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TUNING OF AN OPTI CAL BANDGAP OF A SEM - CONDUCTOR HETEROSTRUCTURE AN P 4092
PRODUCTS PRODUCED THERECF 5 FI ELD OF THE | NVENTI ON The present |nvent BL

related to seni-conductor heterostructures with quant tiple
quantum wel |, superlattice or quantum dot struct ures lmmnmm\ﬂ"mmﬂm t he
present i nvent ion is related to heterostructures

sem conductors, and the nmethod of selective post 1 o] grovvt ?unl ng of an

optical bandgap V\M%Tndweopegg BETWE VPO SREKOVEN ﬁ:tor ?pvﬁw ON

Wor ki ng wavel engt h phot oni c eV| ces) such as sem con asers and

nodul ators, is determm;d-r AE‘”BWNIP Pb@pdggpsgm_ztﬂq ngg-@élﬁ:tor 15

het er ostruct ure having a quant um we structure quant um wel |

structure, a sug E?ﬁbmﬁbﬁ‘(ﬁﬁﬁr%l@b EPIQ‘ fgd(ﬁRé EBf eflégﬁ:g(éf

opt oel ectroni c conmponents, as maveQU| optlc Inter

need to operate at an optical frequency that IS non-resonant with the
bandgap. To achi eve nonolithic integration of opto-electronic and photonic
20 devi ces, one should be able to selectively nodify bandgap across a

waf er . Inter-d| o) m |1l or colum V or both in the
peri odic tal e ﬁﬁ‘ﬁ? gﬁﬁﬁqmgﬂmgjeroj unction of a heterostructure (in
short, called as quantumwell interm xing, or QVNinterm xi ng) has been
wi del y 2 9 OCTTheOgresent invention is related to semi-conductor heterostructures
with quantum well, multiple quantum well, superlattice or quantum dot
structures. In particular, the present invention is related to heterostructures

of lll - IV compound semiconductors, and the method of selective post-

10  growth tuning of an optical bandgap within the heterostructure.

BACKGROUND OF THE INVENTION

Working wavelength of photonic devices, such as semiconductor lasers

and modulators, is determined by an optical bandgap of a semiconductor

15  heterostructure having a quantum well structure, a multiple quantum well
structure, a superlattice structure or a quantum dot structure. Other opto-
electronic components, such as waveguides and optical interconnects,
need to operate at an optical frequency that is non-resonant with the
bandgap. To achieve monolithic integration of opto-electronic and photonic

20 devices, one should be able to selectively modify bandgap across a wafer.

Inter-diffusion of atoms in column It or column V or both in the periodic
table of elements across a heterojunction of a heterostructure (in short,

called as quantum well intermixing, or QW intermixing) has been widely
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2+used to post-growth-tune a bandgap. Several nethods are well known in the

prior art to enhance inter-diffusion. One nethod is referred to as

i mpurity-induced QVinterm xi ng and has been denonstrated in a varae&mﬂf 2002

het erostructures by using a diffusion s process. See a review article by

Marsh, in "Quantum Well Interm xing Sem conductor Science and Technol ogy,

vol. 8) 1993, pp. 1136-1155. This nmethod suffers from several drawbacks.

The presence of doping inpurities changes conductivity and conductive type,

whi ch either daseditomostgrowthcihimel atbanggrpl Severad methods aker wel nismawn in

I ntroduction of neutral inpurities 10 |ike F and B by ion-inplantation

gener at es t r apshepdor adita @nhadeesigtar:diffiision. al so deteriorate the device

per formance. The second nmethod is referred to as ion-inplantation induced

QVinterm xi ng. |8Ral t.at ] : i S cies
O B 8 rofireERFES WiRuf RbyEd BTG e E PR

in places renpte Tromor over an ac Xi ng
15 by inplanti IO i ly: 1 npt ti i ng.  t subj.ect.i ng
the atructure L5erarmanSEateakin oMy 37 hRshi 0ty it 2 RirfieioR

t enper at ure_post - anneal i ng nay_not .ful |l ecpver ,Arom crystal, damages |,
caused by i Oni %?cfﬁ?ﬁaﬁec?n%a %f"'ﬁlprg%u @’sﬁnﬁbn@tj@ﬁ@&gﬁeﬁvlpfﬁrg}‘ﬁmi ng.
(See Hirayanm al. i,n "lan-Specie endence, o er - diffusj ip.lon
o 1l ant ed coReapnilciar SRjeRBE A TEO AR 0! Fh A bt A3Br B s Cs)
vol . 24, 1985, 498- 1502). Elmgn,et al. ipn U. S. Pat. . 5,238,868

di scl osed a ne h°é§Pﬁ@jﬁ/ﬁ??%‘éqﬁeggler?WPﬁ°%i prassnep &f %Qjé‘ﬁ"@@f@es
generated by ion-inplantation are spatially separated froman active

regi on, and i ncpargesfieRsiuciyly Badi sendustiveolyps; wineR ceilhrradetasipraies or
defects 2s enhances QWinterm xing. This type of nethods involves nultiple
ion 2 9 OCT gouwledelyniilathatdeayiceparforaanes. tieduriion of fwatrehdmpuritieau et
al. inUS Pat. 5,395,793). Re-growth is required in sone cases where a

t op i oni npl@nt 4ke dn andnBdut ioreiplantations gevenates diapscandresiduah\damagas, xi ng
(See Paquette et al. in "Blueshifting of InGAsP/InP | aser diodes by |ow 5
ener gy ion i npWhichaalserdeteriprate e EBryiceqerformeasce, vol . 71, 1997, pp. 3749
3751 ). A large dose of ion-inplantation required for a | arge post-growh

tuni ng often degrAesebBRaiaindd g efdifed ahehe SohlpiRaubncuutad B! .

in "Wavel ength shi uantum wel asers oton 1rra

e 1< com WD s e oot DAk G
ST Rt Bt ASHR BT ol R A3

1986, pp. 510-512. 1n .| FVEI .dielectric |ayer is de jted on the

Lop- sur  ace® of DYHIRRREGrs, Srgely e’ oy aghv deaign, 364 e csubjegings; the
tenperature, atom c vacancies of el enents in colu L ql u V or, both
i Phe por  od TGOS Roesel ahnealig, sutats arh e Thcliabadned ompstaturs
generated at an interface between i&\e dielectric Ia\y r and the é‘g% sur face
of the het er osPPat-annealing mayseehully regqvey diopm cprsta r&aamgﬁeﬁ YniP8- a
het eroj unction of the heterostructure enhances inter-diffusion of atoms in
20 colum 111 #pplaptatign angr mayt intraducee ifhameganeqush | QWointermabrng: s(3@@ oss
the heterojunction or in other words, enhances QWinterm xi ng. Conparing

t he above- ment Hilg¥ameeahodls, int Hendipacies dPepengancen of eipterddiffusianofn lon-

el ectrical and optical properties is mnimal, which is especially _
advant ageo2® i implantetiGads-Al¥s Superattices), dapanase Jeuraal aEAppbed dthysicsor

part of an active 2s region in a device. |FVEl usually uses a PECVD (pl asnma
enhanced vol. 24, 1985, pp. 1498-1502). Elman et al. in U. S. Pat. No. 5,238,868

disclosed a method for QW intermixing, in which vacancies and defects
generated by ion-implantation are spatially separated from an active
region, and in post-annealing, redistribution of those vacancies and defects

25 enhances QW intermixing. This type of methods involves multiple ion-



2-9 OCT 2002 4 chem cal vapor deposition) deposited or e-beam evaporated

Si 02 or spinon silica as a dielectric layer. The use of a spin-on silica
filmas a dielectric |ayer has shown several advantages over the others

| FVEI as a function of annealing conditions has been well descri be?;igiéf[ r2802
prior art, but the s difficulty in spatial selection of IFVEl still

remains, particularly in the case where noge than two different optical
bandgaps are needed in close proximty on a wafer. An approach for

spatial |y sel etoplstatovrEanddbermna annealingsisee @batbarmeau sbal.nihi WiS. BaY.
interm xing. When the SrF2 coverage varies from0%to 50% 1 o by varying
the space bet wed@951790) sReigrewttofis Sraepliredhdn wearabecgses swhite aa TfK ioaki es
from20 nmto 5 nmin a non-linear way after 30s annealing at 925C (See
Qoi et al. in inEeENtEdionndamaijequeagiormnBledst toolé aemovel. afts, QY dtermixing
1784-1793). This method suffers froma drawback that in order to allow

uni f or m i nt er M{SeedPaquetteQe¥ dkn ' Biyeshifting agfpinGinAsivinic lasdr fdiode® by~ 1w
fronts, the dinmension of SrF2 nasks has to be smaller than or conparable to
di f fusi on Igngehergyf iopdimplantatien't, ApgheeicPhysicd kettels, voh Jrigil9g7i, ppusFably
enpl oyed to generate SrF2 features of sub-mcron to one-mcron size.

Moreover, a SrB825tRsh lalge dosd s don-impRaéitionn bquisede farck (g tsodtivdb Wi

stress at an el evated post-growth annealing tenperature. The 20 nmethod is

difficult to u&min@@ﬁénr@q@@@é e §dalrutithe MRserositdctube. AiSEN T dredr adugi bl e
results. Cohen et al. (Applied Physics Letters 73:803-805) 1998) descri bed

how poi nt def e%vél@ﬁpﬂ?sﬁiﬂﬁi@iﬁ%&ﬂs Wu%ﬂttﬁﬁivpélkia%r'?ré Bkgj?rgtd?f)}fﬁ‘dcﬁ&(ijdﬁz"é% GaAs

oxi de layer are annealed at a high tenperature. This e covere

gquantum wel | s %Elléﬁgp%ﬁg L@fé?s,i\ml.effji1@9"73?[3?‘%@60-@@89?“ of magni tude J

r 2 9 OCT 2002 an uncovered’l ayef en a thin layer of Al was
evaporated over the oxide |layer prior to rapid thernmal annealing, the rate
of interdifd usi orA ilisdf method ds beomsrnde drefsiredhrie asaimpurityrfore wcancy-
magni tude conpared to uncovered ones. It was found that QWNinterdiffusion
can be either enhancahsintermixinger(fAd=l) dotir QM. hiRVEL drgserbeen eextensiely ng
by mani pul ati on of the point defect concentrations. OBJECT OF THE | NVENTI ON
It is an obj ecinvestigatedpsipsenits iimitiehreport thy Bappedet aalsiinpAppliedi Rhysics i ve
met hod for post-growh tuning of an optical bandgap of a sem -conduct or
het er ost r uct ur kettérs, vel. 49011886, ppj Bt0-542. rh#-\{izleaddiélectricelalyepis tloppsited de a
nmet hod for spatially selective post-growh tuning of an optical bandgap of
a semi on the top-surface of the heterostructure. At an elevated post-annealing
156  temperature, atomic vacancies of elements in column lil, column V or both

in the periodic table of elements, such as Ga, or P vacancies, are

generated at an interface between the dielectric layer and the top-surface

of the heterostructure. A subsequent diffusion of these vacancies into a

heterojunction of the heterostructure enhances inter-diffusion of atoms in

20  column lll or column V or both in the periodic table of elements across the

heterojunction or in other words, enhances QW intermixing. Comparing the

above-mentioned methods, the effect of IFVEI on degradation of electrical

and optical properties is minimal, which is especially advantageous if

intermixed regions are to be used as an active region or part of an active

25 region in a device. IFVEI usually uses a PECVD (plasma enhanced



conductor heterostructure. 15 It is yet another object of the present

I nvention to provide a |l ayered structure having a sem -conduct or

het er ostructure whi ch has nodi fi ed bandgaps thereacross. SUMVARY OF THE

| N\VENTI ON 20 The present invention provides a method of controllin? tBET
degree of IFVElI for post-growth tuning of an optical bandgap of a 9 2002
sem conduct or heterostructure. The resultaft |ayer structure may contain a

30 305", RS AL AR B L A SIS B,
dielectric | ay%. é'ﬁjdcsaggp(g@ﬁ&@%:'gﬁ%\gﬁﬁg i é]%e?fgggﬁmq ﬁér3¥|§$ﬁ® ggga ?l?éec"'c
St ekl A i o e
:)>r<]i gﬁel Zﬁg(r) d?nnznﬂggm%f% 1PN }H@éng?% \g?llf Sﬁgé?da'ﬁgﬁ’lepé’"ﬁét%'oz’& ﬁ@?ur e.
pat torn' s tepoliedly brseael salecien S PRI HiE woatie eeticulasy Fhdie chge
interlayer is 1 o deposited in an unmasked, regi on whereon post-growth

tuni ng resul t s Wheie amere dharniygyidigerent Rpticah kansgaps) are in sclose

performed to deposit interlayers of varying thickness and/or regions on the
het er ost r uct ur ®roXigity Ned Wafek her nal post - anneal i ng of the dielectric
| ayer. This nethod produces heterostructures with optical bandgaps having

sel ecti vel y_ unedag Sopa5iciey oBSHy, SUSTRITFVEN s HELBEAIESSE| Syt an

B are schematic ns of er structures according to the prese

| nventon. 20, B4 Gy Gy uBAAGR, \ineh 365 AR Lol ditelaridd HeiHo, /96040 Ng

t o anot her enbodi nent _ ent i nventi&n a) or prior ar
2 ket SERBRPG TSRS YR eB i e BRFR, AU B
silica 77K varies from 20 nm to 5 nm in a non-linear way after 30s annealing at
925°C. (See Qoi et al. in IEEE Journal of Quantum Electronics, vol. 33,
1997, pp. 1784-1793). This method suffers from a drawback that in order to
allow uniform intermixing at a QW depth by overlapping vacancy diffusion
15 fronts, the dimension of SrF, masks has to be smaller than or comparable
to diffusion lengths of point defects. Electron beam lithography is usually
employed to generate SrF, features of sub-micron to one-micron size.
Moreover, a SrF, mask also induces damages and may crack due to
thermal stress at an elevated post-growth annealing temperature. The
20 method is difficult to use under manufacturing conditions, and in giving

reproducible results.

Cohen et al. (Applied Physics Letters 73:803-805, 1998) described how
point defects can be engineered when epitaxial layers covered by a GaAs
oxide layer are annealed at a high temperature. This oxide covered

25 quantum wells was found to have interdiffusion of an order of magnitude



2-9 OCT 2002 coating and post annealing (Fig. 3B); and with silica coating
foll owed by post-annealing but without HCl etching (Fig. 3C) FIG 4a-d are
phot ol um nescence spectra of |ayer structures conprising three si Ezgh CT 200
Al'GaAs/ GaAs quantum wel | structure after various post-growth s tu SD
processes. FIG 5a-d are interlayer conpositions according to various

enbodi nent of the present invention. FIG % shows photol um nescence peak

wavel engt hs cqr.respondi ng to anp, opti ba of em conduct or

ot or oot r uot urBOBGHRAN T &t BYRIREPRAAD L RARt of Al Bs SrifceiFcovan A
interlayer and,a di.electric.|layer a function of the Al interlayer,

t hi ckness aftgpepﬂﬁ 9—3‘?@/& W"Pru%? F@?'alﬁ%@m?ﬁ%%\%"%o 8 @Wrﬂgéf’!@rﬁ USEARK
wavel engt hs correspondi to, an ti cal bandgap of sem _conduct or

het er ost r uct uréagioyrg tﬁﬂge regitisge WY Fore Hean anrarder of magaItide Fasapatest 19 e
oxi di zed. 15 FIG 8 shows photol um nescence &eak_ wavel engt hs correspondi ng
to an optical WENEERA oPnes.sBrivasnikichthakt @6 sintardifiusion: grami be ngither

| nGaAs/ GaAs quantum wel | structure, a Al interlayer and a dielectric |ayer
as a funct Pon IBereaged| eht decigased hidueings s high-tlamparaiurgr orfecessiichg byrl G
9 shows phot ol um nescence Eeak_wavel engths corresponding to an 20 opti cal
bandgap of thenaaipgialion efdharaintrdefecieinentietion® as that used for FIG 8

as a function of a Ge interlayer thickness. FIG 10 a-j are steps of a
met hod of making a spatially selective post-growh

OBJECT OF THE INVENTION

It is an object of the present invention to provide a simple and effective
10  method for post-growth tuning of an optical bandgap of a semi-conductor

heterostructure.

It is another object of the present invention to provide a method for
spatially selective post-growth tuning of an optical bandgap of a semi-

conductor heterostructure.

15 It is yet another object of the present invention to provide a layered
structure having a semi-conductor heterostructure which has modified

bandgaps thereacross.

SUMMARY OF THE INVENTION

20 The present invention provides a method of controlling the degree of
IFVEI for post-growth tuning of an optical bandgap of a semiconductor
heterostructure. The resultant layer structure may contain a semi-

conductor heterostructure with one or more regions with selectively



tuning of an optical bandgap of a sem conductor heterostructure. 2 9 CCT
2002 8 FIG 11 is a photol um nescence spectrum corresponding to the three
sel ectively tuned regions as shown in Fig. 10. DESCRI PTION OF THE 2 SMBQNTI2000
The present invention provides a nethod for post-growth tuning of an s
optical band-gap of a sem conductor heterostructure of the Il1l-V type, and
the | ayer structure product produced theregf. A heterostructure may be a
gquantum wel | structure, a nmultiple quantumwell structure) a superlattice
structure, or anegdified upanitgapstAcearding. toromepaepestt ointhérdaventidms admetal
principle of inpurity-free vacancy-enhanced interm xing (IFVEl), and 1 o
provi des usef ulintagpyer ist depssiied betasensihehheterastuucturel and al dietactric payar
growt h tuning of an optical bandgap for the fabrication of a variety of
devi ces, parti suchrdsysifica. Actcardingt iocanathep pspedt! efcthreoimvention, phovxidized
devices. One resultant |ayer structure conprises a netallic interlayer

deposi t ed bet wsearfage 4 provided! betwgerha idislestric Uayarrandihd Retdradtrcturec Thayer .
Anot her ~ s resultant structure conprises an oxide |ayer provided between

the het er os§r ugiresencdndf tie otidd) Reyer limpravesy stability Rdoredrotueidilipyria diheent
t he oxide |layer is provided between the interlayer and the heterostructure,

fol  owed by theospahhBalify prodesd.eii 'd furierchspédtGind ohausiayep giayodienent s
of the present invention.” A netal 20 interlayer 14 is deposited on an oxide

| ayer 13 on th@ré\ﬂaeaurﬁeme& Fitte  thtéaydr aaritPNiHex Rbtepshtitudi’ IRconef! G
1 B) of heterostructure 12, prior to post annealing coating of a dielectric

or v ded bet wea KeaTerpL e UBcH ™ pRotogs: MRsRIAT o Heciic Paud,s
Figure 2b 2 Yeblité@%n the surface of the heterostructure so that the interiayer is
10  deposited in an unmasked region whereon post-growth tuning results. In

another embodiment, multiple photolithography is performed to deposit

interlayers of varying thickness and/or regions on the heterostructure,

followed by thermal post-annealing of the dielectric layer. This method

produces heterostructures with optical bandgaps having selectively tuned

15 regions.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A and B are schematic diagrams of layer structures according to the

present invention.

20 FIG. 2 is a schematic diagram of a layer structure according to another

embodiment of the present invention (Fig. 2a) or prior art (Fig. 2b).

FIG. 3 is a photoluminescence spectrum of three single AlGaAs/GaAs

quantum well structure without treatment (Fig. 3A); with HCI etching, silica



9-shows a prior art structure in which a dielectric layer 101 is coated
onto the surface of a sem -conductor heterostructure 102. Form ng an oxi ciﬁa
| ayer on the top surface of the heterostructure before depositing =9 OCT 2
di'el ectric layer leads to certain advantages. Conparing with the case where
a dielectric s layer is directly deposited on an untreated surface for the
post-growt h tuning process, a proper cleaning followed by oxidation of a
processi ng wafer serves to passivate the top surface of the

het er ost r uct ur epatisly ahd post anhealimyl Fig. BB)e andnwithi silica eoatingl fokloveed by
importantly makes further processing such as deposition of an interl ayer,
coating of a dpesterineating dyewithoub HBidtehing ifBig. 3@)eal i ng nore reproduci bl e.
The oxide |ayer 103 al so prevents thermal deconposition of the

het er ost ruct ur t,an el evat t [ re requi fo - g .t uni ng.
Frgures 3 and AR fe HoELrREBERR R of Fratniunliitertecm bt
effect of the gxide,| 0 overal |l post-growth tunin rocess. 15

i gure 3 shovsTire Skl BlGARw et S & Rym. R s SptS et ey g HREFBfowth
conprising thrge.single Al GaAs/ GaAs quantum wel | structure as grown (Fig.
3A) with (A g.uBHlg B&Wﬁﬂ%ut (Fig. 3C) pretreatnent of the top surface of
the heterostructure by etching wwth 10% HCl at roomtenperature before
coating with aFil He£etdreinlefdfér 6dmpbbitions ddedwding torvdriclis émbedinsentt 6f
clarify the 20 surface sensitivity of QVWinterm xing to different
treatments. Thing $@88hi mvbhtiod.0 surface conditions nay affect

reproduci bility of the degree of post-growh tuning. As will be described
bel ow, controllability of post-growth tuning is poor if an interlayer is
directly depostiGe® showsdheteluminescence peak svayelenaiBs crmraponding to an
heterostructure. Better reproducibility and better 2s controllabjlity of
post - growt h t ueptiapl phepdgspcnf e semidongdyctyy duwrierasirugture2 eontainingo2 | o
dielectric layer and the interlayer on an oxide |layer formed on the

t opsur f acettof AlGaAs/CarssquantumrwelFsiBictare; laoval ipt&sfvatyen andea ciatectrieJayer a of
one layer structure having three single Al GaAs/ GaAs quantum wel | structures
after differenas pdanctiorgofotheAltinterlayepthickaess akiey poatagraivdhduningpect r um of
the as-grown heterostructure w thout oxidation, silica coating or

post-growt h an 4 n i qur I p [ f I after
bei ng subj ect egﬁf}cj ﬁ@%‘%’gr@\#ﬁﬁ'“ﬁﬁ'ﬁﬁ%&hﬁg &ﬁ%%@%’ﬁ@@? r%%%f‘;’bb”ﬁ H'hléi%lr\ ca.
Fig. 4c is a spectrumof the |ayer structwure after oxidatd.on.of Q
surface of thegﬁ‘éﬁ%ﬁéga%%f’ﬁﬁé '80?%%[{%‘/\@%‘9[ﬂﬁt{%&r—eaﬁﬁa*'gh8%\ﬁ Wﬁ‘shqoca
coating. The oxidatio s.performed in.flowi ng water vapor saturated
oxygen gas at ef%ﬁh\ég'"‘ﬂgrr?ﬁirgg{ﬁ ioélﬂ’%ea?ld is the spectrum of the sane
het erostructure subjected to the sanme post-growth tuning process as in Fig.
4c except tshat FIGh8 showstphotolpneestencespesk wavalshdths @frespontdirg to an
Comparing the spectra after the , 5 various treatnent, results show t hat
the layer strugptided \MahdﬁaporufaiwsSemiwﬂddetdramteﬁo%tnmwrel i erithinirag T ect

t he degree of post-growh tuning. However, the thickness of the oxide |ayer

itsel f does nonGumpeaALQuaniymawsll 8tilEiueénd Al Mierayerdghd ratidiedrionaysel
and el ectrical properties of postgrowth-tuned heterostructures. 20

Vet - oxi dat i on_gd aqRRBRIGY &P ARSI MiRkhessattsr bodtRpuRPILARRRS [ N device

fabrication. oxidation is usually conducted in a’layer containing a
high Al nole fraction at a tenperature of about 450C with flow ng N2
saturat ed wi t hFighteshewpqhoteldininesasnse poRidWavSHRNIths \RArEaspPoRAingx ta1 &N on

rate for I11-V sem conductors containing a low Al nole fraction is very
sl ow. 2 » Ooqaptiad bamdgap of the same semiconductor heterostructure as that used for

FIG. 8 as a function of a Ge interlayer thickness.

FIG. 10 a-j are steps of a method of making a spatially selective post-growth

tuning of an optical bandgap of a semiconductor heterostructure.



| n accordance with the present invention, an oxide |layer 13 can be forned
on the top-surface of the heterostructure by thermal oxidation) in the
anbient of a flow ng water vapor saturated 02 gas or a flowing dry 02 asz
ofr a flowi ng H202 vapor saturated gas, at a tenperature between 3@96@(8&, 002
preferentially between 400-550C, or other conventional oxidising

condi tions. The oxidation occurs even in agconpound sem conductor w thout
contai ning any Al content, such as GaAs. The vapor-saturated gases are

obt ai ned by bulfiGi fd as carphddelugpisestansggispeeiiumy coipespomndingg tordthet deed at
a bath-tenperature between 10-100C. The oxidation 1 o reproducibly results
in a uniform seldtivelyctonedragionsfad shoven ¥n Rig. i10. col or from i ght brown to
dark brown, depending on its thickness and conposition. The thickness and
conposi tion of ' 1344 i by oxi dation tenperature and
durati on, typeﬁﬁ%lﬁg\kbﬂtegg y%@ﬁ’ﬁﬁdg’jﬂs) tenperature of H20 or H202
bat h) and conposition of the top 15 |l ayer of heterostructure 2. Post-growh
tuning relies on The prewenttineéntidro pravides annietisod fforepestegrosvti tuniniguoh ahl |

or colum V or both in the periodic table of elenents generated at an
interface bstweptical bard-gmipr bfalseysicomduttdhhetevpstausthiecof tife HeVetypel andt ur e
and consequent diffusion of these vacancies into the 20 structure at an

el evated post - gheVyerastnesiiienprodticppreduced theraofighetéroptructies anay bech as
tenperature and duration of post-growth annealing process, properties

(thickness, corquantimorell &tfucturef aamiitiie Guanturhawell . staktwrel la d&perlattice
conposi tions of conpound sem conductor |ayers nmaking up the heterostructure

affect the degrspeicfireP8Fla guaMumtdat SBucture? Thé plegdiflZmbtholl & Badeer snce
to FIG 5, this invention further discloses that interlayer (for exanple

| ayer 14 of Fi : . i i il t a od
motal layer st PyneipS BRYIURY (8, o nhaiobdP IMeRBIRT  fEVED, 2ahey
i t ‘l t H . ' E a1 H | ] . t )

Lot ur o CHGHRER oFUR RIS a0 4 MRS Sechl lopk

FIG 5d gives B IM ‘td%iﬁg%# %egg{@a‘@ﬁé@aﬂrﬂﬁm fEDAHRIN ©f a("daél%é%-ofm

n,... represen erent nmetal hese exanp are use

o . _ SN o of - ardi

Skl 1n the arlVioeS BElicPTY RRIRBRIER SR B RS Sn B RIS R oelitod L
I ¢ . he | H . 7 . . .

e e ot T N8l LR R LBRRISET £ HEfl Rkl Sititel
d f I th .el ts f ' the h t . Eor th

fype of 111-V- SBMEBRASPEN-SOnIraPE RO AR kg DaeEHBs HYerr BAPH ums
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het er ostructure using copventional thermal evaporation, or eReam evapor ati on

met hod. The cofXda 1ayan I PrQi'f'd@&ebQﬂé’QPBetW “'B&&W%r 808 ntheo hetaipsiguctyre,

i npl enent ed by changi ngéﬁaramaters such as thickness, structure, and

el enent al cont dadowed bidhe soatingpéa diglgetrigilay@ct ric | ayer nay be made of
any reactive dielectric material which contains basic elenents of silican

and oxygen, such pgs Si (Bhéls Stwd Ginbatifhety diethéepRsddritdinvenfiod. depmetall o

n
met hod. This |ayer may also 2s contain other elenents such as N and F. 2
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annealing coating of a dielectric layer 11.

Figure 2a shows a structure in which an oxide layer 103 is provided

between the dielectric layer 101 and the heterostructure 102. Figure 2b



5-post-growth tuning is desired. Mdre inportantly, the use of different
interlayers may permt one skilled in the art to inplenent differégng§ OCT 2002
degrees of post-growth tuning to different desired regions after one
post-growt h anneal i ng process. This may pave the way to integration of
photoni c and opto-el ectronic devices. 1 o An inplenentation of the present
invention is described in nore detail bel oy by way of non-limting exanple,
and with reference to the acconpanyi ng drawi ngs. EXAMPLE 1 15 An

Al GaAs/ GaAs quashowsanplibr adtstnuctire uic whieh adiglecsicrigyse 1@t i cedtedromtbdithg

Al GaAs and GaAs | ayers each about tens to hundreds of Angstrons thick was

grown on a GaAsurabslof at semifcoridudtot beterpstrudtars Q2 Hrarktieg sanv axidentayfgrom
OA to 600A was evaporated on the top-surface of the heterostructure, coated

with a di el ect bhaheayesudhcs iof thehatetodtaidtoeasbibre dessitig andikleztite fdygrg at
850C for 20 mnutes in the form ng gas anbi ence. No oxi de | ayer was

provided. As slsads focédrtdin @vwmag?es;romﬁipaﬁngiwmhwné ciseewherb by dristtig an

Al interlayer between dielectric layer and heterostructure. The degree of

tuning varigd aaeeridi Gi@eétg_ gbﬁoéifédﬂﬁ?ﬁ%ﬁ Qhtreatéd9sGdca 08P thé pbst-drowth
|

interlayer, but "does not play a |inear dependence due to the abSence of

t he oxi de | ayekyni i : S
used) but the kjlmll tengsy%r% p&gﬁ%ﬁgggm Zﬂ%éd;%yg@iﬂggﬁ?da?é?%ﬁ%éigﬁat he
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of the heter osf‘?’ﬂegiﬂt'éfe %ﬁ%"fﬁﬁefﬂf BB%tf%r@“ﬁﬁﬁ‘Piagdi electric |ayer o1|‘O silica,

finally followed by a thermal annealing process.
Figures 3 and 4 show the difference between the two embodiments, and

the effect of the oxide layer on the overall post-growth tuning process.
15 Figure 3 shows the photoluminescence spectrum of a layer structure
comprising three single AlGaAs/GaAs quantum well structure as grown
(Fig. 3A) with (Fig. 3B) or without (Fig. 3C) pretreatment of the top surface of
the heterostructure by etching with 10% HCI at room temperature before
coating with a dielectric layer of silica. Results in Fig. 3 serves to clarify the
20 surface sensitivity of QW intermixing to different treatments. This sensitivity
to surface conditions may affect reproducibility of the degree of post-growth
tuning. As will be described below, controliability of post-growth tuning is
poor if an interlayer is directly deposited on the non-treated surface of a
semiconductor  heterostructure. Better reproducibility and better

25  controllability of post-growth tuning process can be obtained by coating a



The oxidation and thermal annealing conditions are the sane as that of
Exanpl e 2. The thickness of oxide |ayer was about 150 A The cl osqg OCE 2[][]2
ocT zooz 15 circles in FIG 8 show that post-growh tuning in this

erfbodi ment depends non-linearly on the thickness of an Al interlayer.
EXAMPLE 4 5 The layer structure used in this exanple is simlar to that in
Exanpl e 3, except that a Ge interlayer of jsarying thickness was deposited
on the oxide layer instead of Al prior to coating the sane silica |ayer.

The Ge interl agilectris ldpmoand etlelinteriayenrore\ampokialel tayer Aprmbdven ithe Hop- 9,
post-grow h tuni ng under these conditions depends linearly on the thickness

of a Ge 1 o ingarfacy ef thelheterdstuetyrest - growt h tuni ng can be sinply and
predi ctably controlled by the thickness of a Ge interl ayer. EXAMPLE 5 This

exanpl e shows ho hat ql i t hogr aphy. can be conv ntI used . to 15 produce
Cayor st ruotur oo L Shows RPGR‘E%HE’&CBB‘F\%&&&C R GG VBT SULPLES dlavingy ¢ h
reference to F| G 10a, a ctor hete tructure 15 V\a%fll’st
subj ected to omrﬂﬁﬁ'BE'ea F‘ﬁ?&gﬁ W“ﬂﬂ‘ siruelres Afes diffgeent; Restosed
above. Oxidation resulted in an OXI .de | ayer 16 on the top-surface of the
het er ost r uck ur @roMth AUniRg: Brecssst fFidsidal 7Shaws 20SRectpEB; Of ctheatassgrPWias
| ai d down on oxide layer 16. A thin Al interlayer 18 having a uniform
t hi ckness of , h@?er@%tﬁiﬁi!—'@ without ouidationnsilica woating dolpogingovite annealingk 17
(see FIG 10b) The photoresi st mask was then lift-off by the usual
processes, suchigusedh is asspechiom obthe lagenstuiciuee aftenbring aubjpeted {9apesr ned
Al interlayer 18 on oxide layer (see FIG 10c). Wth reference to FIG 10d,
a phot or esi st grawthianngaling avitht & dielegttic ilayes qb silicar Fignds it @i spatiiwm of thei de
| ayer 16, and the second Al interlayer 2 0
layer structure after oxidation of the top surface of the heterostructure
10 followed by post-annealing with silica coating. The oxidation was
performed in flowing water vapor saturated oxygen gas at 500°C for 40
minutes. Figure 4d is the spectrum of the same heterostructure subjected to
the same post-growth tuning process as in Fig. 4c except that the oxidation
process was performed for 80 minutes. Comparing the spectra after the
15  various treatment, results show that the layer structure which contains an
oxide layer 13 may slightly affect the degree of post-growth tuning.
However, the thickness of the oxide layer itself does not appear to play a
significant role in determining optical and electrical properties of post-

growth-tuned heterostructures.

20 Wet-oxidation of compound semiconductors is a well known process in
device fabrication. The oxidation is usually conducted in a layer containing
a high Al mole fraction at a temperature of about 450°C with flowing N,
saturated with water vapor. Under those conditions, however, an oxidation

rate for Ill-V semiconductors containing a low Al mole fraction is very slow.



5-havi ng anot her thickness, for exanple, 200A, was evaporated on

phot oresi st mask 19 (see FIG 10e). The structure was lift-oft in ﬁ(geb@fe@nz
| eaving a second patterned Al interlayer 20 on the oxide |ayer (sek9

OF). Wth reference to FIG 10g, a photoresist mask 21 with a further
specific 1 o pattern was |aid down on oxide layer 16. A third Al interlayer
22 having anot her further thickness, for ekxanple 600A was evaporated on

photoresi st mask 21 (see FIG .10h). The structure is |lift-off i,n Acetone)
eaving ot hira o eesgangs Witk g ayeseslonyRrion o 0de Bupr (3,258, bs
101'). The layer_structyre was then ated with diielectric l.ayer 23 as
shown in 15 Fi doTegd ondhefomsniiare abiheheiarasyistumdyiBermatddatnn. if dhess,
opti cal bandgaps ,qf t&reﬁ regi ons corresgondi ngly having different Al
inter-layers ad@RiPRtHOWHEWAEST YappEsatwalgddreas of ag’@%’]@g%\@hgﬁﬁmfng.
The phot ol um nescence spectrumof a |ayer structure produced using the 20
met hod descri b@diawing:thih aperisatuatach 0as, # 3 deapemntyry betwasst 8P0BABEsence
spectra (Ref. nunerals 27, 28 and 29) were obtained fromthree defined

regi ons hav$ ng pieferentially etweeesr | B80°Gheopeathakaasinwegtionalc opxigisingd t o
optical band-gaps of the heterostructure. This denonstrates spatially

sel ective tuni egnditioas. dite exidatiand ogayrsaeres sina @ Tompeund issemicohductor

t echni ques di scl osed. 2 9 OCT 2002 17 Not limting to the process

descri bed abovavithout icontdining tahyt Al sentesd, stichnag iGaAs.plibe ovapirssatueated,
foll owed by the evaporation of different inter layers allows one skilled to
i npl ement nmany gapas iané loptaiebddiy beblplireg -agearieh gas throgighf H? arpii@albdiagdgap
of a sem conductor heterostructure in a s controlled way based 1n the

t eachi ng di scl psaidtaiscti at alHsathitemplovetaré sbemrdenc ul 1D CseThd  bxitatiba
fabrication of nmultiple wavel ength laser arrays, and integration of |asers,

nodul at or s 1and rgprldelucibdy iréSittst i & uplfbim, ¥Yable} ¢ditinRbaS Ml | VarpAG MNcORY
been described particularly with references to Figs 1 to 11 with enphasis

on a post - gr owipni URGHIY bBWROdo 1 darkisbrsivin dipePdirfee bAt ¢! aigknadd and
phot ol i t hography) it should be understood that the Tigures are for

Il lTustration OQngﬁéﬂioﬁhWh& tARknBSs L@k eampddition 3 @A wideheayé(;rvqrst lign.

It is contenplated that nmany changes and nodifications may be nmade by one

of ordinary S!(id'e'terhﬁné@gga&id%ﬁéﬁ‘%pé‘ﬂ’a?%t A duFRBnt RfpsPhAd oW Fhtbs f
scope of the invention scri bed.
flowing gases, temperature of H,O or H,0, bath, and composition of the top

15 layer of heterostructure 2.

Post-growth tuning relies on the amount of atomic vacancies of
elements in column Ill or column V or both in the periodic table of elements
generated at an interface between a dielectric layer and the top-surface of
heterostructure, and consequent diffusion of these vacancies into the

20 structure at an elevated post-growth annealing temperature. A number of
parameters such as temperature and duration of post-growth annealing
process, properties (thickness, composition, etc.) of a dielectric layer, as
well as compositions of compound semiconductor layers making up the

heterostructure affect the degree of post-growth tuning.



2-9 OCT 202 18 CLAIMS 1 1. A layer structure conprising 2 a sem -conductor
heterostructure; 3 at least one netallic interlayer first deposi tea gorb tl.ozﬂuz
at | east one surface 4 and within at |east one region of said C
heterostructure; and 5 a dielectric layer coated on to said netallic
interlayer; 6 whereby said | ayer structure is further subjected to thernal
annealing 7 for post-growth bandgap tuning4,1 2. A layer structure
according to claim1 wherein only one surface is 2 deposited with said
metal i c interl ay&Vith tefdrentel tyEIG. &, this tinventaoc furthen gligadosdsathat 1 imbaagem
only the top surface is 2 deposited with said netallic interlayer. 1 4. A
| ayer struct ur gfercexaiphy iaperc1ai mleigmehe{ magpcomprigean eifighes, Inaviple?
bet ween said heterostructure and said interlayer. 1 5. A layer structure
accordi ng to clelementalunk hafoyednpiatal fgyernsipudtdm. | PRI 52 priseRt $adifigle
heterostructure and said interlayer. 1 6. A layer structure according to

claim 2 wher ei relggiohtdlehetadiitetialysr strictufe. 16, 86! otailaat sifyNeehlioydd HitAr €,
and rmultiple quantumwel | structure, a 3 superlattice structure or a

quant um dot sst rifigdriager struoturd, |RGEBcSSHOW 4 MURRAO dlémantd Mbl Thibrubgsei n
said heterostructure 2 conprises 2 9 OCT 2002 19 3 a Al GaAs/ GaAs quantum

|1 J I il t F X
wel | structure diaidivg. FI@! 88 w%y aoﬁnmhm@raﬁagbagmfétdb ﬁgﬁgﬁ}%@&@é%}s

or 5 an InGAs/ GAs quantum viel | structure ving a p _
alternating | nGAspanpd ! eée?'if‘%{iﬁereﬁt fhetd} élé%@ntsé} g“ﬁ%??af{fﬁ%% ;Héﬁ%stg%

claim 2 wherein said Interlayer conmprises a sin _

o ol 1 oyed met oS sRHERPHTERY: OheY chbFet e el b Heomyfk; b Sne ¥,

I h : . Cq L I E

10 000" angat r o PR kiagf ZriihdRed 4 MetldhebMed SRBRETYBehS: 1 2 wher i n
said interlayer is 10 to 2 500 angstromthick. 1 11. A |ayer structure

accordi ng t10 cl ai iTha prefsresdhelements &dritigg die intedayeryamssthdserwitid epesrytied i n
different regions of said heterostructure. 1 12. A layer structure

according to cldiffosidityierthenhetepbsirudtirey thbsé ninakingy @os ddpmige effepddn tihe i n
different regions of said heterostructure, and at least 3 two of said

interlayers havsstdidstieicure, t Bhé kmesyee spreleraBl ,Atﬂldaéerel‘éifﬁe}m_éuﬁérrﬁiﬁgorlﬁbng
to claim2 wherein said dielectric layer is made from silica oxide or

silica. 1 14. AdtamsmtrusturaC Faf eh@dfsy &f NB-Vt @eRlicdriauetov8eRbidred lements
heterostructure is a 2 single quantumwel| structure, and multiple quantum
vel | structure,maybeSetResdratrbh BolBhinsC AR O i thidl Pelriddhcd PAbIS t SfUSTeHhts.

15 More preferably, the interlayer is made of Aluminum for structures with
AlGaAs/GaAs quantum welis. The interlayer can be deposited on an oxide
layer previously formed on the heterostructure or on a non-oxidized top-
surface of the heterostructure using conventional thermal evaporation or e-
beam evaporation method. The controllability of the degree of post-growth

20 tuning is implemented by changing parameters such as thickness,

structure, and elemental content of the interlayer.

The dielectric layer may be made of any reactive dielectric material
which contains basic elements of silican and oxygen, such as SiO, or silica,
and may be deposited by any deposition method. This layer may also

25 contain other elements such as N and F.



2-9 OCT 2002 20 1 15. A layer structure according to claim5 wherein said
het erostructure 2 conprises 3 a Al GAsl GaAs quant um wel | structur%hgiﬁhn%mﬁ
plurality of alternating 4 AlGaAs and GaAs | ayers; or 5 an | nGAs/
guantum wel | structure having a plurality of 6 alternating I nGAs and GaAs

| ayers. 1 16. A layer structure according to claim5 wherein said
interlayer 2 conprises a single |ayer of tal, a single |ayer of alloyed
metal, 3 nultiple layers of metal, nultiple |ayers of alloyed netal, or

nultiple 4 |ayerstid pfgdeds imngesdriakes Wikl she pleseht iAvemtict i VeHCElRBle,

according to claim5 wherein said interlayer is 1 to 2 10,000 angstrom

thick. 1 18. AgffaRiblét andt UEblaccardli Mot Bofipatibled Willer ®el &AbWni HeRhil ayer
is 10 to 2 500 angstromthick. 1 19. A layer structure according to claimb5

wher ein a pl ur gbhdctsf Pr%gsgé?@l&l Bs%témﬁegiaﬁg Mhedlbé F A phbfsHeaiRt Of

said heterostructure. ayer structure according to claimb5 wherein

a plurality of pJe %%ﬁﬂfo?f r&re%sdélmgfitﬁé%{?a’i‘iaﬂ%&fe%ﬁ@ﬁtoF £ ?@?ﬁfwﬁ@ké’

Pﬁ}tgrk(r)lzggg(s:turle, an Iee.l trStho Csal ~inter ayeirs have r _fe-re_n

het er ostr uct ur galéts-gnﬁv&tngégjnfu?%mféefdg&n@% s q\?{)@mq@gpﬁ?rﬁ“ﬁl Fﬁ%owo@l {q@é‘ﬂeﬂt

per i odh o Cobl eyl AL T bamiL ofo SR PP AydIRPleri BT Bl S,
e N M B
nmetallic Pnt er PQQE?EQ)% P ?cqséagﬂsoﬁ]@wj%ag\{eoﬁieo agggdﬁ?%Qﬂ?{i qf%‘?lg?émgn@%
post - anneal i ng _a, di gg?ctri(i?l.a er onto said heterostructure. 1 24. A method

according to cPRIGP'SSTQRIG AOYICESi d oxide layer is formed by 2 heating said
heterostructure in the presence of pure oxygen; 3 heating said

het er ost r ugg ur e iAn iMPIcMARENEE obth@Pprasaht dvertion RaGésvibRddini Meré deaail 5
heating said heterostructure in the presence of water-saturated pure 6

oxygen; 7 heat pgwaby talyeoPshénfifiiig | Bxample)r aRENGHAPT rafdientes S ab Utiné ed
oxygen 8 and inert gas;

accompanying drawings.

EXAMPLE 1

15 An AlGaAs/GaAs quantum well heterostructure comprising several
alternating AlGaAs and GaAs layers each about tens to hundreds of
Angstroms thick was grown on a GaAs substrate. An Al interiayer having
thickness varying from 0A to 600A was evaporated on the top-surface of the
heterostructure, coated with a dielectric layer of silica and followed by a

20 thermal annealing at 850°C for 20 minutes in the forming gas ambience. No
oxide layer was provided. As shown in FIG. 6, post-growth tuning was
affected by adding an Al interlayer between dielectric layer and

heterostructure. The degree of tuning varied according to the thickness of



9-heating said heterostructure in the presence of H202-saturated pure 10
oxygen; 11 heating said heterostructure in the presence of H202-sat ugaoe[d 7
oxygen 12 and inert gas; or 2 9 OCT 2002 22 13 heating said C 200
heterostructure in the presence of H202-saturated inert 14 gas. 1 25. A

met hod of post-growth tuning of an optical bandgap of a sem 2 conduct or
heterostructure conprising 3 a) formng anygxide |ayer on the top-surface

of said 4 heterostructure 5 b) masking said heterostructure with a nask of
a predet er m nedhé Alaintenayespdlat tdues pat didptayerapdineac tdependsenes pdsedoi the
unmasked 7 regions; 8 c) depositing at |east one netallic interlayer on

sai d unmasked Sbsepcerdf thd Oxidle layét.i ng- of f said mask; 11 e) post-annealing
a dielectric layer onto said heterostructure. 1 26. A nethod according to
claim25 wherein steps (c) and (d) are repeated 2 to produce additional
interlayers according to additional specific 3 patterns.

A @AY2.A3. AT A LA AR L A?. AL A AY. . AS. Ay2. Al .y

.AL. A9. AY@ Af . EXAMBIYB. 2A. AAy < 1(m nJN[] ?a
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An InGaAs/GaAs quantum well heterostructure comprising several
alternating InGaAs and GaAs layers each about tens to hundreds of
Angstroms thick was grown on a GaAs substrate. An Al interlayer having
thickness varying from OA to 600A was evaporated onto an oxide layer

20 formed on the top-surface of the heterostructure, and then coated with a
dielectric layer of silica, finally followed by a thermal annealing process.
The oxidation and thermal annealing conditions are the same as that of

Example 2. The thickness of oxide layer was about 150 A. The close
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circles in FIG. 8 show that post-growth tuning in this embodiment depends

non-linearly on the thickness of an Al interlayer.

EXAMPLE 4

5 The layer structure used in this example is similar to that in Example 3,
except that a Ge interlayer of varying thickness was deposited on the oxide
layer instead of Al prior to coating the same silica layer. The Ge interlayer
was deposited by e-beam evaporation. As shown in FIG. 9, post-growth
tuning under these conditions depends linearly on the thickness of a Ge

10 interlayer. Therefore post-growth tuning can be simply and predictably

controlled by the thickness of a Ge interlayer.

EXAMPLE 5

This example shows how photolithography can be conveniently used to

15 produce layer structures with spatially tuned bandgap in the
heterostructure. With reference to FIG. 10a, a semiconductor
heterostructure 15 was first subjected to oxidation according to any of the
oxidation methods disclosed above. Oxidation resulted in an oxide layer

16 on the top-surface of the heterostructure 15. A photoresist mask 17 with

20 a specific pattern was laid down on oxide layer 16.

A thin Al interlayer 18 having a uniform thickness of, for example, 100A
was then evaporated on photoresist mask 17 (see FIG. 10b). The

photoresist mask was then lift-off by the usual processes, such as in
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pattern was laid down on oxide layer 16, and the second Al interlayer 20
having another thickness, for example, 200A, was evaporated on
photoresist mask 19 (see FIG. 10e). The structure was lift-off in Acetone,
leaving a second patterned Al interlayer 20 on the oxide layer (see FIG.

10f).

With reference to FIG. 10g, a photoresist mask 21 with a further specific
pattern was laid down on oxide layer 16. A third Al interlayer 22 having
another further thickness, for example 600A was evaporated on
photoresist mask 21 (see FIG. 10h). The structure is lift-off in Acetone,
leaving a third patterned Al interlayer 22 on the oxide layer (see FIG. 101).
The layer structure was then coated with a dielectric layer 23 as shown in

Fig. 10j.

After being subjected to a thermal annealing process, optical band-
gaps of three regions correspondingly having different Al inter-layers are
different due to different degrees of post-growth tuning. The
photoluminescence spectrum of a layer structure produced using the
method described in Example 5 is shown in Figure 11 Three
photoluminescence spectra (Ref. numerals 27, 28 and 29) were obtained
from three defined regions having different Al interlayers. The peak
wavelengths correspond to optical band-gaps of the heterostructure. This
demonstrates spatially selective tuning of an optical band gap across a

wafer using the techniques disclosed.
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layers allows one skilled to implement many spatially selective post-growth
tuning of an optical bandgap of a semiconductor heterostructure in a
5 controlled way based in the teaching disclosed herein. The structure is
particularly useful for the fabrication of multiple wavelength laser arrays,

and integration of lasers, modulators and other devices to a chip.

While the present invention has been described particularly with
references to Figs 1 to 11 with emphasis on a post-growth tuning method

10 using an Al or Ge interlayer and photolithography, it should be understood
that the figures are for illustration only and should not be taken as
limitation on the invention. It is contemplated that many changes and
modifications may be made by one of ordinary skill in the art without

departing from the spirit and the scope of the invention described.
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1 . A layer structure comprising :

2 a semi-conductor heterostructure;

3 at least one metallic interlayer first deposited on to at least one surface
4 and within at least one region of said heterostructure; and

5 a dielectric layer coated on to said metallic interlayer;

6 whereby said layer structure is further subjected to thermal annealing
7 for post-growth bandgap tuning.

1 2 A layer structure according to claim 1 wherein only one surface is
2 deposited with said metallic interlayer.

1 3. A layer structure according to claim 1 wherein only the top surface is
2 deposited with said metallic interlayer.

1 4 A layer structure according to claim 1 further comprising an oxide layer
2 between said heterostructure and said interlayer.

1 &. A layer structure according to claim 2 further comprising an oxide layer
2 between said heterostructure and said interlayer.

1 6. A layer structure according to claim 2 wherein said heterostructure is a

2 single quantum well structure, and multiple quantum well structure, a
3 superlattice structure or a quantum dot structure.
1 7. A layer structure according to claim 2 wherein said heterostructure

2 comprises
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5 an InGaAs/GaAs quantum well structure having a plurality of
6 alternating InGaAs and GaAs layers.

1 8. A layer structure according to claim 2 wherein said interlayer
2 comprises a single layer of metal, a single layer of alloyed metal,
3 multiple layers of metal, multiple layers of alloyed metal, or multiple
4 layers of metal and alloyed metal.

1 0. A layer structure according to claim 2 wherein said interlayer is 1 to
2 10,000 angstrom thick.

1 10. A layer structure according to claim 2 wherein said interlayer is 10 to

2 500 angstrom thick.

1 11. A layer structure according to claim 2 wherein a plurality of interlayers

2 are deposited in different regions of said heterostructure.

1 12. A layer structure according to claim 2 wherein a plurality of interlayers
2 are deposited in different regions of said heterostructure, and at least

3 two of said interlayers have different thicknesses.

1 13. A layer structure according to claim 2 wherein said dielectric layer is

2 made from silica oxide or silica.

1 14. A layer structure according to claim 5 wherein said heterostructure is a
2 single quantum well structure, and multiple quantum well structure, a

3 superlattice structure or a quantum dot structure.
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3 a AlGaAs/GaAs quantum well structure having a plurality of alternating

4 AlGaAs and GaAs layers; or
5 an InGaAs/GaAs quantum well structure having a plurality of
6 alternating InGaAs and GaAs layers.

1 16. A layer structure according to claim 5 wherein said interlayer

2 comprises a single layer of metal, a single layer of alloyed metal,
3 multiple layers of metal, multiple layers of alloyed metal, or muitiple
4 layers of metal and alloyed metal.

1 17. A layer structure according to claim 5§ wherein said interlayer is 1 to

2 10,000 angstrom thick.

1 18. A layer structure according to claim 5 wherein said interlayer is 10 to

2 500 angstrom thick.

1 19. A layer structure according to claim 5 wherein a plurality of interlayers

2 are deposited in different regions of said heterostructure.

1 20. A layer structure according to claim 5 wherein a plurality of interlayers
2 are deposited in different regions of said heterostructure, and at least

3 two of said interlayers have different thicknesses.

1 21. A layer structure according to claim 5 wherein said heterostructure is
2 made from elements from column Ill to V of the periodic table of

3 elements.
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1 23. A method of post-growth tuning of an optical bandgap of a semi-

2 conductor heterostructure comprising :

3 forming an oxide layer on the top-surface of said heterostructure;

4 depositing at least one metallic interlayer on at least one region of said
5 oxide layer; and

6 post-annealing a dielectric layer onto said heterostructure.

1 24. A method according to claim 23 wherein said oxide layer is formed by

2 heating said heterostructure in the presence of pure oxygen;
3 heating said heterostructure in the presence of oxygen and at least one
4 inert gas;
5 heating said heterostructure in the presence of water-saturated pure
6 oxygen;
7 heating said heterostructure in the presence of water-saturated oxygen
8 and inert gas,
9 heating said heterostructure in the presence of HxO,-saturated pure
10 oxygen;
11 heating said heterostructure in the presence of H,O,-saturated oxygen

12 and inert gas; or
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3 a) forming an oxide layer on the top-surface of said
4 heterostructure;
5 b) masking said heterostructure with a mask of a predetermined
6 pattern such that said heterostructure is exposed in unmasked
7 regions;
8 c) depositing at least one metallic interlayer on said unmasked
9 regions;
10 d) lifting-off said mask;
11 e) post-annealing a dielectric layer onto said heterostructure.

1 26. A method according to claim 25 wherein steps (c) and (d) are repeated
2 to produce additional interlayers according to additional specific

3 patterns.



