results of a Transport
of Icns in Matter (TRIM) vacancy simulation using different
thicknesses of 8i0, implantation mask;

25 Figure 4 illustrates gray mask lithography patterning
of a layer of photoresist;

Figure 5 illustrates a Reactive-Ion Etching (RIE)
process;

Figure 6 is a flow diagram illustrating the

30 fabrication of multiple wavelength lasers;

Figure 7 is a graph showing the relationship between
wavelength emission and mask transmittance level and
implant mask thickness;

Figure 8 is a schematic diagram of a monolithic

35 multiple wavelength laser;
Figure 9 is a graph illustrating the wavelength

emissions of the devices of Figure §;



15 Exanpl es of the present invention will now be described in det§i§ SFPH
reference to the acconpanying drawi ngs, in which: Figure | is a schematic
representation of an |InGAs/InGaAsP SQW I ayer structure; 20 Figure 2 is a
band di agram for the structure of Figure Figure 3 is a graph show ng the
results of a Transport of lons in Matter (TRIM vacancy sinmulation using
different thicknesses of SiQ2 inplantation mask; 25 Figure 4 illustrates
gray nmask |ithography patterning a |ayer of photoresist fi e 5

il lustrat & WeHELct i ve- Ton Etching (R E) process; F?)gﬁ(r;g@ Q)PA{S a flow
diagramillustrating the 30 fabricati gn of multiple wavel ength | asers;
Figure 7 is a graph show ng the rel attonshi p between wavel ength em ssion

and mask transm tﬁggg@ Il%veFSang 1R ag;agf@%k thieknesSngFigee 8 is a
schematic diagramof a nmonolithic .35 nultiple wavelength |aser; Figure 9
is a graph i faREECAEEPMPL AR TRV EPEAGEEh  eni ssions of the devices of Figure
8; 08SEP21 WD 0Figi#d9711PGE @B@EIchessoile dirgrap gek eary 0540 GVEFSiv di agr am

illustrating,tyhe fabrication of an SL D device; Figure 11 is a schematic
di agram of an

SL _D devi.ce; and,_Fi ' 2ph id3g bhe normalized
spectra &f SLD dédrted? 1% a[)%’f%pﬁji gg&%eni%ﬂl%tniag%me dlsg‘?ét,ul ce- mat ched
| nGaAs/ | nGaASTP degiifg¥e quantumwell rmaterials used in the fabrication of
t he devi ces described below, were grown by netal -organi c vapor phase
epitaxy (MOWPE) on a (100)-orientated n+-type S-doped InP is substances
with an etch pit density of |ess than 1000

10 Detailed Description
The lattice-matched InGalAs/InGaAsP single quantum well

materials used in the fabrication of the devices described
below, were grown by metal-organic vapor phase epitaxy
(MOVPE) on a {100)-orientated n+-type S-doped InP

15 substances with an etch pit density of less than 1000 om2,
A schematic diagram of the Ilayer structure and the
correséonding band diagram are shown in Figures 1 and 2,
respectively, The InGaAs/InGaAsP laser structure consists
of a 55 A single Ing s;Gag.pAs well with 120 A InGahsp

20 barriers (A;=1.26 pm, where A, is  the wavelength
corresponding to the bandgap) . The active region was bound
by a stepped graded index {GRIN) waveguide core consisting
of 1InGaAsP confining layers. The thickness and
compositions of these layers (from the OW's barrier

25 outward) were 500 A (A =1.18 pm) and 800 A (7g=1.05 pm).
The structure was completed by InP lower cladding of 1 pgm
{with S-doping to 2.5x10% cm™) and upper cladding of 1.4 .
pm (with Zn-doped of 5x10" em™) . The contact layers
consist of 500 A InGaRsP (Zn-doped of 2x10™ cm™) and 1000

20 A InGaAs (Zn-doped of 2x10*° cm™). The waveguide core was
undoped, thus forming a PIN structure with an intrinsie
region restricted to the QW and the GRIN layers. The
samples gave a PL wavelength peak at 1.54x0.02 pum at room
temperature.

35 ' Examples of impurities that may be used for the
subsequent IID QWI process can be classified into
electrically active species such as Zn (p-type dopant) and



)

A schematic diagramof the layer structure and the correspondi ng) BarBEP 20{!
diagram are shown in Figures 1 and 2, respectively. The I nGaAs/ I nGAsP

| aser structure consists of a 55 A single Ine.53Ga.,-7As well with 120 A
| NnGaAsP 20 barriers (X9=1.26 pm where A9 is the wavel ength correspondi ng
to the bandgap) . The active region was bound by a stepped graded index
(GRIN) wavegui de core consisting of InGAsP confining | ayers. The

t hi ckness @ad 6% 8nposi tions of these layers (fromthec<d§ssudsnrier 25
outward) were 500 A (A9=1.18 pm and 800 A (A9=1.05 pm . The structure

was conpl eted by InP lower cladding of, 1 pm (with S-doping to 2.5x1012

cm 3) and upper cladding of 1.4 pm (wth Zn-doped of 5x1017 cnf3). The
contact |ayegs (Wesaopsntsooaﬁdla@aesﬁcm@-damﬂhmtsp2x1esomchnf3) and
1000 30 A InGaA%I (ﬁz 2x1019 cnB). The wavegui de core was undoped,
thusformngﬁ tAruc?ure wWith an intrinsi ion restri EedtotheQN
and the GRIN | ayefe nFiRr iganpd 88veRrenatdsmthated égﬁt‘rf*l&ga%“ &f‘ 1.540. 02 pm
at room tenpescedsy €n 350E>¢al¢phﬂsegﬁatunpur|’IIh|ee§1I$tat15I$H§ be theéd for the

subsequeny 'hL. cdf %ﬁﬁﬁ@%&%&@g@% sk |6 80 o ecd raealihy 7‘85 .9 361 g
Specl es sucC (0] a
" £50 Ui PBPEET ORIy HaNT Rl Bhbc be- e, e Ee i |

(n-type dopaHf Speclres su 13, °F, As and P.
Two maj or | ssoesvehaywulsdeied dast ishpéied drmPHﬁﬁbesarY’hllFb 1%?3(?@e§§ i n photonic
integration. rdbg frehmpérdtagee dril t BaitBbate ypocadlighnplrdet ycaorieent rati on of

101fi cm is_ys ??tj.%n usefle t G 1RANA0CEe Q‘Q/'tﬂggrmé('f'&ldmtdéﬁag%he

electrlcally npurities_are s OW | urities ize at
room terﬁ)(érat"ﬁ%% Qﬁ%lr%f%?nt‘ﬁeolﬂ‘ﬁ‘l%yhl gh Fefg‘aggﬁ?l an%\tl)\@]o]?erbtmg’n The ot her
i ssue i s thatnfhencestbeasfidaragey Eodwiffetdagr aéletft%éleaa‘é‘??ty of the
material and diregd |werkbhé uencerihe ekbiu€i #ncautand limpetitpe di t he

devi ces. this case P, is used in the examples as this speclies is one
of the fundamental elements of an InGaAs/InGaAsP laser
15 system. As compared to the electrically active impurities,
neutral impurities such as P and As should ideally
contribute to insignificant free carrier absorption loss.
The other issue on residual damage can be minimized or
eliminated by optimizing the implantation and annealing
20 conditions. In the present invention, an implant energy as
low as 360 keV was chosen so that only minimum or no
extended defectg are introduced after OWI. At low energy
implantation, the process can be controlled such that the
bombardment only occurs in the top contact layer. 2As a
25 result, the crystalline quality of the cladding layers and
QWs can be preserved. In additien, a relatively low
implant dose, ie below 1x10* ions/cw’, is used to prevent
the formation of amorphous layers during ion implantation
so that high surface quality can be obtained after QWI.
30 The samples were first implanted at 200°C with doses
varying between 1x10* ions/cm’ and 1x10* ions/cm? using
doubly charged ions at an implantation enexrgy of 360 keV.
The samples were tiltéd 7° from the ion beam during
implantation in order to reduce channeling effects.
35 Subsequent annealing of the samples was carried out
using a rapid thermal processor (RTP) under nitrogen-riched
environment. During annealing, the samples were face down
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To overcone the first issue a neutral inmpurity, in this case P, §d (St 20k
the exanples as this species is one of the fundanental elenents of an

| NnGaAs/ | nGaAsP | aser 15 system ‘As conpared to the electrically active
inmpurities, neutral inpurities such as P and As should ideally contribute
to insignificant free carrier absorption |oss. The other issue on residual
damage can be mnimzed or elimnated by optim zing the inplantation and

anneal i ng (ﬁ@,ﬁp@pdi tions. In the present invention, aaricewleass energy as
| ow as 366v eV was chosen so that only mnimumor no extended defects are

introduced after QN. At |ow energy .,Lnplantation, the process can be
controlled such that the bonbardnent only occurs in the top contact |ayer.

As a 25 resulu, hhe1ssygakkhse daual substehté hndclhaddhag Geayerap and QW can

be preserved. In addition, acrelatively | I o b dQSRcrh€edel ow 1x1019
i ons/cn®, i s""atfsgaa?%é ﬁpeg%pnff %eeg%’%&r%t i'%ﬂrllgsgf armrgﬁous I gg/ers during ion

i npl ant at i orse e BhARTIHIBACE FEPECES GHAYEHYy PEaPHEIGPET M AU AT PEr QW . 30
The sanpl es yalR1fingst iThpl anheslliay 200Cewd thrtdowdy pPramptey BBt ween | x1012

I ons/ C”Qfsa”d' %]i%%éi#i%ﬁé%ouﬁéé}g’stgﬁ&ue\é ohan gethritas1 Atexantd npl ant at i on

energy o 360" ke e sanples were tilted 7 fromthe ion beam during

i npl ant at i or® iY#*EEJEFEEH -r educe channeling ef fects. 35 Subsequent annealing
of the sanpl es wasgoeer Bedhowt thsiagriatsdi F2EMeFhafiProtEssst (RTP) under
nitrogen-ri 1168Vi{ PREBAL, / Tdhh g ARASR| dMgyr it asanpl@swikhe face down

13
0 0 SEP 200 01/.674 12, ! 0) o] sh€aihapobiyshed GaAs
substrate a a&ngfﬁelfe mél%%%nga%%ﬂ*é RFTORAL 13 ¥

aced on top.of the sa . These two
Gahs SBStf atmisodvekTe A4CpIORt 4 oERb L cHIPAL SRR N usi on. dur | ng
anneal i ng. Thaenaeal i Fgoprecessphnts bhiy sslenbies ORPETLHMS Al xi ng but
al so TenySt%ﬂeﬂ&Eé 1he J opl ant gekdsayer s e s2o,| angarexiesk wiEhgure 3 shows
the similat evaz%.aé%%gc)éhgtlﬂgrggsjsb%talno[P)e created across a wafer. The
conventional technique for fabricating multiple wavelength
15 lasers involves multiple lithography and etching steps.
This is achieved in the present invention using a gray
scale n-lask technique. As will be described in detail
below, . this novel gray scale mask technigque offers a
gimple, highly reproducible, and more efficient wmethed
20 since it requires only a single lithography and a single
dry etching step to create multiple thicknesses of 8iO,
implantation mask across the wafer.
Ae shown in Figures 4 and 5, the gray scale mask
technique makes use of different transparency of areas of
25 a gray scale mask 10 to control the degree of the exposure
of photoresist 11 in selected regions and thus different
thickness of photoresist after development. The degree of
the development of photoresist 11, ie the depth of the
remaining photoresist, after the UV exposure has a linear
30 relationship with the optical density. 1In this example,
the gray scale mask 10 was designed to have 10 different
levels for multiple wavelength lasers, ie from 0.15 to 1.05
with a step of 0.1 of optical density (op). This is shown
in Table 1 below. The stripes are of 50 pm width with-350
35 pm  spacing. Therefore it ig expected to obtain 10
different bandgaps across the sample aftex QWI. As will be
described in detail below, for the fabrication of SLDs with



profiles in the Si02/1nGaAs-1nGaAsP after inplantation with P at 196?) égE/.Zi
D fferent degrees of QN can be obtained by 10 introducing different
concentration of inpurities'into materials. Figure 3 inplies that
selective intermxing in selected areas can be obtained if an Si 02 inpl ant
mask with wvariable thickness can be created across a wafer. The
conventional technique for fabricating nultiple wavel ength 15 | asers
i nvol ves %Sli(’gigf; | i thography and etching steps. Thipgriggodbiseved in the
pr esent i nvention usi ng a gray scale mask technique. As will be described
in detail below, . this novel gray scale mask technique offers a sinple,
hi ghly reproduci ble, and nore efficiént nmethod 20 since it requires only a
single lit ho&; ggpya&qqeawﬂd}g}s}e adi YRt €@t sbepot cOm rigatremant ti pl e

0 1 02 |

t hi cknesses i mpl ant ation,mask, a h : » SHOWN i N
Figures 4 andFa Otfe t(jﬁ;yoss&’ﬁ? éleﬁﬁ%%eé(f‘g I%%gﬁ% ﬁak %Eﬁlsdeﬁgﬁdi fferent

t r anspar ency"ofi amgedsr bfprafd 1gs gr dyhesealagendd ki 98ratede dft FOP e degree of
t he exposure; @f photoresist 11 in selected regions and thus different
t hi ckness of photgresi e apie udegnpangfa nigr- devel opnent
of phot oPesi st lﬁei%rafsythg d,lfaepgnﬁglg%/%k) e H%I?r%figr??ng gho%ogggi ;3@ cafter the W
exposur e hasemeddyheam3eeRstave ol ER? vﬁ’][a}‘?st &t T ca Erlensi _In this
exanpl e, thggnhapedcht aletask ) UsaBathadi gned +%have 10 different | evels
for multiple Wav%'&%nﬂéﬁtliaﬁ%ﬁ; bbwddi0BhE ctbot Ghk. f5sk whtlhtte ¥Vep of 0.1 of
optical density ( . This is sho i n . kkkpes are of
50 pm wi dt h W9 nggltp’%ﬁn%aif‘ﬁgf ('Flt)uefig?;%]r@g ]i]lttl?lﬁggﬁf;(%%lc’gred to obtain 10
di fferenn bacmtydss eaproszed heing MHrel AFYWEPBFISAIR 1| be described in
-ydetail below, for the fabrication of SLDs with SCP WD 01/ 67497 13
71" CTI GBQy/ Oogqt)_éf%&l;n active windows, a 1 mresolution of OD increnment
fromO0.15 to”1. S designed to produce "trapezoidal" and "triangular"

profiles, (these are illustrated in Figure
Table 1
15 Gray Level
1 2 3 4 5 6 7 8 9 10

oD 0.15 | 0.25 [0.35 | 0.45 | 0.55 { 0.65 |0.75 | 0.85 0.95 | 1.05

(%} | 70.8 | 56.2 | 44.7 | 35.5 | 28.2 224 [17.8 |14.1 |11.2 | 8.9

20 A reactive-ion etching {RIE) process with
substantially a 1:1 selectivity between photoresist and
g8io, was then used to transfer the wvariable thickness
profile of the photoresist to the SiO, layer 12 to obtain .
an implantation mask 13. This process was carried out in

25 a conventional parallel plates RF RIE system uging CF, and
0, as process gases. Taguchi's optimization approach, a
statistical method used in industrial process optimization,
was employed to optimise the parameters of this process.

The process flow chart for the fabrication of the

30 multiple wavelength lasers is shown in more detail in
Figure 6. A total of four levels of masks are used in the
fabrication of this device. The first mask is used for
alignment marks and laser isolation etching (a 20 pum stripe
pattern). The second mask is a gray scale mask which has

35 an 80 pm width of stripe patterm.- The third mask is used

for active contact window {(a 50 um stripe pattern) and the



10) . 5 The gray scal e nmasks 10 are manufactured using a high- ]

beam sensitive (HERS) glass article of the type desc?i bed ?2 dg?:PIg@iiETJSZI
Patent 5,078,771. The relationship between the OD of the mask and the W
light transmttance |level (T) during lithography process 10 can be
expressed using the follow ng equation: OD=-log (T) 15 Table | G ay Level
12345678910 ODO. 150. 250. 350. 450. 550. 650. 750. 850. 951. 05

T(9 - 70. B3R ey 35. 528. 222. 417. 814. 111. 28.9 20 A reaethi¥fnben etching
(RIE) process with substantially a 1:1 selectivity between photoresist and
Si02 was then used to transfer the yariable thickness profile of the
photoresist to the Si02 |ayer 12 to obtain an inplantation nask 13. This

process was 1akrhesk Qut tdeddng wanwendl dsalapamal(he?0 pirasesi

using CF4 %% 02, as process gases. Taguchi 'gm;?ti m zg‘t"?on ansgr ORL(I:Ehsyztem
statistical i 131) ‘used in industrial process opitimzation_. S errpi oyed
to optimise the Phignmandr snasket fAng priscasio” TRES I TtelT 11 gﬁ%ﬁart for the
fabrication @ffihbe (3phubb) Hye waaveiobigyh Usiser B9 sHbGn i H-%ore det ai |
in Figuge 6, At Qét:%|f0i of,cfgur o4 eyahsveofo . iBSkin arethsednGans hend fabrication

of this devicCe. The rst mask is ed fo '
i sol ation et'@FRATE G238 AYFFFeST g%? tsélijﬁ%ahalelhggggﬁg%d%ﬂsi% ‘?ésgjal 3?:; scal e

mask whi ch hest88 whtIB05i9m WR deh dfthdCknges ri%ifttoer‘;ﬁ PP ELERT ¥ msk |
for active QRhass \RdoW 1@ .50 sHenst pbpEt pat tBhatoraRist hel BW&Psz {/\z used

01/67497 14 PCT/ G _.BOL/ 00904 | ast [ i ; i
20 Am Stri pégplﬁéf?ae%%,aq 994 oo e0BSK isscbRagleld Reqtwen et al1g sol ation (a
10 um and a photolithography step was carried out to transfer

the gray scale patterms 10 onto the sample. RIE was then
performed (step 120) to transfer the graded photoresist
pattern-into the Si0, mask 12 such that different thickness
of 8i0, were formed across the sample to c¢reate an
15 implantation mask 13.

The thickness of the photoresist 11 and B8iQ;
implantation mask 13, as measured from a surface profiler,
both before and after RIE for the sample is given in Figure

7.
20 After preparing the graded SiO, pattern, the sample

was implanted (step 130) at 200°C with a dose of 1%10* cm?.
The OWI step was then carried out using an RTP at 5%0°C for
120 seconds with the 8i0, implantation mask 13 intact. The
810, implantation mask 13 was removed after QWI.

25 After fabrication, individual lasers were cleaved from
the rows of multiple wavelength lasers for light intensity
versus current and spectrum measurements. The gchematic
diagram of the monolithic multiple wavelength laser 20 is
shown in Figure 8 (only 4 channels are shown in the

30 figure). 1In the example, a total of 10-channels monolithic
multiple wavelength lasers were fabricated. Each
individual laser 21 has a dimension of 400 x 500 pm and 50
pm width of active window, 500 pm cavity length and 20 pm
width of isolation trench 22. Each laser 21 was pumped

35 individually during the characterization and measurements.

As shown in Figure 9, 10 distinctive wavelengths of

1.557 pm, 1.555 pm, 1.550 pm, 1.548 pm, 1.543 pm, 1.530 pm,



Alignment marks and isolation stripes were first defined (step 1(ﬁ))H @EP 20
wet - et ching, using H2SO4 : H202 : H20 5 in 1: 8:40 ratio, to renove 0.15
pm of the InGaAs and | nGaAsP contact | ayers of the substrate 14. The sanple
was coated with Si02 12 to a thickness of 0.95 Amafter wet etching (step
110). Then, positive photoresist 11 was spin-coated at 3300 rpmfor 35
seconds to a depth of 1.19 10 ti mand a photolithography step was carried

out to trahsfghe;the gray scale patterns 10 onto the pg@ambmosolRl E was then
performed (step 120) to transfer the graded photoresist pattern Into the
Si 02 mask 12 such that different thigkness of SiO2 were forned across the

sanple to create an 15 inplantation mask 13. The thickness of -the

phot or esi st 1%%2nﬂ?8i10%37i W:e aptAtd QR ARGk 134 as, nesmecedivélyom a surface
profiler, ofh before and after R E for. .the sanple 4iStghvemrden Figure 20
After prepafeng fiﬁ‘éecgtreéﬁdgﬁo‘giﬁf gat P%%%lttnﬁe sanple was inplanted (step
130) at 200@awbiribdatedlose of 1x!0-14 cn¥ 2. The QN step was then carried

out using an RTP,al;590C é@freld s aramdsn wibirkressSiad2 thapPafit ati on mask

13 intact. The Si02 inplantatij S¥avied eHB6h [RIR¥E6n afdsefo@l . 25 After
fabri cat on SPAARGIHED TPASArs Hor e o a?svéeg@f L QM 4N, 0US- O eatul ti pl €
wavel engt h liasd@iguker 7+i ght PnrERLHty TRFEr BHE Y7 ent “and spect rum

Mmeasur ement Syer1B€es CHRABI i Seaxdi vafoaroshirharyRER | thec IRgTT pf’e wavel ength
|l aser 20 is goﬁﬁgm@e%%@ WU rBeé@NHM4 e haanalts tariekseeavef $iPhe 30 figure)
. In the exanple, a fotal” of 10-chan NReLi-khk &g BUIHanREEpWavel engt h
| asers wer e HEBRPERLEY mﬁﬁﬂéﬁnéi%hlg?%’ﬁéa Of:'}ser T has a di nensi on of 400 x
500 Am apd Smipg.wi dth of active wi ndow, 500 mcavity |length and 20 Am
“ywi dth of isol at | QN ige@n ot ek cenaatiddas 41D Thaga she WRAEACST SHAFTi dual | y
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(LD). It gives a broad emission spectrum and low coherent
15 length, which are similar to a LED. The applications.of
such device are not only limited to short and medium
distance communication systems, but also a key element in
the interferometric fiber-optic gyroscope (IFOG) system and
other fiber-optic based sensing systems. SsLD has the
20 desirable characteristics such as the elimination of modal
noise in fiber systems, immunity to optical feedback noise,
and high coupling efficiency into fibers. As the spectral
width broadens, the coherent length is reduced. The
broadbaﬁd characteristics of SLDs reduce Rayleigh
' 25 backscattering noise, polarization noise and the bias
) offset due to the non-linear Kerr effect in fiber g}trro
systems. Therefore, SLD offers an advantage in obtaining
the ultimate sensitivity in those applications.

In the following example, the same InGaAg/InGaAsP QW
30 structures 14 were used in the fabrication of SLDs in which
the bandgap in the SLD chip is tuned by utilizing
"triangular" and 'trapezoidal" gray scale patterns to

achieve broadband luminescence from the SLD. .
To obtain high output power from an SID, one regulres
35 a very high optical gain within the device, consequently
suppression of the lasing mode is a key conceri. -The
suppression techniquee can be divided into two categories.
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is 30, 31 (see Figure 10). The third mask is used to define

the active contact window 41 and the absorber section 42 (a
50 pm stripe patterm for active section). The alignment
marks were first defined by wet-etching the materials down
to the third epitaxial layer, the InP-upper cladding, using
20 chemical solutiéns. After the etching process, the sample
was coated with 8i0, 12 with a thickness of 0.95 um, and a
layer of photoresist 11 spun at 3300 rpm for 35 seconds to
a depth of 1.18 um. The structure was then expoged to UV
through the gray scale mask 10 for a peried of 5.1 seconds
25 (steps 200).
After obtaining the exposed resist pattern, RIE (step
21.0) was then carried out to transfer the resist pattern
into the Si0, to form an implantation wask 13.
After preparing the graded 8iO, patterms 13, the
30 samples were implanted (step 220} at 200°C with a dose of
1%x10Y cm™ for P impurities. The QWI step was then carried
out ak 59%0°C for 120 seconds with the 8i0, implantation
mask intact. After this, the S5i0, implantation mask was
removed.
35 A schematic diagram of a fabricated discrete SLD 40 is
shown in Figure 11. It is noted that the absorbing section
region 42 which was not intermixed but annealed was
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approaches. The second one is a passive suppression nethod which involves
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previ ously been successfully denonstrated to produce high performance
SLDs. 10 The process flow for the fabfycation of SLDs is shown in Figure
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S of 1x1014 cm 2 for Pinpurities. The QN step was then carried out at
590C for 120 seconds with the Si02 inplantation mask intact. After this,
the SiQ2 inplantati on mask was renoved.
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no netal contact on the surface. The SLD sanples were then cleaved in
order to assess their characteristics. Figure 12 shows the normalized
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CLAIMS 1. A nethod of nanufacturin&éghgﬁotonic integrated circuit
conprising a structure having a quantumwel|l region, including the step of

per f or m g e umaeld  dE eRlyiag: 0B hhe St riibugec Vashalgrakla step of
per form ng"quant um interm xing conpfises the steps of: ~ forging a
phot or esi sfronit hecampuictince; 2i BRCRSHI® SRYEEGr o2 diFHE SR | &Fﬂ? exposi ng
regi ogs %Qg?%n?h%Jﬂhﬂkﬁﬁﬁﬁiﬁﬁei%t@@paﬂﬂe@@&ﬁmimangra@smmtmmneeﬂdf a gray
scal e mask, 7t e,transnittangg of thetnask vg&g%ggn spabl alde g N gependence
on the | otBFEHBYEERI of “Buafhfim FEFHCEHREer mrAg Fequired” and,
subsequenpéyf depehg g ttive wehdt oneststxing c@mpkissehblie KRG to claim

1, in which th s Lot ANCe. VALL €5, aGeOIH MG ded predeterm ned function
A et hod accorg?ﬁ%{$% %] $n11 or J% | [ h the .20 transm ttance is

, Im2, in Wﬂgg
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maskip of the photoresist in dependence on a transmittance of a
gray scale mask, the transmittance of the mask varying
spatially in dependence on the local degree of quantum well
intermixing required; and,

subsequently developing the photoresist.

15
2. A method according to claim 1, in which the

transmittance varies according to a predetermined function.

3. A method according to claim 1 or claim 2, in which the
20 transmittance is substantially continucusly variable over

at least a portion of the gray scale mask.

4. A method according to any preceding claim, in which
the photoresist is applied to a masking layer.

25
5. A method according to claim 4, in which the masking

layer is a dielectric.

6. A method according to claims 4 or 5, further
30 comprising the step of etching the structure with the
developed photoresist in situ to provide a differentially

etched masking layer.

7. A method according to claim €, in which the developed
35 photoresist and the masking layer have substantially the

came etch rate.



over 4. A nethod according to any preceding claim in which the 3 SEP 20
. photoresist is applied to a masking layer. 5. A nethod according t% claim

4, in which the masking layer is a dielectric. 6. A nmethod according to
claims 4 or 5, further 30 conprising the step of etching the structure
wi th the devel oped photoresist in sitwto provide a differentially etched
masking layer. 7. A method according to claim6, in which the devel oped 35
phot oresi st and the nmaski ng | ayer have substantially the cane etch rate.
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diffusion and ron inplantation process. A met hod according to claim38
or 9, in which the 10 inpurities are |nplanted in aregion renote fromthe
quant gm wel | SArm@ﬁhts@ ackbrdAnmetbodl abe @, dilagwhochnyhefinghaiitsies t o 7

further conpr|5|n f i ng r 0

t her eby t 3 FntPot %‘é %‘gf%ﬁe&%n Q%t ?ug%gﬁgé%l 98%1;5”%?% %ugsequent
quantun1mb&$eﬂnimpurxtmgdlﬁﬁus¥9¢mﬂ¢@xFQRxRﬂQ%%ﬂF%R%Qﬂaﬁ§ﬂ¢EP5 ‘i n which the
plasma is generated by electron cyclotron resonance. 20 13. A net hod

accordi ng, to any. precsding. LAy L4788, PR U "0:kNGLSLEP e amnealing

10 impurities are implanted in a region remote £rom the
quantum well structure.

11. A method according teo any of claims 1 to 7, further
comprising the step of exposing the structure to a plasma,

15 thereby to introduce defects in the structure to promote
subseguent quantum well intermixing.

12. A method according to claim 11, in which the plasma is
generated by electron cyclotron resonance.

20
13. A method according to any preceding claim, further

comprising the step of annealing the structure.



