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15 growth through a mask to achieve spatially selective
the substrate

bandgap variation. prior to epitaxy growth,

is patterned with a dielectric mask such as 8i0,, 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 mask. No growth can take place on
top' of the dielectric cap. However, gurface migration of
the species can take place for some distance acrose 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
multiplé quantum well (MOW) sections can be accomplished in
a single epitaxial growth stage. Thigs process works well

under a precisely controlled set of parameters but is
: In addition,

diffieult to manipulate ina generic fashion.

30 this technique gives poor spatial resolution of around 100
pm, and hence the passive gection 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 OWs and barriexs interface.
Hence, this allows the modification of the bandgap of QW
structures in selected regions by intermixing the QWs with
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locked lasers, non-absorbing mirrors, gain or phase
gratings for distributed feedback {DFB) lasers,
T 15 superluminescent diodes, polarization insensitive QW
‘ modulators and amplifiers and multiple wavelength lasers.

Current research has been focused on QWI ueing
impurity £free vacancy induced

approaches guch a8
disordering (IFVD), lager induced disordering (LID} and

20 impurity jnduced disordering (rIp). Bach of these QWI
technigques has its advantages and ghortcomings.

The IFVD method involves the deposition of a
dielectric capping wmaterial on the oW 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 pelected
areas. For instance, in GaRs-AlGaAs QW matérials, sio, is
known to induce out-diffusion of Ga atoms during annealing,
hence generating group TII vacancies in the OW material.

30 The thermal stress at the interface between the Gads and
the 8i0, layer pliays an important role. The thermal
expansion coefficient of GaAs ig ten times larger than that
of Si0,. During high tewperature annealing, the bonding in
the highly porous 8iQ, layer deposited using plasma-
35  enhanced chemical vapor deposgition (PECVD) way be broken
due to the stress gradient between the Gahs and 5i0, f£ilm.
Thus, the out~diffusion of Ga helps to relieve the tensile
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materials. In the photoabsrpt~} laser irradiationis (PAID nethod, a
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Fur t her nor e, iyglantation param -
to achieve lateral electrical’ and optical confinement in

15 semiconductors such that low threshold current and single
jateral-mode operation can be obtained. Furthermore, 1-:he
IID process is of considerable interest for the integration
of WDM systems, such as multiple wavelength lager sources,

low-loes waveguides, modulators and even detectors.
20 The IID effect is widely accepted to consistl of two
stages. The first stage is to implant impurities into the
QW material. The subsequent stage 1is 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
) InGaAs/InGaAsP QW system, the interdiffusion of Group V
-‘ elements from barrier to well, which results in
blueshifting of the bandgap energy, are believed to .be
' caused by the diffusion of point defects generated during
30 the implantation process, the self-interdiffusio.n at
elevated temperature (thermal ghift), and the diffusion of

the implanted species.

During implantation, impurities as well as point
defects, such as Group III vacancies and interstitials, are
35 introduced into the material in selected areas. The
diffusion of these point defects and impurities at elevated
temperature enhances the interdiffusion rate between the
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i nduced J.ayef g goi, A C Bryce, and J H Marsh, describes a quantum well
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intermixing process based on reactive ion hombardment
damage. In this technique, a high RF power, and hence high
damage, H, plasma process was used to introduce point
defecﬁs on the surface of samples which were then annealed
to diffuse the point defects into the OW region. The
plasma exposure wag performed using a parallel plate
reactive-ion etching (RIE) machine. Similarly, L M Lam et
al, in. a paper entitled "Plasma Tmmersion Ar' Ion
Implantation Induced Disorder in Strained InGaAsP Multiple
Quantum Wells", Electronic Letters, Volume 34, No. 8, 16
April 1998, disclose a plasma immersion ion implantation

ergy, are
d during

speci es.

rial in
es at

e - 3 SEP
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rocess,
ex

Cross a
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ma damage

process that uses an RIE machine. in each of these .

techniques, the QWI process is based on ion bombardment
damage and requires multiple cycles to affect fairly modest
degrees of bandgap shift.

The ability to control the bandgap across a III-V
semiconductor wafer is a key requirement for the
fabrication of monolithic 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
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describes a method for patterning a structure by exposing

a layer of photoresist through a gray scale mask. .'I‘he
degree of gquantum well intermixing is controlled 1:. ?
spatia:lly selective manner in dependence on the opt T;a

20 transmiti.".ance characteristies of the gray scale mask. is

technique is especially suitable for use in the present

invention since it allows a mask to be constructed that can

control the exposure of the structure to high energy

radiation. The photoresist mask pattern may be used alone

25  to control the degree of exposure or it may insteac.i_ be used

) to transfer a mask pattern to an underlying material, En:*;ch
ae a layer of dielectric material, through an etching

Proce::; key feature of the present invention is the use of

30 a radiation source to cause radiation damage tc-a :
crystalline structure. To achieve this, a. well define

minimum energy transfer is needed. This 18 called t..he

displacement enexrgy, Ep. Energy transfers exceeding Ep w:.lll

cause atom displacement, either primary displacem‘ent, when

'35 a host ion is struck by one of the instant pa?:tlcles, or

secondary dis;placement, when energy transfer 18 from the

host atom previously struck. Energy values of Ep in eV for




dielectric or metal masks, and photoresi st masks. The

structure by exposing a |ayer of photoresist throu
The degrprpnisesiuantum wel | interm xing is controlle

spatial control of
Interm xing is advantageously controlled wusing a..variable prof

pattern. Qur co-pending International patent application nqugrsgﬁ 2004
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15 operation of the device.

or at least repaired by-
cts do not affect the

. e
This novel, low cost, and simple technique canzM
applied for the fabrication of PICs in general, an

sources in particular.' By app

lying a QWI technigue in

‘accordance with the present invention, the bandgap energy
20 of a QW material can be tuned to different degrees across

a wafer.
monolithic maltiple-wavelength las

Thig enables not only the integration of-
ers but further extends

to integrate with modulators and couplers on a single chip.

This technique can also be applied to ease th

25 and design process of super
expanding the gain spectrum to a maximum &

growth.

e fabrication

luminescent diodes (sLbe) by
fter epitaxial

The photonic integration research community currently

views QWI technology as a promising approach onl

vy for two-

i ges
30 section photonic devices as conventional QWI proces

would otherwise become tedious and complicated.

Although

i )
it is complex and mnot cost effective, researchers hav

. . r
instead preferred to use gelective area epitaxy fo

multiple-section integration. The present

invention

i imi to
35 demonstrates that the application of QWI is not.: l:i.mz'Lted =
two sectional devices. 1In addition, the technique 18 WO




)

that this damage should be avoided, or at |east repaired annealing to
ensure that these defects do not affect the 15 operati..on of &t SdEvine®.
be This novel, |low cost, and sinple technique can applied for the
fabrication of PICa in general, and WDM sources in particular. By applying
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research community currently views QN technol ogy as a prom sing approach

only for two- 30 section t.onj VibGRsidss conventional QWA processes
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1'ous and conpl jcated. Al UgRowi tpés conpl ex and
not cosf eff ectExemiplessecof clibes PERASTY| né’f‘veeélg“lﬁflef&éirl(}ed to use sel ective
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denonstrates that tf}_% ?,ﬂg‘gﬁpation of QN is not limted to two sectional
devi ces. | AFHHTYT 0N the tecgﬂ%‘ i 843 ‘_%PO%OQ_{.} EGhigIR0BE0ERI8 WD
01167565 10 coBigwHe detlfy@, & c%?ﬁcers L gher throughput and hi gher
yield conpatfdsysceaed ective area epitaxy. Brief Description of the Draw ngs
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reference to the,ac AV r g el Andhd Wand. dfagueame £OTi s a

schemati c (;P&@?%H’bc%&%% gé@&pyggo an SCR system 10 Figure 2 is a

schemati c rchpr esewrttegn of an | nGaAs/ | nGaAsP SQW | ayer rysture and a

spectra of gamples exposed to Ar plasma;
i5 Figure 4 is a graph illustrating the relationship

petween Ar exposure time and relative bandgap energy shift

for different microwave powersj ' .
Figure 5 is a graph illustrating the relationship

between process temperature and relative bandgap energy

* Shlftl;'igure € is.a graph illustrating the relatione‘;hip
between process pressure and relative bandgap energy sl:uft,-
Figure 7 is a schematic diagram of a sample partially

masked by a layer of photoresist;
25 Figure 8 is a graph illustrating the PL, spectra
obtained from the sample of Figure 7 after exposure to an

Ar plasma;
Pigure 9 is a graph illustrating the relationship

between RF power and relative bandgap energy shift;l .
30 Figure 10 is a graph i1lustrating the relatlons'shlp
between microwave power and relative bandgap enerdy shift;
Figure 11 is a graph il:!.ustrating the relative bandc_'.;ap
energy ' ghift for samples exposed to Ar plasma with
different Si0, mask thicknesses; .
35 Figure 12 is a echematic diagram of a broad area gain

guided laser; and,



Figures 3A and 3B are graphs illustrating the PL spectra of sanples

exposed to Ar plasma; 15 Figure 4 is a graph illustrating the relationship
bet ween Ar exposure time and rel ati ve bandgap energy shift fog aii:ff’fzﬂﬂént
m crowave powers; Figure 5 is a graph illustrating the relationship

bet ween process tenperature and rel ati ve bandgap ener hift; Figure 6
is. a grepRuékdsustrating the relationship between ﬁFg}éggé&%?essure and
rel ati ve bandgap energy shift; Figure 7 is a schematic diagram of a sanple
partially masked.by a |ayer of photdtesist; 25 Figure a is a graph
illustrating the PL spectra obtained.fromth anple Rmlote® 7 after
exposure to an Housieasida; 1T aurgé'agﬁi %E'éu%tr}é%ﬁnél {E&lsat rating the
rel ati onshi ppefetavegn tRE Qonee afidF¥dirgt L9e bandgap energy shift; 30 Figure
10 is a grapﬁ illustrating the relationship between m crowave power and
rel ati ve bandgap energy shift: . .Figure 11 is a graph illustrating the
relative bandgappeéﬁé'nlﬁé %‘T‘ﬁq‘rtibf%fnsa_rrpl es ex(g‘_(l)%__gld (Ligsﬁgv BB W th
different Si02 nreek preseknosvestign 1§ heFed 197 %% %8 hemati c déagram of a
broad area ga{g&e awidedh Jeagein amglasms iSEuded 08l aan b AET568°11
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“Dallows for the generation of high energy 1a iatic

found in a conventional RIE machine. As a result, the QWI
blue shift obtained using high energy radiation 18

15 significantly greater. . .
In an ECR system, a magnetic field is applied with an

exciting electromagnetic wave. Electrons under thF._-se
fields undergo a circular or orbital motion with a radius
relating to the strength of the fields, and rotating at a
20 freguency known as electron cyclotron frequency. If the
fregquency of the electromagnetic wave is equal to the
cyclotron frequency, there will be a phase coherence
causing the electrons to continuously gain enerdy. Under
this econdition, emission transfer of energy £rom the
25 exciting electromagnetic field to the electrons takes place
) in what is known as the resonant process. In this :feSonarlxt
| process, the electrons in the bulk of the plasma gain their
energy from the exciting microwave and - subsequt.antly
transfer the energy to the molecules via collis:t.o::xs,
30 cauvaing electron impact ionizations and generating a high
plasma density. The highly ionized ions emit photons with
VUV line emissions. |
ECR plasma 1s becoming increasingly popular in
microelectronics processing such as etching and thin film
35 deposition due to its ability to gustain highly dissociated
and highly ionized plasmas at relatively low pressures and
temperatures. It has the capability to operate at lower



for the generation of high energy radiation that is not found in a
conventional RIE machine. As a result, the QN blue shift obtained using

hi gh energy radiation is
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the neutrals and randomization of direction. As 2 general
rule, collisions result in inefficient electron'cylrclotron
heatiné; at pressures above 20 mTorr. In an eff:.r;':erii: ECR
discharge, ion and electron denaities uwp to 107 cm E.:lre
ach:i.ev.a.ble. Thisg is roughly 100 to 1000 times the density
achievabie in plasma generated by conventional RIE systems.
The ECR system used in the processing of the samples
described below was a Plasma Quest Series II PQM-BJ.??-A
gystem. This is shown in Figure 1. The system 10 cons:f.sts
of a microwave generator 11 of 2.45 GHz that is f.ed into
the ECR cavity 12 through a quartz window. The microwave
power ranges from 0-1500 W. It is attached with a thrc'ae-
stub tuner, which consists of three impedance matching
gtubs installed within a 9-inch length of waveguide 13.
This is used to reduce the reflected power of microwave
energy directed to an easy-to-tune plasma source oOr
customer load. Additional Nd-Fe-B permanent magnets 14 of
alternating polarity are arranged around the perimeter of
the reactor and embedded in the grounded upper electrode.
This arrangement produces a magnetic E£ield which better
confines the plasma. It focuses the plasma ions into the
center of the chamber, away from the chamber wall, and
thereby reduces the loss of charged species to the wall.

12
gmggtatssggr ere(st&gh%g! b¥chls 3rite@ A0perizoienr thgmeta @bnventi onal

tegree of ionizatjpn capg b é?:%-yhi g8 @ScdP% or so in
E@sbnancﬁ?rorreéﬁﬁ%‘ée(?%éﬁﬁp %bsgrp%’ ~ occurs 5 the

% gitq-?%{m'a fa!b%'ogpu@:l lagwi 119 ebbrdge tr@mnaceel eoat ed



change in polarity. At the industrial
resonance occurs wth a pernmanent magnet of
of energy to occur
cyclotron

orbits : without collision with neutrals. Collisions

wi th energy absorption due to energy transfer to 15F&B§Bﬂﬁbﬁ9§al S
ISl

random Zead oinsedf direction. As a general rule, col
i nefficient electron cyclotron

ons result
heating at pressures above 20 mforr. In an

m crowave frequency 10 of 2.45 GHz,
873G For resonant absorption
efficiently, the electrons. nush undergo*tfﬁ]e‘i[:-rf’ it

interfere
and
in

efficient ECR discharge, ion and el¥tctron densities up to 1012 cnB are
This is_rou hl")({ti 100 Ls% JE.QQQigﬁ'st gs at kamgbasciiuck2®Schi evabl e in
I

achi evabl e.
pl asma gener at edPByEEBNTEH

Bt

=

g¥stefpdised in the

t . h
processi ng wiatt He senpteted gestribef %é?o%gea %'I“gjs %eg{, Series 11
a9 f-10™

PQW 9187- A _SuSifMbowdt $rosusiinwnby rthe Blaengratfie 18y

onsists of a

m crowave generator 11 81- ﬁoﬁ‘é:o@'éz chBabmbent ask | ditssoRiatien EGR cavity 12
T . .

t hrough a

mat chi ng

qUFY X nEOW:

e 13.

/ e mcrovwaye RREEShddyMeBe IWIVO W It is
attached wigdnexathpBeof ﬁeéﬁt%%eﬁrp,ecﬁvﬁ?bhgg\gﬁ%? &% s of tBhré%gtjégygdance

Silfed pEbeldexdthe thiias Bo Shen@¥PatEAGE PS5 R S50

This is

used to reduce.thecy,af beoliRdspoMEfate, silemoiey STe0dtrRatgPatiE¥t ed to an
easy-to-tun‘é asma source or custoner |oad. Additional Nd-Fe-B

magnets 14 of the PEPAEEPng pol ari tr:éﬁare arranged. ar Qllégg the paei meter of

the reactor and TebetuSe.-iAe/ TRy

pr oduc

% a

raed TP eTectro
tdsC déstipeli deloet twesre35oxBPr | Pes MR

per manent

e. Thkg arr angenent
plZSRE* It focuses

the plasma Ions | tq,aEDQ%r ggﬂ&g{tﬂ;n tMocobpnteran alel suksvreRe -chamber
redu

~wall, and F%"é‘?’eafa'
)71N14 WO 01769 568ng3e pePeasef1
sanpl e chucCkedSistshalf ias5cHrmectice £8:Ga1488 S
maxi mum po
power contrd

ces t

e dtlfggg {ﬁ%ﬁ E&%@ns pesi @adéged handal

|. 3 SEP

r eact, S Lsts of a
vt ac CABRRE S 0L 2

u
r odygi bl @ebyuntyhepdfrigeser at Bhe | gEHC= WFESTPR ‘“Pﬁ'l%cr owave

¥ Yhe 'afount o

f S
. 8 ad
speci est5 oquH%dedat &r 3%(:? . Hean Fcomposi_tion of these layers were
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layers. The thickness

50 nm of A;=1.18 pm and 80 nm o
The structure, which was lattice matched to InP throughout,

was completed with a 1.4 pm InP upper cladding layer and a
layer of 0.65 pm In,Ga;-A8yPiy followed by a 0.1 pm In,Ga,.AS
which functions ag the contact layer. The lower cladding

0 1B —-3
layer was sulfur-doped to a concentration of 2.5x107cm ",
layer (InP) wasg doped with Zn to

a concentration of 7.4x10%cm™ and the subsequent .1ayer was
doped with 2x10%em™ and 1.3%x10%cm?® concentration of Zn
A summary of the layer gtructure and
tation is given in Table 1 and Figure 2,

£ Ag=1.05 pm, respectively.

The first upper cladding

respectively.
graphical interpre
respectively.

LAl Rhna e, da, gasg 4t corfigfingeact i ve



source provides the bias to the substrate and thus controls the ion flux
to the substrate, enhancing the directionality of the process.é;Este
I r1Gal-zAs/ ZnGa=-, As, Pj _x structures used in the 10 exanpl esd g& crziﬂ%d
bel ow were grown by netal organic chem cal vapour deposition (MOCVD) on an
I nP substrate. The single quantumwell (SOW region is undoped and
consists of a 5.5 rimwide In Gai-,AS QN with 12 nnpdmEsiespsisyPl . .y
(AA=1. 26 WQWSBS} ri ers. The active region was 15 bounded by step graded
index (GRIN). InGl_, AsPly. confining ;4 ayers. The thickness and conposition
of these layers were 50 run of 1 =1.18 Jim and 80 run of X9.1. 05 m
respectivel )&,&bl'ghﬁ structure, which was lattice matched to I nP throughout,
e i

was conpl et ¢ a_1 4 hem AR-upper—etaddy g Tayer % %8 ayer of
0.65 M | nGaly,uA8) Fintckneb!| Muteml by a [Tst | Aon | MﬂtZWWB “hnktions as
the contact il ayerf. The | gqwer cl addinpg ljayer]l was spl furl-doped tp a
concentrati on_of ‘“‘)mmrnm 3———Fhe~first peT Eraa | G t3Y € (I'nP) was
doped with' Zg to| a comogmimestison of | 650 423D1/4% 3 _hhd i34 SliBsefiuent | ayer
was 25 dopeg—wtH—2XTO0TRQ] 5 ik Besd 419cn| 21 conggnt riatoo®hi8of | Zn
respectivel y A dunmary m‘q%cr stRucture—and]gr 5
interpregatign i g gi vamoi|sPTabl e 1 ah®Hi qur PZD B —{3 SE 200 4
WO 01/ 67568 [PETGBOTIUN, %ﬂ PT 1 & Leskayer Thi ckness erialTs
| (x) Dapant Ty (cm=) tn, J&PI,C!S: A Cafs65007T53ZnP3. 000e+18
10501 nGaAsP}7?rr 1. 1865053&;1&6@9’0%*&3 5624001 n 36%07ﬂME@=h1—7—88-§-| . GaAsPP,
?irl. 05650U -Z“SGT'm:a/-\sP, 157] a8 090U Pisgdf uGafisP, 650w 7.1 1. 26
2g=1.26
5 5,5 | In(x)GaAs 650 | 0.53 u
10 |4 12 | InGaAsP, hg=126 | 650 s
3 50 | InGaAsP, ig=1.18 | 650 S n 5.000c+17
2 . 80 | IGaAsP, 1g=1.05 | 650 S n__ | 5.000et17
In 000 | 1P 650 S n 2.000e+18
. o - | *InP Substrate -
15 '

The GRIN structure is used to produce better optical
ccnf:l.nément due to the difference in refractive index, i.e.
higher -réfractive index in the QW as compared to the

20 barriers. The lower GRIN region iz doped with S (n-t:.ype) '
but the upper GRIN region (layer 7-8) is not doped w:Lth.p-
type Zn té prevent it from diffusing into the .QW region
during the QWI stage, hence degrading the qual:rty of the
active layer. The top InGahs layer is uszed as a contact

25 layer, and an InGaAgP.layer is sandwiched between the InP
and InGaAs layer so as not to cause an abrupt change from
InP structure to InGaAs structure.

Samples 17 were first cleaned and cleaved into sflze of
ax2 mr?. They were then exposed to Ar plasma within the

30 ECR arrangement 10 shown in Figure 1 at: different procees
conditions. ~For the first set of pamples aubjec.ted to
plasma treatment, the RF and microwave powers were fixed at
450 W (self-DC bias around -35 V) and 1400 W respectively,
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55. 51 n( x) GaAS6500. 53U 1. 04121 nGaAsP, 41. 266
) ) , ) 50U 3501 nG aWP, 7
’%I 1§620§a5. 000ch17 2S0l uGaAsP, 71.05650Sn5.000e+17 |1000bp 650.831235]9 8
) nf_ ubstrate 15 The GR!N structure is used to produce bettelr optlc%%@
onfinenent due to the difference in refractive index, i.e. higher

-refractive index in the QVNas conpared to the 20 barrier

he | ower GRI N

region iwodpped Wwith S (n-type), but the upper GRI qu_r{géilog?{)s% ayer 7-8) is

not doped with p- type Zn to prevent

it fromdiffusing into the QN region

during the QN stage, hence de i N&5 : :
age, gradi ngSthe quality of the act |
top I nGaAs |layer is used as a contact 25 | ive |ayer. The
2 |%%§Kgmlaégld2¥§5cea@19réﬂsﬂm% ayer is

sandwi ched bétheth ArhElehpatgnd
change fromurbfP, sthecéxpontre +HEARSsVREEad)fEC™ éaﬁﬁl

SO as ' nof_taq_c e an abrupt
%% “T'?u%ég'e first

cl eaned andhgg?%@%ggnbﬁ ShiS1 & wadx2henPexpbisey werthe AEnPdREBIed to Ar

plasma within e ECR : ' ! [
process con¥itioFie SRgE Pﬁgé%?aé]g?%%légs SR ch xautivich abad Tl el ont

_ . sanpl es .supj I
; : gﬁtn ger% L the REcuowhve mVé’a_ﬁoW@fik‘c%r‘é" f‘qu’e(yS a{)A&ell%tf;gﬁlV\!}D gglof ii?)rC]:Hbi as
ar oL GBonoogké’ai\?mét ﬁg@anv,v r eRpeekpoming, tIMSER VATV (B8 368°) 8

g&g&gﬁ anhé{:ei_lso%garrﬁae Qhpafufe,CMmeBdd pampless meagesure of 30

mlrorr.

The

e ti NE Wa

Jom| . ) i £S5 .
sanpl es was suheedesiidyeamrepyatk 24 g?f; gs%r %\A&%ﬁ euggﬁ% T r%?:)gggezzoﬁg} t ?](c)ns

Wi th the exeeptian pimiesSot héRTRLr owAVERROREPIWEEEY iR &F5 &

d QQ%VEhe Then SUAKHUIR dgeNBnvasdsnr tedpfawdidel X80 WeIni nut es.
e sanples were subsequently anneal ed at 600C for

bi as
After

ot fs mi 57

. sur.e, Lh m
2 minutes uSFRESWES &R &t W o
Figéﬁs 3A andrg?s =) E,gcgges ¥L ng:arc'?Qra AsGRAs PLdpodE ty cap was

used

"15

20

25

30

35

exposed to Ar plasma at different times and microwave
powers of 1400 W and 800 W, respectively. Figure 4 shows
the relative bandgap shift with respect to the as-grown
sample, as a function of exposure time, for Ar plasma
generated using RF 450 W and microwave powers of 800 W and
1400 W, respectively.

As can be seen from Figure 4, the QWI effect, which
causes the broadening of the bandgap energy and blue
shifting of the luminescence wavelength, can be cbserved
for the samples exposed to the Ar plasma. The degree of
intermixing increases gradually with increasing exposure
time for samples exposmed at 1400 W. The bandgap shift
gsaturated at about 106 nm (72 meV) after 10 minutes of
plasma treatment. The saturation in energy shift implies
that the maximum ‘point defects generate& by both icn
bowbardments and radiation damage gaturates after an
exposure time of 10 minutes. The sairrples expoged to 800 W
produced results of gimilar trend to that of 1400 W, but
with lower degrees of blue shift. This could be attributed
to the use of lower microwave power, and hence lower
ionization of the Ar plasma. The highest attainable blue
shift under thig exposure condition was found to be around
66 nm (42 meV) for the sample treated for ¢ minutes.

As can be seen from Figure 5, there is no linear
relationship governing the bandgap energy ghift and the

0 W (sel f-DC



10 duri ng the annealing stage in order to provide As over pressure to the

sanples. Figures 3A and 3B show the PL spectra of the sanples, 3esggs§%,to
Ar plasma at different tinmes and m crowave powers of 1400 W and 0- W

respectively. Figure 4 shows 15 the relative bandgap shift with respect to

the as-grown sanple, as a function of exposure tine, f pl asma
generated using RF 450 Wand m crowave powers of SWW%E{?@ESMOO W

respect i%qlﬂf'.’“ can be seen' fromFigure 4, the QN effect, which 20
causes the broadening of the bandgapi€nergy and blue shifting of the
| um nescence wavel ength, can be observed for t sagplLsnaxposed to the Ar
pl asma. Thepgegsee tefperatiudeni Xt ﬁ'&’?ﬁ’d‘?g’ziggga%r%glﬁau rq:y wi th i{)%r easi ng

. exposure tige fons sagplespespasedtatparatorsy Sfhe' Yafdgap Shift 25

saturated at about, 106 _n Vihighbertehperbbutesvafld Pradw@et r eat nent .
The sat ur at B8RSF ]é’mﬁx&?mé%??%}{& 8

| les,, th t DR amatie dainage def ect s

gener at ed bpigheh ﬁwr_e%oﬁ%agﬁhﬁgée’énﬁh?a R dgnwﬁg%gt es after an

exposuregti gpoeiad0 Momsves, tHis phepenesoB xS &FCt 8 §f)l %0 r oduced,

results of $im| ai%t{ﬁigdﬂeocbhaiuda‘d 1400 tWe oncepk¥3tiBneF G8frees of bl ue
e att

shift. This¢oGPY r.i bui ed USEL R al censaini wnmsdreddpower, and
hence | ower damaae ARCRGARI Y t—f\%%s Rrrtogféaés]%g. The hi ghest attai nable bl ue

shift under gohhstbxques@W&.conditi on was found to be around 66 nm (42

meV) for the sanpl&td @akRgws Qihe bandgrre sneyEy @éf&%fﬁewé:’é]%nr?ﬁ%;ﬁ gure 5,

there is no linear relati I D.JQUSES] NGhkhpaiyzgy@petaer hift and the
Eeeeios D o

- 3 SEP19004PBif 1167568 Q685 Hressnes L. A maxi mum
..bandgap shiftcrefs@® tonm WAXITYH O %gdmégagap% r

rocess t Alddg of 100C. It
Jis general | orexpa@ egrddvedl i gi@gr%me?’%‘f*gr énﬁ\’f)ﬁ%ﬁg)g% ce ?f{e]i gher
degree of QN _under theohWhdoahardnentaiberta g SOBlédFsg?CPﬁbﬂ r, this

phenonienon O BbSePyed, DalRspukt Subbéd tvoneLe oisiaace® Ihat  he

15 mwTorr, the density of the neutral and ionized species of
r

the plasma increased. Thus, a higher amount of damage 18

i ixing.
producéd, regulting in a higher degree of intermixang
ntinues to increase, the mean

Ny co
ever, ‘as the pressure
However, This causes the

free path of the ijons becomes shorter. i o
20 amount of ions and neutral species colliding on‘ o e
' gample surface to reduce significantly, th‘ua r‘educnéng he
amount of damage induced. Higher ionization cdue
increasing process pressure should pro.duce great;r
':radiat:i.On damage. However, the results indicate that twi
25 radiation‘intensity change is minimal a_nd its ef.iiect ;:n-Ql
) over a range of different pressures remains airly
°°n9t:1:;'is generally only ugeful if it can be 1c.>cal:i.zed to
desired areas of the gemiconductor, i.e. it 18 able t:
30 intermix selectively; Selectivity is a'n impoa:'tant az};'ae;:l
in a process as it provides the possibil:.t?y of 1.ntegra d:.o -
For QWI, interface sharpness between the 1nterm1xe.=d an 1.lmh
intermixed region is known as the spatial're‘solutn.on. I—I:.:s
gpatial resolution is necessary in inte-rmlx:l.ng ?rocesses
a5 it ensures the compactness in device integration.
1n order to study the gelectivity of the plasma

igure 7}.
process, samples 20 of 2 x 4 wm® wexre prepared (Figu



damage .induced by this process is below a certain threshold to activate
QN . Figure 6 shows the bandgap energy shift with respect 10 t Elgifferent
process pressures. The bandgap energy shift increased to a“mﬁxg 2@ 49
nm at process pressure of 30 mlorr and gradually decreases with
I ncreasi ng process pressure-.. Fromthe results obtwm' bs coul d be
expl ai nedyo fiRRks as the process pressure increased fr miorr to 30.15
mrorr, the éensity of the neutral and ionized species of the plasna

i ncreased. Thus, a higher amount of defrage is produced, r the pressure

continues to increase, the nean fr a e, AN SHoeEHEmIBts hor t er .
This causes #dig 26 sheusampies a’ﬁ§eaﬁ§e‘ﬁe§,ﬁt% L&y prbecosmis

tral specjes.colliding onto the
sanpl e su_rfa%ﬁ tq-h@gguga@iegnhf)iuml%?EPOtsﬁGst?e%b &’]’taﬁ'ié"lil gf unt of danmage
i nduced. Hi gher &O”iéa{nié’fbw diaetiQ ool mcrﬁ:&simgnipm@e%sTbPeQ%F %houl d

radi ation

SRty grea‘%%q' ity aNeE: eLnidildedr €zuht she ndavade t hat the
25 radi at i ormagiesh {4t (ﬂ%‘&ﬁaﬁe?’g& FOVEY Chnidl!

mnimal and_Lt f £0h gon8d¥go Over a
range of xdi f faid byr ehsulhespiessd r%"Ff%ﬁ“FFyan%o%% EIar%'fg.ht QW is generally

only useful [f it ,CAPnbE1 owal breer tane BFBip¥RFe#Feas of the seni conductor,
i.e. it is abfe tg 30 4 fif er iy, S8), @eleoteh Yobtaghed tfiroit the SaERLE npor t ant
aspect in a procds§ULE § £°p¥ovi des t he ‘E‘%)esng_'i thgﬁi Qbmbat Bgf.at Asn.  For

QN , 'interfaceafsﬂearbneﬁ@oﬂéifﬁéé'ﬁils PRI Erm xe a]?d un. igltlgﬁ(g}_.xed regi on
i s known as Lhe ppabedlerorsthaigreph, HtghPoSHAT BR° S 3RO Ys. necessary
in intermxi ”?ré{ CESSES: 33 urdferventns wiedl taveuss npfa SRRESIP isi4Evi ce

i nt egr at¥®n. © og:loasma I'n order '69't§§ dys t behsiRideald witey glraspess, sanpl es
.20 of 2 x 4 rmR0waRk p‘f’}éﬁﬁtaédt?f' §ar & .3

| 2004 Y001/ GH68
PCf | GBO1l 008@8niHitadal 4 whch hdasash| BENGRAR. P p%’[ot or ne%%év{#nphot or esi st
foprm

21. These sagpl.gscaf, WE @1 ¥ P dakridgagn dAFE BTSSR O51 5 e
meronave 14maske Oran% M, HSa Thegpend on This result st:ron’ghy
15 indicates that high selectivity is obt?.inable- in 1: e
InGahAs-InGaAsP samples ueing only phot_c:re:-.sn.s_t: as a mas ;ncgl
layer. The small amount of bandgap 'SthLft .111 1.-:he ma(Bi eb
region could be due to the bandgap modification induce Y

lated effects.

20 them:‘:;erzlasma generated using only RF power is exp.ectl:ed
to predominantly create ion bombardment damage. This t;z
mainly due to the high potential difference be.twe.en e
plasma and the semiconductor, which could be as high as -
eV, By exposing the gample with such p]..asma, the Q

25 mechanism in an 3on-bombardment dominated plasma

i investigated. _
enVlr:m:Ztt ocfansz:ples was exposed to AT plasma generated
using different RF conditions, while othex proce::
parameters were held constant. All the exposurei :?_ve

30 performed for 5 minutes. Figure 9 shows the r}e; aﬁmen
bandgap shift as a2 function of RF power. A&As can o€ :
from Figure 3, samples treated with plasma ux}der RF.—c: ¥
conditions exhibit insignificant bandgap sh;ft:, with a
maximum shift of 22 nm (10 meV). The bandgap shifts undex

35 different RF values were also rather small.

A further set of samples was then exposed i:'.o plasma
generated by different microwave conditions, while other



masked with photoresist 21 is shielded fromthe damage 5 caused by the Ax

pl asma exposure and thus woul d undergo

process.

gr aph,
smal | ang

t he plasna

a relative bandgap difference of 54 i bet ween
This result strongly 15 |n£| catrg%
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Table 2 below provides a summary of the proceas
showing the potential

fmb1§§3 a:ﬁdtnﬁigmm&gﬁwmbweﬂlawzban be seen
QQAH REs OY ysteémghat | ons

nm (10
rat her

Her at ed by
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var:.ables investigated- above,

operat :Lng range of each variable and the preferred

operating ‘range.

Table 2

Potential Operating Préferred Operating
Range Range

RF power 0 ~ 500 W oW
Microwave power 300 ~ 3000 W 1000 ~ 2000 W
Process temperature 25 ~ 500°C 25~200°C
Process pressure 0.1 ~ 100 mTosr 20 ~ 50 mTorr
Exposure time 30s~1hr 4 ~ 14 min

Tn the following example, a layer of 810, is used to

act as an Ar plasma exposure mask to investigate

of intermixing with
on InGahks/InGaAsP MQOW.
of :Lntermlxlng with dif

the lateral variation of bandgap energy in the

Thig would enable the realization of devices requiring

the rate

respect to the 8i0, thickness deposited

The ability to control the amount

ferent 810, thicknesses would enable
sample.




process paraneters were held constant. Al the exposures were perforned
for 5 mnutes. Upon exposure, the sanples were anneal ed at | Ff%ﬂg

m nutes. Figure 10 shows-the relative bandgap energy shift as a function
of mcrowave 5 power. As can be seen from Figure 10, sanples treated with
pl asma under m crowave-only conditions produced a b

f3uoe8Rer gy shift as
| ar ge aswaboersed 42 nmeV) . The anobunt of bandgap shi

t also increases with
i ncreasing m crowave 10 power. This result inplies that high-energy VW

radi ati on generated by hi gh-densi ty.19ECR pl asma has a stronger influence
on the QN effect than ion, bonbar ' he eansudlnpertant role
in QN in théififecans-qosEaRE wgtvlﬁgg #rhgsngséér?ggt hi saa%?ocess. Tabl e 2 bel ow
provi des a syimEpYe ofavelengelncleaR#eTs15 vari abl es i nvesti gat ed. above,

showi ng t he poteq%gﬁs/ﬂ@gﬁﬁin@wrsﬁ@ﬂe@f wewne hedaaviedo A8 And *hé& preferred
operat i ng range. 20_Jgble 222, Bal ¢hligheddagrasengéadiedcan dper at i ng
RangeRange RP’“pcﬁ@ 82 crowave p rgqp-mgggs-raa@a W pr ocess
t enper at & e25ampleB80G2ED GOREFRD CHSEBr e&g‘%r gb21"- 100 gﬂ_f”%%c 50 niforr -f
Exposure ti np3gs-1ber 4mldeitedon nithe Fowt GAMRye®EHS 8°° X e gf 53.02 is

used to act _as Al sna OSH=C dumek ino dndews ttiog aitat &hete 30 of

I nt erm xi ng Wr?th{}‘éghélg%gt 0 ttﬁlgBSi 02 t hickness deposited on'lnGaAs/|InGAsP
MOV The abi kepaptebledit o5 SPREEIBUNT  of interm xing wid hrdidd erent Si Q2
t hi cknesses woul Guaneis eamphes werer &fPRESR B 28 f Bandgap ener y in the
sanpl e. | Thi éﬁé&“hﬁcﬁd&%%eﬁdlﬁwrﬁ&imamimeef-, ddkeE Privf .. 3 SEP

20 V0 01:19675015 the samples for each 8i0, thickness were placed in a
solution of HF:H,0 in the ratio of 2:1. This is to remove
the 5i0, layer on the gamples before going Ithrough the
annealing process. Thus, the effect of annealing with and

15 without $£i0, capping could be studied. The sampoles were
then annealed in an RTP at a temperature of 530°C for 2
minutes. PL measurements were then performed to analyze

of QWI.
e d:‘ilg:iie 11Qshows the relative bandgap energy ghift f-or

20 samples exposed to the Ar plasma with different 810,
thicknesses. As can be seen from Figure 11, the degree ‘of
intermixing decreased gradually as the thickness of S:'Loz
increases. However, the degree of intemix:irng remains
yather constant, having a bandgap shift in the range of 40-

25 50 meV, when the Si0; thickness is below 500 mn No
gignificant bandgap ghift was observed for an 8i0, cap
thickness above 800 mm. In the S5i0, thickness rztnge of
500-800 nm, the degree of intermixing reduced gignificantly

i increasing thickness.

30 e ;zzordinggy, we have shown that QWI in InGahs/ InGaI.lsP |
MOW using Ar plasma exposure is controllable by altering
the thickness of 8i0; deposited on the sample before
exposure. The ability to control the degree of int:?rmixing
enables the fabrication of devices which require dlffe:l::ent

35 bandgap energy across a sample. Devices such as& mtfltlple
wavelength lasers for WDM applicatj.ons could be realized by
controlling the thickness of the 8i0, across the wafer



PCl GBOLI 00898 19 different operating wavel engths across the sanple, such

as multiple wavel ength lasers. InGAs/ I nGAsP M) Wsanpl es we
into 2 x 2 m2, and Si2 of different thicknesses were deposi'i

re._cl eaved
é&%ﬁﬂﬂ%e 5

sanpl es using a PECVD system The 5102 thicknesses ranged from 100 nmto

1200 nm Four sanples were used for each Si02 thickp X
PEy g

order towstowdywsd he repeatability of the process. A

}n&bsg was done in

sanpl es were

exposed to an Ar plasma of RF- 450 10 Wand nmicrowave 1400 Wfor 10
mnutes. After exposure, two of the Zanples for each Si02 thickness were

placed in a_ solution of HF: H2Q,, jn.{he;talh0oRfof the hbVel igradyo renove
ajpeald.ng process.
pp! 1

the Si @ | ayp@foBR PRePRARFES bETOr 6 Olig‘%’?\; 5%%#%52%
‘%ﬁ?gm |

Thus, the efdede ofasknid&hpagapitich

n
C

( a c
st udi ed. Th?e%@anﬂes ‘Wet&rndtionadnneahtent n sappRtpagion teﬂ‘ﬁ@?g%
es. P

for 2 mnu
of QN. Fig ' th

oul d be
ure of 590C

measur egg%,fc wer e.ddieanper f euredorswanal yiduis t he degree

can be seen

: ative bandgan .engr gy shif 0 sanpl es
exposed 50 tfedrAcapier mewht l?ediff“lrgf‘ﬁﬁt Sgﬁéf'ﬁ'?ﬁf céﬁeggeke&ﬁres’z m

from Fi gure duly bhe-siagr REEQfrodenténgrite RERBRICFeURELLY &

rat her const
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Uhe S o 1 hicsaniss. (@ e lbw AR Re: L%%%#L%Qgﬂﬁgﬁgﬁzt Tas
I t

observed f orcnkde68ee apprliiedk esiasabhEhe sHennfTTh t

e

i ckness

range of, 50Q:8Qdq08 the degree of interm Xing reduced significantly wth

i ncreasing thicknes rdé)‘xp HACGQ% é%ay:e ¥“Re hened nghowie Ldragt hORE e

| nGaAs/ | nGaAsP using Ar sna .exposu | SmEQey Alalsakkewbye al teri ng
P e tea o

é

t he t hi cknegertsriglepafesd bef or e

e

to control thmiegred txon an@ErExeYR SaERS| @8 PHEEEFFRENT on. 0
whi ch requirg, difhfigpent a3%dhtrdyaparpee gynac pdesna mﬂF’égntDem‘Ees such as
mul ti pl Is mgfne%rl%tés, A58 herpiM-2RRtiriicansarpLe d be realized by

orientation from an InGaAs/InGaAsP MOW wafer.

Samples of 6 X 6 mm’ were cleaved along the crystal

They were

then exposed to Ar plasma of RF 450 W and microwave 800 W

for 5 minutes. An annealing step at 590°C fo
20 was subsequently carried out to promote QWI.

r 120 seconds
The samples

were then coated with a 200 nm PECVD 510, dielectric cap.
Next, 50 pm stripe windows were defined using
photolithography and both dry and wet etching were used to

open the windows. To minimize RIE damage from the CF, and

25 0, process, dry etching was (first carried out for 5
minutes, followed by wet-etching usin_g buffered HF for 10

geconds, to remove the remaining 75 nm of Si0;.

XROSYr &, The ability

devi ces

These .

lasers are gain-guided since the injected current produced
population inversion and a subtle waveguide effect only in

30 the 50 pm stripe regions. After this,

front contact

metallization (p-type: Ti/Au, 50 am/200 nm) was done using
an electron beam evaporator. Samples were then thimmed to
a thickness of around 180 pm. Another metallization for
back contact {n-type: Au/Ge/Au/Ni/Au, 14 nm/14 nm/14 nm/11
35 nm/200 nm) were evaporated and the whole fabrication wase
completed by amnnealing the samples using RTP at 360°C for
60 seconds. The processed samples wexre then scribed into



controlling the thickness of the SiQ2 across the wafer 3 SEP 2004 WO

01/ 67568 PCT/ G BOL/ 00898 20 before Ar exposure. Wth the inventjon of the
novel gray scale mask |ithographic technique described in ou¥ - ZB&’ndi ng
I nternational patent application nunber (Agent's reference PJFO1075W0),
this 5 fabrication would be further sinplified, asciipéiRoessres only

one- st PO PVESPr ocessing to transfer various thickness of SIQ2' onto the
sanples. Alternatively, the mask ma% consist only of a photoresist pattern
having different thicknesses appli Y usi ng the sane gray scale mask 10
technique. , I n order to_invesitgateitrherbasi rgvieyellemgths offaxhe material s
after QN,"’E)&’ové't?%grieaPagsa%Pr% t’?ﬁgd%ﬁgg [s Sf!?égﬁ(ﬁ%@ gHi f<@m an as- grown
sanmpl e ( nocharaarerirabkiffent® ™ trﬁ?egf‘?%r , a control sanple (no plasma
treat ment geide Horapechdsed) 30abel givear ip| ejkt erni xed sanpl e: sanpl es of
6 X 6 Mmx were &l gede:iag,m,gg.ttlﬁg 6EYSidin, ebhertlatdrsh At Dhasp

| nGaAs/ | nGaAsP MW wafer. They were epLEXPRARE, @nér cphdsslr of RF 450 W
and mi &r owelesgFey 1R8PT 5PRF I es. Fﬁ%ma_ghgaf ng step.af fﬁ%for 120
seconds 20sams] e FoE]RensTovt HFPLES R tp?i)‘FF%te s@%\‘f The sanpl es were
then coat eg, 4 yav2Dendth REQVBESER? aticekbetadd plagpe 1NEXTI*ED gm stripe

w ndows were defined us | 4 h Vatafdsbot jm,day shikk wet et chi ng
wer e used ?)Se’f)speqﬁvfehg émé%d(%&gﬁ#g\&a#?%l@m@?g R E dama’gne fromthe CF4 and 25
2 processef @& M-ching was first carried out for 5 minutes, followed by
wet -etching using buffered HF for 10 seconds, to renove the remaining 75
ran of 5102. These |asers are gain-guided since the injected current
produced popul ation inversion and a subtle wavegui de effect only in 30 the
50 jimstripe regions. After this, front contact netallization (p-type:
Ti/Aul 50 nm 200 nm was done using an election beam evaporator. Sanples
were then thinned to a thickness of around 180 m Another netallization
for '




N

back contact (n-type: Au/Ge/Au/N/Au, 14 nnml 14 nrn/ 14 nnm 1li 35 nn 200 nm
wer e evaporated and the whol e fabrication was conpleted by angm g t he
sanpl es using RTP at 360C for 60 seconds. The processed sanfl 8% hen
scribed into - 3 SEP 2004 WD 01/67568 21 P CT/ GBOLl/ 00898 i ndi vi dual |asers
with different cavity lengths for characterization. A schematic diagram of

a bandgap shifted oxide stripe laser 30 is given i RCHFBUH®8 2 Fjigure 13
shows. VHRI1IE3¥Yr own, control and Ar plasma 5 internixed | aser spectra.

Fromthe Figure, the control sanplesz and as-grown sanples exhibit alnost
simlar peak |asing wavelength at 1.55 pm and the Ar plasnma interm xed

| asers gi vwk | asi ng wavelength at 1.517 jam a shift of 38 nm ,-. 3
SE P 2004 67568 22 PCT/ GB01/00898 CLAIMS 1. A nethod of

manuf act uri ng a photonic integrated uht RBARLSI n@tagc@hgi)und
sem conduct or st uBetRed 59k \f\'c']arf’é‘f Ctm?i um mﬁglélducgg Oyt rGefRFe Si Ng the

st eps of |E§§gliailagn@misgr®t GP@PB@%gsﬁm’scE?ﬁrce 0 photonsﬁ%o gener at e

defects hot op tﬁ}g m:lenﬁég)i;on(. Ecomprising theafto°
di spl aceﬁmn?‘ ‘2 réé @g&éﬁ tuEQ@@ aclsnpee of pheteddpblnd

sem conduct drra an eal | gt) ue[telbasprormt e
quant um wel henérdter dﬁﬁe%s EhePIWEPH% g%af %f% 0 (L:{I 3L0Ld: ch@ Which the

radi ati on CQF S pa:aéﬁHceﬂaéntpl aB%Y 3(E accordl to claim 2,
in which th%ﬂg‘t’ sou%g w&ﬁe@eﬁsb@gﬂmOel esn@oﬁ“%%‘l”cﬁ“lt resonance
uc¥|ve

ECR) s sterﬁleﬁﬁ tn d S e  avedlasma di sk
faxm %ed:{ldny angeslingcuthif el éié L{E %ea%oao;?r&‘b@) SYiteint &3 |

intermixing.

: . . . 24 0n
2 A method according to claim 1, in which the radiatio

source is a plasma.

15 ' . .
3 A method according to claim 2, in which the plasma

e
source is generated using an electron cyclotron resonanc
(ECR) system, an inductively coupled plasma (TCP) system,
a2 plaéma disk excited by 2 goft vacuum electron beam, Or

20 plasma soft x-ray (S8FR) devices.
4 A method according to claim 1, in which the radiation
source 1is one selected from a group conai
electrical gas discharge devices, excimer lasers,
i ra
25 synchrotron devices, £lash x-ray devices and gamma y'd

sting of

gourcesn.

5 A method according to any preceding claim, - including

1
the step of masking a portion of the structure to contro

30 the degree of radiation damage.
i i i k ie
6 A method according to claim 5, in which the mask 1
adapted to prevent intermixing entirely.

in which the structure
gelectively intermix
rolled manner by

35 7. A method according to claim 5,
is masked in a differential manner to
the structure in a spatially cont



20 plasma soft x-ray (SFR) devices. 4. A nethod according to claim1l, in
whi ch the radiation source is- one selected froma group consisting of

el ectrical gas discharge devices, excinmer |lasers, 25 synchroty nsg}‘evzi@ﬁs,
flash x-ray devices and gamma ray sources. 5. A nmethod accordrfng to any
preceding claim.including the step of nmasking a portion of the structure
to contyguers3® the degree of radiation damage. 6. BCHERHOWP*Rccording to
claimb5b, in which the mask is adapted to prevent interm xing entirely. 35
7. A nmethod, according to claim5, 43n which the structure is masked in a

differential manner to selectively intermnm X LishyEeid y @ spatially
cont rol | ecearamediing @%E"P"%"%\@%ﬂé’?g&f Sl-gg %%: 1G%(%lll 00898 control |ing

‘the exposyedqeicepfihiédnmennbrt he structure in a predeternined manner. 8. A
met hod according to any of clainms 5 to 7, in which 5 the mask is selected

froma group consisting of RQinar Kk pasks;, ghayhi@sks,
di el ectri c8-or #et“&Fhﬂ%sat&c,"rgé% %%(%?% § AR 9 according to

resi st nmasks. 9.
any precediiyg wask s i seledeked LIOMsPaSFAP cOMS 5187 ?ﬁ‘t%'?ééﬁfjng i's

controll eqn&%ésquﬁasgqﬁsﬁbl, egyOhbles madkl patttier ar WralAMAREhod accor di ng
to any prece rll_%ﬁcl ai mft%r{atngr conprising the steps of formng a
phot or esi sand, Pokere8 ek Mt i e and differential | y exposing regions of the
photoresist in a spatially selective manner in dependence .on the degree of
quantum wey| i nif grgthingeeediingetc amd PEAFEYART e %V‘rdé?el”%ig"hg t he

phot or/ Si s{ 'atz‘oalll ottt hoel aaesmlixigat aicl abmfca,ledpn‘-}ﬂiinsi iy the step of

appl yirg a%rpopntl caf sk to the '{Ub oresi st and exposing the photoresist
-, through th%aﬂﬁkilt,ealprgg% > TR %?) ical’ mask having an optical transnittance
that varies in a spatially selective nmanner. .

10. A method according to any preceding claim further

comprising the steps of forming a photoresist on ‘the
15 structure -and differentially exposing regions cf 'the
photoresist in a spét:ially selective manner in dependence
on the degree of quantum well intermixing required, and

subsequently developing the photoresist.

20 11. A method according to ¢laim 10, comprising the step of
applying an optical magk to the photoresist and exposing
the photoresist through the optical mask, the optical. magk
having an optical rransmittance that varies in a spatially
selective manner.

25 .
12. A method according to claims 11, in which the optical

mask is a Gray scale mask.

13. A method according to any of elaima 10 to 12, in which
30 the photoresist. is applied to a masking layer.

14, A method according to claim 13, in which the masking

layer is a dielectric.

35 15. A method accoxding to claims 13 or 14, further
comprising the step of etching the structure with the




25 12. A nethod according to clains 11, in which the optical mask is a

Gray scale mask. 13. A nethod according to any of clains 10 tg %§P6$@%MhiCh
30 the photoresist is applied to a masking |layer. 14. A netho c I'ng to
claim 13, in which the masking layer is a dielectric. 35 15. A nethod

according to clainms 13 or 14, further conprising tggei%ﬁgmﬁ% etching the
struct ur svomistsed he . 3 SEP 244 WO 01/ 67568 24 PCT/ 00898 devel oped

photoresist in situ to provide a differentially etched masking |ayer. 16.
A, method according to any preceding?# aim in which an 5 electron

cyclotron resonance systemis used alead PlAFFBremfianein the
m cr owave pch@ﬁ19P9§H§“E€ﬁ¢§§§?éﬁ%Fégug§$&één 300 and 3000 W nore

preferably hgicweanmd@ihnddyeP000 W, the process tenperature is between 25
and 500C, nore preferably between 25 and 200C, the process pressure 10 is

he. exposur 614 m TE B e S e Rl ar bl y
bet ween 4 anslet4xpnngyekptron resonance system 18 284 '+ d"Bkke

plasma, wherein the microwave power of the ECR system is
between-BOO and 3000 W, more preferably betwgen 1000 ?nd
2000 W; the process tewperature is between 25 and 500°C,
more preferably between 25 and 200°C, the process preséure

10 is between 0.1 and 100 mTorr, more preferably betweenn 20
and 50 wmTorr, and the exposure time is between 30 seconds
and 1 hour, more preferably between 4 and 14 minutes.



