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different areas of its surface. Achieving these different transitiocoozenergy
| evel s i s Khestmical Pidldnd gap tuning”. One known nethod of band gap tuning a
sem conductor heterostructure is 20 known as "inpurity induced quantum well
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di sadvant agquidl@f of Bandlghpsisi on of the inpurities may alter the electrical
properties of the sem conductor and deteriorate the optical 25 quality of
the device. For this reason, inpurity induced intermxing is not quite
suitable for the fabrication of active devices. Another known nethod is

called "i onBé%ragﬁ@%wn i nduced interm xing." According to this technique,

the interm ed by the defects generated during ion

i nplantgion. Al feh)adiElbirohideddvidd EbKsiBYofMBY gt 2REEHrdYbr! fikhtum?2

region embedded within a semiconductor heterostructure. These quantum

regions may take the form of a quantum well, a superlattice, a quantum wire or a
guantum dot. When manufacturing such semiconductor optoelectronic devices it
is extremely important to control the optical band gap of the quantum structure.
15  The monolithic integration of optoelectronic components requires the production
of a heterostructure which has different transition energy levels across different
areas of its surface. Achieving these different transition energy levels is known

as “band gap tuning”.

One known method of band gap tuning a semiconductor heterostructure is

20 known as “impurity induced quantum well intermixing”. This technique employs

the diffusion of impurity atoms to enhance the quantum well intermixing. An
example of this technique is described in US Patent No 5,815,522 (Nagai).

This technique has the disadvantage that the diffusion of the impurities

may alter the electrical properties of the semiconductor and deteriorate the optical

25 quality of the device. For this reason, impurity induced intermixing is not quite
suitable for the fabrication of active devices.

Another known method is called “ion-implantation induced intermixing.”
According to this technique, the intermixing is enhanced by the defects generated
during ion implantation. Alternatively, the intermixing may be enhanced by ions



inplanted directly into the active region of the sem conductor. An exanple
of this technique is described in US Patent No 6,027,989 (Poole et al). One
~application of the technique is described in US Patent No 6, 005, 881

(I koma). That patent discloses a nmethod of generating a sem conductor |aser
s using ion inplantation induced quantumasnel | interm xing. The | aser
'produced by that techni que has a transparent output w ndow structure which
is suitable for high-powered operation. However, one disadvantage of this
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prior art. 20 Disclosure of Invention In a first aspect, the present

[ Invenlti on p][ O\t/)i dlgsweveﬁtch:]ml dﬁsardr\]/‘agtag'ewgf ahimbfﬁrfﬁﬂ |§ﬂﬁétcw#edw§g nhplhata'dtm a
plurality of band gaps, the nethod conprising the steps o providing a
sem conduct ¢RUSesdataage tqthekemigand ‘dCtGDEﬁE%%qFLé‘é‘i‘@n whi ch enits photons in
response to electrical or optical stinulation, the quantum region having an
ori gi nal® band gapnaiher bbﬂ%nquib@@dl%rﬁ?élpdsaﬁneptyﬁyfH@e vaganey ngnhanced
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plurality of por.H}g npsregéntSf’F‘\'\/gnt(é])lrJé’j1 rﬁtal\J/g] ée\%k%]e meﬂwoogfor forming a modified
semiconductor having a plurality of band gaps which overcomes or ameliorates at

least some of the disadvantages of the prior art.

20
Disclosure of Invention
In a first aspect, the present invention provides a method for forming a
modified semiconductor having a plurality of band gaps, the method comprising
the steps of:
25 providing a semiconductor having a surface and a quantum region which

emits photons in response to electrical or optical stimulation, the quantum region

having an original band gap and being disposed under said surface;

applying a plurality of layers of a plurality of materials to a plurality of
selected regions of said surface, said plurality of materials being adapted to

30 cause, upon thermal annealing, a plurality of degrees of intermixing in a plurality



upon the positioning of said plurality of layers of said plurality of
materials on the surface i medi ately above the respective portions of said
-quantum region. Preferably, the step of applying a plurality of layers of a
plurality of materials to a plurality of selected regions of the surface
conprises applying the plurality of layergs in a dot and/or line pattern to
"the plurality of selected regions of the surface, each of the patterned

| ayers having different dot andlor |ine densities, ~5 and being adapted to
cause, uporoftpestions ofnsaidl quantua pegiealdisgossd iremediatelyt beloweeatikiofgsaid a
plurality of rtions of .th uantum regi on di sposed i medi ately bel ow each
of the se|é%W§§e¢é%9§H§°6%a@ﬁg‘ Pr 402 Preferably, the plurality of |ayers
conprise between, two and five |layers and t lurality of materials, .
conpr 1 o6 bet weerhetgaBnAnppiba, NG PRl 56 Falbey o8 said sCedF ch tosaie
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region of the surtace; a
15 and being adapted to cause, upon thermal annealing, a plurality of degrees of

intermixing in a plurality of portions of the quantum region disposed immediately
below each of the selected regions of the surface.

Preferably, the plurality of layers comprise between two and five layers

and the plurality of materials comprise between two and five materials.
20 Preferably, at least one of said materials is selected from one of:
(a) SiOz o0r

(b)  SixNy, wherein x and y are integers greater than 0. More preferably,
the step of applying the plurality of layers of the plurality of materials to the
plurality of selected regions of the surface comprises applying at least one of

25 layers using one or more of the following techniques:

(@)  plasma enhanced chemical vapor deposition (PECVD);
(b)  E-beam evaporation; or

(c) the spin-on method.

Alternatively, at least one of the materials is selected from one of:

30 (@) LTInP (low temperature deposited InP); or



(b) patterning the layer using one or nore of the follow ng techniques: (i)
phot ol i t hography; or ~5 (ii) electron-beam|ithography. Preferably, the
“step of applying one or nore of the layers in a pattern conprises applying
the one or nore layers in one or nore of: (a) a dot pattern conprising a
~plurality of dots separated by a plurality of spaces; 20 (b) an inverse dot

pattern conprising a plurality of inverse dots separated by a plurality of
i nverse spaces; (c) a_line pattern conprising a plurality of |ines

sep?r at Ied by a dbur allit(in)GaAsptewstentpraturei I ed| |h_ﬁ‘@:°g$a]?t &afg)onpare;i ng
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i nverse | i neshéphfralig! sitdeledtyd vagibas vf tha aHaEs _cwﬁdhﬂs@s%?)@)lyimht fast and
wherein the spaces and i nverse spaces are relatively uniformwthin each

pattern. MAhgrlayeisadsing eng oniraais: ef the fallowing teehnigees ahdlaweleapitaxyl ess
t han or Sequtéhqpte?al%ré]m Even nore preferably, the spaces and inverse spaces
are less than'or equal to 2 Nm Preferably, the step of applying the
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(b) a quantumregion. Mre preferably, the sem conductor substrate 1s nmade

f r om ei'Oheror maye phthe layers in p)patiess. Meksr predenaply, tthe sieruef @ppling ene or
conpri ses g eO('Sft'ﬁ'érlgyé]j?:in(a‘EBat?erﬁicBﬂ{p'?is%?mum wel | structure; (b) a
Str :

mul tipl e quantum wel uct'ure;
(a) applying the layer to the selected region of the surface; and

(b)  patterning the layer using one or more of the following techniques:
(i) photolithography; or
15 (ii) electron-beam lithography.

Preferably, the step of applying one or more of the layers in a pattern

comprises applying the one or more layers in one or more of:

(a) a dot pattern comprising a plurality of dots separated by a plurality

of spaces;

20 (b) an inverse dot pattern comprising a plurality of inverse dots
separated by a plurality of inverse spaces;

(c) a line pattern comprising a plurality of lines separated by a plurality

of spaces;

(d) an inverse line pattern comprising a plurality of inverse lines
25 separated by a plurality of inverse spaces; or

(e) a planar pattern.

Preferably, the dots, inverse dots, lines and inverse lines have relatively
uniform diameters within each pattern and wherein the spaces and inverse

spaces are relatively uniform within each pattern. More preferably, the diameters



20 (c)a super lattice structure;(d)a quantumw re structure; or(e)a quantum
dot structure. Preferably, the quantumwell structure conprises of one or
“nmore of: (a) InGAsP/ I nGAsP; (b) InGAsP/InP; 25 (c) I nGAs/InP; 6 (d)
GaAs/ Al GaAs; (e) InGaAs/ GaAs; (f) InGaAl As/ GaAs; or (g) InGaAsN GaAs. 5 In
a second aspect, the present invention prgpvides a nodified sem conduct or
"having a plurality of band gaps, the sen conductor conprising: (a) a
surface; (b) a quantumregion which emts photons in response to el ectrical
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sel ected regions of said surface; wherein the plurality of |ayers are

t her mal 15 danersitecd thickngisg rangingdem 48 i@ b8PMMNai d nodi fi ed seni conduct or
exhibits a plurality of different band gaps in said plurality of portions

of sai d quant um Peferebladbersiemgf thermallysannsalingi thai hefetastruigiure plamprnisesy  of
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of selected regions of the surface, each of the plurality of patterned

| ayers conptQQd s@cadisarray of dots and/or |ines, each having different 25
dot and/or line densities and being adapted to cause, upon thermal

anneal i g, a pl uPeaferaplpthesgmicondyictarosfiseishg in a plurality of portions
of the quantum region disposed i medi ately bel ow each of the selected

regi ons of the s@gf aca semicadbictasrsmbstrate; @pdi fi ed sem conductor takes the
formof a |aser. 7

(b)  aquantum region.
More preferably, the semiconductor substrate is made from either:
(@) InP;or

15 (b) GaAs.

Preferably, the quantum region comprises one or more of:
(a) a single quantum well structure;
(b)  a multiple quantum well structure;
(c)  a super lattice structure;
20 (d) a quantum wire structure; or

(e)  aquantum dot structure.

Preferably, the quantum well structure comprises of one or more of: "
(a) InGaAsP/InGaAsP;

(b)  InGaAsP/InP;

25 (c) InGaAs/InP;



Throughout this specification, unless the context requires otherw se, the
word "conprise", or variations such as "conprises" or "conprising", wll
-understood to inply the inclusion of a stated elenent, integer or step, o
group of elenents, integers or steps, but not the exclusion of any other
el ement, integer or step, or group of elgrents, integers or steps. Any
“di scussion of docunents, acts, materials, devices, articles or the |like
whi ch has been included in the present specification is solely for the
pur pose of provi@ng @adsfilerAAsf or the present invention. It is not to be
taken as an adm ssion that any or all of these matters formpart of the
prior art base or,,wer eneral know edge in the field relevant to
t he present inveegioA%§%9§¥8§Q§Sted before the priority date of each claim
of this application. Preferred Enbodi ment A preferred enbodi nent of the
invention will néw beln@zdAsixaAs;loy way of ~5 exanple only, with reference
to the acconpanying drawings in which: Figure 1 is a flow chart
illustrating the net hﬁ&%l\gg‘%@?ap tuning a sem conductor heterostructure
according to théq)nve X es 2A and 2B are schematic side views of a
sem conductor heterostructure being band gap tuned according to a first
preferred nmethod; 20 Figures 3A to 3C are schematic side views of a

sem conduct or heterostructure being band gap tuned according to a second
preferred methody Figdegord i aspeét, Othe Nprdsent | ilenfibhNPrétigies hid dmtiftiear r ed
met hod according to the invention; Figures 5A to 5C are schematic plan
views of dotemiganduetor pavingranplupdity apbaned gapa, theseanicendyster eempdsingt hod of
the present invention; Figures 6A-61 are schematic side and plan views of a
sem conduct(@) heaeudace;uct ure bei ng band gap tuned according to the third
preferred nmethod; Figure 7 is a graph of the photol um nescence spectra

exhi bi ted bip)a samguaotuwhnagegionhwhichamitsiphatomstiornesponse to dlactyidad or logptisalcond
preferred t hod,.30 of the present jnvention; . Figure 8 js a graph

P Fust riit i ngronatians G dupntdimizaim boVinperon ing brod gaprandypefigdlisosed
phot ol um negggsIcRIPSafar@ \Rigengt h of different layer materials; Figure 9 is
a graph illustrating the rel ati onship between the coverage ratio and the
wavel engt h (Q,_f) seg fIQRAMHC bPTaydes &F0s plutality 65 niddfdls ANsodaRIesn bapliraligasr
tuned according to the'third preferred nethod; Figure 10 shows the

bl ueshi ft o$eleetedt reginnrg of Baid marpgey said plurality spixmatedalsr beiogr adaptedf tot he

o Fi gure 14 YPBorbREher SR A RO AR or hehPo BEA lraibA " ©
i ntegraied 3 pdHinsvel ehidnguantuht gegionvaigpbsied limpridiaiubariwireedhast eaidi ng
to the invention; and )

selected regions of said surface;

be
r

wherein the plurality of layers are thermally annealed to said surface,

and wherein said modified semiconductor exhibits a plurality of different

band gaps in said plurality of portions of said quantum region according to the

20 positioning of said plurality of layers of said plurality of materials on the surface
immediately above the respective portions of said quantum region.

Preferably, the plurality of layers comprises a plurality of patterned layers
disposed on the plurality of selected regions of the surface, each of the plurality of
patterned layers comprising an array of dots and/or lines, each having different

25 dot and/or line densities and being adapted to cause, upon thermal annealing, a
plurality of degrees of intermixing in a plurality of portions of the quantum region
disposed immediately below each of the selected regions of the surface.

In one form, the modified semiconductor takes the form of a laser.



Figure 12 is a plan view of a schematic diagramof a |aser source with four
di fferent wavel engths, which could be manufactured according to the nethod
*of the present invention. 15 The present invention is a nethod of band gap
tuning a sem conductor heterostructure. Figure 2A shows a side view of an
exanmpl e sem conductor heterostructure 1. 7As seen in that figure, the
"heterostructure includes a sen conductor substrate 2 having a surface 3 and
a quantumregion 4 enbedded 20 therein. In this preferred enbodi nent, the
sem conduct or sUb¥orgheuti thisvapecifigatiom, dindess the centexy aequises lotirerwisecathe.

quant um wel FOGF T SRR ARE S yBuAtdR FuBHCHh DfptRrsol (S etiioufod® MOk, o,
a quant um dgiderbtoegttorigmphy tHehatluspendh @@tdt@dléledd&ﬂniﬁt@%emmépnw §@upofd
takes 25 the formof a quantumwel| structure, it may be nade up of any one

of : (a) | ncRREIBNtH RIS ehsteppcRittigmtthpexclusionefany other elementaimiegarcias;

9 | nGa gagrs Ien:f(;ﬂ : | NnGaAsN GaAs. Fi 1 sh
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appl yi ng stwhichshdshbeen iphadeatlirf the presenhgpeacificatiornial sdlelyefos thed parstisei ofal
materials as required. The 1Ipreferred embodi nent i ncludes two, three or four
|l ayers of dRioVidinghta eNiextalos. theyprasent |igyentions elt 48 sBote ii Readaken afe an

materi al s fsélf’rﬂlsgio?\eth%f}%ﬁg}tﬁ%lls& thBgs n‘?étfé}s%rgrh @%rﬁbiﬁ {!}%Q?ﬁf JEbEEL Arserd' | es

the intermxing efficien the quantumreqgi erent degrees.
Sore metter | @mmmenogénerahkaosteddgeecin thee figidx relgvaritf tocthenpreseht timendioanas b

regi on whereas, gthers should. s ress the interm xi fficiency of the

Quant um T oG URteG RETATRARA Aoy HRiEr Sachnidant ALV JeREaliale been’ appl i ed to
the selected regions of the sem conductor surface 3, the next step involves
annealing 7 the heterostructure. This annealing step will cause interm xing

in the quan'gu region 4 and will produce a sem conductor heterostructure 1
wth a surfa@gzﬂm}lh cul ar regions which exhibit band gap shifts
dependi ng upon how nmany of layers of material they were covered by in the

appl yi ng step 5.Apsefesieshpmeodimery of dhe davestionawill igw beAlascabedyby wawehr  of

the 11 1S TBARABIon PSR Bihe BceblbEAARE FARMAENR AL |1 om

anot her regiron o € surtace ch was on yer of the

second material .g; r K i i i by | r f t he
first and secondF'hE{éeEli énsf g&%ﬁ?gﬂg&twgﬁatﬁﬁﬁ%ﬁé@g&éf (?%Y@aﬁaagtggmsd;iaft.
Preferred esdmigondotior beterbstsuctatdhactardingl toithg invemtieppl i cation of two or 25
three layers of material will now be described with reference to Figures 2A
to 3C. Turning tBighrepur2A 2andt BB fare sschemétic reide neleed dfnaolseasicalcyomg 5

I
atayer heterostructure being band gap tuned according to a first preferred method;

20 Figures 3A to 3C are schematic side views of a semiconductor
heterostructure being band gap tuned according to a second preferred method;

Figure 4 is a flow chart illustrating the third preferred method according to

the invention;

Figures 5A to 5C are schematic plan views of dot and line patterns

25 employed in the third preferred method of the present invention;

Figures 6A-61 are schematic side and plan views of a semiconductor

heterostructure being band gap tuned according to the third preferred method;

Figure 7 is a graph of the photoluminescence spectra exhibited by a
semiconductor heterostructure formed according to the second preferred method

30 of the present invention;



of afirst material 8 to a region marked "A" on the sem conductor surface
3. The next step shown in Figure 2B involves applying 6 a | ayer of a second
“material 9 to the regions marked "A" and "B" on the sem conductor surface
3. 10 The two materials 8,9 should be selected so that they vary the
interm xing efficiency of the quantumregon to different degrees. Sone
“exanpl es of appropriate |ayer materials are: (a) Si02, 5 (b) SixNy wherein
X and y are intel%ers reater than zero. (c) LTInP (low tenperature

QU(QJIE
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Si XNy, 1o LT(In)GaAs and _Si xNy...A.nynb of .ot her. contbi nat,jons are al so
onvi Saged. The | 500r 87 2peb NG Yorg a1 ohShip Rthean, e iy Brod et
sem conduct grid sk fedreléngthi sfdsémicoptiutioe HerblodtuBiré S ML URRe béen Mareima
enhanced chem cal vapour deposition (PECVD); (b) E-beam evaporation; or 15

(c) the 5pi gaRtNAsk 3rs@rdimg o the thikd prefermgdimedietLT(1 n) GaAs shoul d be
deposited on the _sem conductor surface at a | ower epitaxy tenperature by

ei ther of the foFigui# 1§ shawsithp bbieshdl ohihentrapsactiAncensialyi weBus 4o @ixNy
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Figure 1, the nhe ermal ['y” annéal I'ng Sem con
het er ost r ucthergraph of lFigurer@ieal i ng step 7 involves rapidly thermally

anneal ing the heterostructure at tenperatures ranging from500 to 1000C for
tinme periods rangigage il aaberopddine stheatis.diddraheotaimdrvithiedly ipfddratedcan
be 25 achieved with different annealing tenperatures and times. These

vari ati ths dval wavelerglbdidga waveauide lasesrmaapufachired @acgeeding & the fveatign;

Thi s anneal -ﬁ'@ causes intermxing in the quantumregion 4 and results in
different regions of the sem conductor surface 3 exhibiting different band

gap shifts dependi . first
Taterial o 11 ook 1235 aiEh Vel RS ScHERUR HeEdEh (o aodh SBlrct wiliour,
first and seiffershtiwdwesierdths, Walchecaulplbe manefactgiednacoardiad toAhei meffioguofe 2B
woul d exhi bjt a band gap, shift sonewhere in between the band gap shifts
usual |y ethﬁﬁ@aewni’ﬁ’g"qr}-rst and second materials 8 9, whereas the
region nmarked "B" would exhibit a band gap 5 shift corresponding to the
usual b¥nd gap shift exhibited by the second material 9. A second preferred
method is illustrated in Figures 3A to 3C. The steps of applying 5 the

|l ayers of a firsThagtresent| ingeatien is scoeitrthel dandl gam tenigdra segucenticl® ar e

the same stApRERnAEHE ' FIguY 34" ol B"6Re! Dell BF ' XA sehhibddiRtor

heterostructure 1. As seen in that figure, the heterostructure includes a
semiconductor substrate 2 having a surface 3 and a quantum region 4 embedded
20 therein. In this preferred embodiment, the semiconductor substrate is made up of

one or more layers of InP or GaAs.

The quantum region 4 may be a single quantum well structure, a multiple
quantum well structure, a superlattice structure, a quantum wire structure, a
quantum dot structure or their combinations. When the quantum region 4 takes

25 the form of a quantum well structure, it may be made up of any one of:

(a) InGaAsP/InGaAsP;
(b)  InGaAsP/InP;

(c) InGaAs/InP;

(d) GaAs/AlGaAs;



lo that the layer of the first material 8 is applied in the regi on marked
"C'" and the layer of the second material 9 is applied in the regi ons marked
""C' and "D'. The sanme nuneral s have been used to indicate correspondi ng

i ntegers. Figure 3C shows the additional step of applying a |ayer of a
third material 10 to a selected region (the regions marked "C', "D' and
"E') of the surface 3. 15 The materials used in each of the three | ayers
may be selected fromthe same group of materials suggested above in the two
| ayer versi@. ANGAAMERO8 naterials may al so be selected, providing that
the three materials are adapted to vary the interm xing efficiency of the

quant um r egjgpn t | (ﬁn .gegrees. This is so that different conbinations
of the Iayeg’s) pr@ﬁc@ﬁs{ eSr’ce!ﬁt band gap shifts. 20 Once the sem conduct or

het erostructure 1 shown in Figure 3Cis thermally anneal ed, the surface 3
of the sem @ndulGaAsN/@aAs. exhi bit different band gap shifts at different
regi ons of the surface dependi ng upon the |ayers of first, second and third

materials applied to th regi an, appl ying t di.fferent |lavers of
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6 one or nomatedals s reydredl. t Ther prbfereed embediment iintivded twos shrigeeobdagr gap
shifts. 12 Fi gutréa_% 5A to 5C are schematic plan views of dot and |ine
patterns ems8isef difierent matagialy. SUEher laversataalgo SNvisagedr esent i nventi on.
In Figure 5A a dot pattern is shown where the dots 11 each have a di aneter

of 1 pni® Each of Th@enalerialsaslhowd e selegtad sontbat rash 1 thediffergninmaterigls
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that by appMpe ers,shauld sHppiessd ?859?@'?"”_9 isignew Phhe quaRiugyiegion.
aceurately contras dhown in Eigure 5 once e Hydre ave bésn Sppiad fo the selected
15  regions of the semiconductor surface 3, the next step involves annealing 7 the
heterostructure. This annealing step will cause intermixing in the quantum region

4 and will produce a semiconductor heterostructure 1 with a surface 3 having

particular regions which exhibit band gap shifts depending upon how many of

layers of material they were covered by in the applying step 5. For example, if a

20 region was only covered by a layer of the first material, it would exhibit a different

band gap shift from another region of the surface which was only covered by a

layer of the second material. In turn, a region which was covered by layers of

both the first and second materials would exhibit a third degree of band gap shift.

Preferred embodiments of this method involving the application of two or
25 three layers of material will now be described with reference to Figures 2A to 3C.

Turning to Figure 2A, the first preferred method involves applying 5 a layer
of a first material 8 to a region marked “A” on the semiconductor surface 3. The
next step shown in Figure 2B involves applying 6 a layer of a second material 9 to

the regions marked “A” and “B” on the semiconductor surface 3.



and thereby control the band gap tuning. For exanple, in Figure 5A the
spaces between the dots represent 90% of the surface area, the spaces
“between the dots in Figure 5B represent 75% of the surface area and the
spaces between the lines in Figure 5C represent 67% of the surface area. 15
The inventors have found favourable resukgs by applying a |layer of materi al
and then patterning the layer into the dot or line arrays using

phot ol i t hography or el ectron-beamlithography. In the preferred enbodi nent,
t he di ameters anthetwamatedals &9 shealdibe selertechdo thatebey Yagy the itermmivialgy

uni form and_g. f e han 1.~mup to 2 Vi Al terpative pattern
styles, siz f@@igﬂgy séfgméatqs"gwiwﬁr Ee%{?gotogg'fg%@wsé%]@&e?%cl g&m‘?g QX%UZQJ%% Q:fot
patterns, iasebphatel lBgeRbtitialsarad! anar patters, lattice style patterns and
the like. Figure 6Ato 61 are schematic side and plan views of a

sem conduct(@) hegijgy,ostructure being band gap tuned according to the third
preferred met hod which includes this patterning step. 2s As shown in Figure

6A, the gretigd iSyN] whsraiwRlaHd g ake mtégatsigreateftidd Sdromaterial 8 to a
sem conductor heterostructure 1 having a surface 3 and a quantum regi on 4.

As shown i ncfi gu_rﬂnﬁﬁ;owlf@nPseatur%tcmbdsﬁtéelmpﬁ gremoving part of the layer of
first material fromthe surface 3 | eaving a covered region nmarked "F' and

3 d ' mie : inthe sid
an 30 uncovgpe Eﬂ%)@bm&ﬁqemﬁg?g%ﬁé%&ﬁ?eeeﬁggg?&? (%%ngn in the side

view of Figufe 6C, i'nvolves pat e first material 8.
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face defined Jy th At th ' ked "F" and "J" |
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6E, the nexdyridcs hgm@léfg,sofqﬁglfmid@gngté udyd: a second 1o material 9 to
the sem conductor surfacé 3. In this exanple, it can be seen that the

second mat e(fa'?aI plabing ém%n%ég%ﬁépﬁé’al%Tp%%eb%%ﬁcts‘fﬁgﬁé% f the Tirst

material in the region marke The | ayer second material also

covers the (rbggi oE-yfant ggaﬁ%{igﬁ;eo,rmr ked "G'.
15 (c) the spin-on method.

The layers of LTInP and LT(In)GaAs should be deposited on the
semiconductor surface at a lower epitaxy temperature by either of the following
techniques:

(a)  metal organic chemical vapour deposition (MOCVD); or
20 (b)  molecular beam epitaxy (MBE).

Returning to Figure 1, the next step involves thermally annealing the
semiconductor heterostructure 1. This annealing step 7 involves rapidly thermally
annealing the heterostructure at temperatures ranging from 500 to 1000°C for
time periods ranging from 1 to 1000 seconds. Different band gap shifts can be

25 achieved with different annealing temperatures and times. These variations are
discussed below with reference to the graph of Figure 8.

This annealing causes intermixing in the quantum region 4 and results in
different regions of the semiconductor surface 3 exhibiting different band gap

shifts depending upon whether they were covered by a layer of the first material,



Turning to Figure 6F, the next step involves patterning 6 the |Iayer of the
15 second material 9. In this exanple, two different line patterns are used
in the region marked "G' to produce a nunber of lines 12 of the second
material 9. As shown in the plan view of Figure 6G the first line pattern
17 is applied to the area of the surfaceqgefined by the conbination of the
regions marked "G' and "H'. This is a line pattern of 1 ~mlines 12
separated from one another by 2 ~m 20 spaces 13. The second line pattern 18
formed in tahéayerehths secandsmeteried ared layedobgachhef therfisbhand secaid materialgyi ons

From one._arongrByler e aRhigh" ARG SGeR Moy SRUEEDFASTE I e,
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sem conductor 1. As shown in that figure, the 25 |layer of third material 3

fills the gegpPnEMptariades, Bhwhererssthepragion marked oRd wesld exiibita pand gap
regi on rk "o d i V ' .
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so that different combinations of the layers produce different band gap shifts.
20 Once the semiconductor heterostructure 1 shown in Figure 3C is thermally
annealed, the surface 3 of the semiconductor 1 will exhibit different band gap
shifts at different regions of the surface depending upon the layers of first, second

and third materials applied to that region.

By applying the different layers of material to different regions of the
25 surface, a variety of different band gap shifts can be achieved in different regions

of the semiconductor surface.

The embodiments described so far have involved the steps of applying 5

two or more layers of materials and annealing 7 them to band gap tune a
semiconductor heterostructure. The method illustrated in the flow chart of Figure

30 4 uses those same steps but adds the step of patterning 6 one or more of the

layers to produce a wider variety of possible band gap shifts.



20 structure. It can be seen fromFigure 7 that each of the different
materials varied the intermxing efficiency of the quantumwell structure
“to different degrees. Figure 8 is a graph illustrating the effect of
annealing tine on the blueshift of the photol um nescence peak wavel ength 9
of different |ayer materials. The X axisq9§f Figure 8 represents the
“annealing tine in seconds and the Y axis 25 represents the blueshift in
nanonmetres. Fromthese test results it can be seen that the blueshift of
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9, this grapametenltt nneand pee separatad Epmsaneanether by hni ng step in band
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Si xNy coverage ratio. Other favourable results were found using a

combi nagg on of SAQ?sh%WiH lnTF@?Jré%Aﬁ tﬁbq’ﬁe%@ |h%i\/@k%‘b‘-’ry|9§®55|§yérh6f a first

materials vary the intermxing efficiency of the quantum regi on
different degteriad. 8 to a semiconductor heterostructure 1 having a surface 3 and a

quantum region 4.

As shown in Figure 6B, the next step involves removing part of the layer of
first material from the surface 3 leaving a covered region marked “F” and an
30 uncovered region marked “G”.



To obtain a wider range of transition energy shifts when fabricating nore
conplicated or large scale photonic integrated circuits, three or nore
"layers of materials can be enployed at the sane tine. By varying the
coverage ratios of 1o the various materials many nore transition energy
~shifts can be achieved across the heterogjructure. One application exanple
of the present invention is shown in Figure 11. That figure shows a
perspective schematic diagramof a nonolithically integrated dual

wavel engt h ri dgelheanexustep, shewn in Tie sideavipeoishigure 6€, anypleeke pattenhing 65

t i h junctd o GRI NS aser structure. The n-type
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the conbi nataPgratse bw@istancag Pf &ikMer Si 02 and SixNY or LTInP-LT(1n)GaAs and
Si XNY may be used to achieve wavelengths ~, ~, ~ 2 ~ 3 and 7~4. In this
exanpl e gai n r egi WRINgetohBiguiR B, &heynext-stepaindolyas rmpréing e tayena avgaosindngt h

wevel ergt n el o B ahichBudEr SgaEs o, b HSENeRE E5RI Ik iy thar
t r anspar enttht Gevene Ineatetibfillétheapdces 23 bdiweeAah@idots 18 o éise firstavatbralghh
~, 3 that should be transparent to ~, ~ but which absorbs wavel ength ~, 2 so

that |aser thedagionrpatkedeF". Thedayer ofdhe sacand materialalse severs the regiep ¢ai n

region 16 nkBqg8i on 17 is electrically biased. In this way the
four di ffeﬁ@ﬁ%u@g% gapg(rjegi ons in the wafer can be used to produce a

monolithically i ed. I I | I f j gur e
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20 spaces 13. The second line pattern 18 formed in the area of the surface defined

by the combination of the regions marked “G” and “J” is a line pattern consisting

of 1 um lines 12 separated from one another by 1 um spaces 13.

Turning now to Figure 6H, the next step involves applying a layer of a third

material 10 to the surface 3 of the semiconductor 1. As shown in that figure, the

25 layer of third material 3 fills the gaps 13 between the lines 12 of the second
material 9 in the region marked “G”.

The next step involves thermally annealing 7 the heterostructure to cause
intermixing in the quantum region thereby producing a semiconductor
heterostructure with a surface having particular regions which exhibit different

30 band gap shifts depending on which combination of materials they were covered
by.



As shown in Figure 12, the sem conductor heterostructure 1 should have the
patterned | ayers applied to it in such a way as to produce active | aser
“regions 15 30, 31, 32 and 33 havi ng wavel engths ~, ~, ~ 2, 7~-3 and ~, 4
respectively. These active regions should be integrated with nodul ators 34,
.35, 36 and 37 which each have transitionqgnergy |evels which are slightly

| arger than those of the active regions to which they are connected. These
nodul ators are integrated with Yjunction couplers 38 and 39 which are
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scope of tmh?ﬁ\?’g&n’{ P%na%%%ﬁggwg@@%i?Wb@?wﬁ% %ﬁéiéen@n% 'ﬁ?%g@ %ﬁ?@és;érse,

t her ef otoe, amd Oiffecentgatiere doveragelratiespects as il lustrative and not
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havi ng a pl ural i Figurd 7bshoivgapgraphiof thetphatblominescenog sipleetra texdbiteld: by a
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thermal |y annealing said plurality of layers to said surface such that said
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Figure 8 is a graph illustrating the effect of annealing time on the blueshift
of the photoluminescence peak wavelength 9 of different layer materials. The X
axis of Figure 8 represents the annealing time in seconds and the Y axis
25 represents the blueshift in nanometres. From these test results it can be seen
that the blueshift of the photoluminescent peak energy for the SiO, covered
sample 14 and the LTInP covered sample 15 increase as the annealing time
increases. It can also be seen that a layer of LTInP will blueshift the band gap
more than a layer of SiO,. This graph also shows that the photoluminescent
30 peak energy for the SixN, sample 16 remains substantially the same for the entire

range of annealing times.



surface i medi ately above the respective portions of said quantum region.
20 2. A nethod according to claiml1l wherein said plurality of |ayers
“conprises between two and five layers and wherein said plurality of
materials conprises between two and five materials. 25 3. A nethod
~according to claiml or claim2 wherein g |east one of said materials is
selected fromone of: (a) Si02; or (b) SixNy, wherein x and y are integers
greater than O. 20 4. A nethod accordin? to claim3 wherein said step of
appl yi ng sai d pllortheisepnpies paglyped the swentqss apalied pidYy fimsewiththickressgsd
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coverage ratios. The 0% coverage ratio indicates that the surface area was
totally covered by SiO,. The 10% coverage ratio indicates that the surface area
15 was covered by 10% SikNy and the 100% coverage ratio indicates that the
surface area was entirely covered by SiyN,. The intermediate coverage rations
are self explanatory. This experiment indicated that the wavelengths exhibited by
the quantum well could be accurately manipulated by varying the coverage ratios

of the different layers.

20 It also indicated that the intermixing in the quantum wells was uniform
since the photoluminescent spectra for samples with different SixN,/SiO;
coverage ratios had similar line widths.

Figure 10 shows the blueshift of transition energy versus the SiNy

coverage ratio of the samples used in the experiments shown in Figure 9. The X

25  axis of Figure 10 indicates the SixN, coverage ratio expressed as a percentage of
the surface area, the Y axis represents the energy shift in meV. This graph
shows that the largest blueshift was exhibited by the sample that was fully
covered with SiO,. The least shift was that exhibited by the sample having its
surface fully covered by SiNy. Three intermediate values were also shown.

30 Using this technique the inventors were able to achieve at least five different
transition energies in different areas of a single semiconductor heterostructure

using just two different materials and one thermal annealing step.



21 (i) photolithography; or (ii) electron-beamlithography. 9. A nethod
according to claim7 or claim8 wherein said step of applying 5 one or nore
-of said layers in a pattern conprises applying said one or nore |layers in
one or nore of: (a) a dot pattern conprising a plurality of dots separated
by a plurality of spaces; (b) an inverseqgot pattern conprising a plurality
of inverse dots separated by a 1o plurality of inverse spaces; (c) a line
pattern conprising a plurality of lines separated by a plurality of spaces;

(d) an inverse |Theipgntersrhayeripundithat hepsaipeteehnigge mayealse bie applied to
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wher ei n sai MEEIPISIHGEr conprises: (a) a seniconductor substrate: and
(b) a quantumregion. 16. A net hog according to claiml1l5 wherein. said
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substrate 21 may be a GaAs or InP semiconductor or the like. On top of the
substrate 21 is a lower cladding layer 22 with n-type doping to 2x10'® cm™. The
laser also includes an upper cladding layer 26 with p-type doping to 5x10'® cm™.
Between the lower and upper cladding layers lie the lower 23 and upper 25

20 confinement layers which sandwich the active region 24 which, in this example, is
a quantum well structure. The laser also includes metal contacts 28, 29 for the
electrodes.

By applying different layers of different materials to the surface of the
semiconductor heterostructure in different patterns, a number of different regions,

25 each exhibiting different wavelengths, can be achieved. In this example, the
combination of two films, either SiO; and SixNy or LTInP-LT(In)GaAs and SixN,

may be used to achieve wavelengths A4, A2 A3 and A4.

In this example gain region 16 has wavelength A, and gain region 17 has
wavelength A,. The Y-junction coupler region 19 has a transition energy with

30 wavelength A4 that is short enough to ensure that it is completely transparent to
wavelengths A4 and A,. The isolator 18 has a wavelength A; that should be

transparent to A4 but which absorbs wavelength 1, so that laser light from the
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I nGaAs/ GaAs; (f) InGAl As/ GaAs; or (g) InGAsN GaAs. 19. A nodified
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As shown in Figure 12, the semiconductor heterostructure 1 should have
the patterned layers applied to it in such a way as to produce active laser regions
15 30, 31, 32 and 33 having wavelengths A4, A2, A3 and A4 respectively. These
active regions should be integrated with modulators 34, 35, 36 and 37 which each
have transition energy levels which are slightly larger than those of the active
regions to which they are connected. These modulators are integrated with Y-
junction couplers 38 and 39 which are integrated with a further Y-junction coupler
20 19. These three Y-junction couplers combine to couple the four laser beams into
the one output wave guide 20 which exhibits all four wavelengths. The Y-junction
couplers should have transition energy levels and output wave guides which are
larger than those of the active regions and the modulator regions in order to avoid
absorption.

25 In order to form such a laser the heterostructure 1 needs to exhibit nine
different transition energy levels, one for each of the four active regions, one for
each of the four modulator regions and one further transition energy level for the
three Y-junction couplers together. The present invention provides a method of
readily achieving nine or more different transition energy levels in different areas

30 of a single heterostructure.

It will be appreciated by persons skilled in the art that numerous variations

and/or modifications may be made to the invention as shown in the specific
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gaps, the method comprising the steps of:

providing a semiconductor having a surface and a quantum region which
5 emits photons in response to electrical or optical stimulation, the quantum region

having an original band gap and being disposed under said surface;

applying a plurality of layers of a plurality of materials to a plurality of

selected regions of said surface, said plurality of materials being adapted to

cause, upon thermal annealing, a plurality of degrees of intermixing in a plurality

10  of portions of said quantum region disposed immediately below each of said
selected regions of said surface; and

thermally annealing said plurality of layers to said surface such that said
layers of said materials cause said plurality of degrees of intermixing in said
plurality of portions of said quantum region thereby shifting the original band gaps

15  of said portions of said quantum region,

thereby forming a modified semiconductor which exhibits a plurality of
different band gaps in said plurality of portions of said quantum region depending
upon the positioning of said plurality of layers of said plurality of materials on the

surface immediately above the respective portions of said quantum region.

20
2. A method according to claim 1 wherein said plurality of layers comprises
between two and five layers and wherein said plurality of materials comprises
between two and five materials.

25 3. A method according to claim 1 or claim 2 wherein at least one of said

materials is selected from one of:
(a) SiOy.or

(b)  SixNy, wherein x and y are integers greater than 0.
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surface comprises applying at least one of layers using one or more of the

following techniques:
5 (a) plasma enhanced chemical vapor deposition (PECVD);
(b)  E-beam evaporation; or

(¢)  the spin-on method.

5. A method according to claim 1 or claim 2 wherein at least one of said
10  materials is selected from one of:

(a) LTInP (low temperature deposited InP); or

(b)  LT(In)GaAs (low temperature deposited InGaAs or GaAs).

6. A method according to claim 5 wherein said step of applying said plurality
15  of layers of said plurality of materials to said plurality of selected regions of said
surface comprises applying at least one of said layers using one or more of the

following techniques at a lower epitaxy temperature:
(a)  metal organic chemical vapor deposition (MOCVD); or

(b)  molecular beam epitaxy (MBE).

20
7. A method according to any one of claims 1 to 6 wherein the step of
applying a plurality of layers of a plurality of materials to a plurality of selected
regions of said surface comprises applying one or more of said layers in a
pattern.

25
8. A method according to claim 7 wherein said step of applying one or more

of said layers in a pattern comprises:
(a)  applying said layer to said selected region of said surface; and

(b)  patterning said layer using one or more of the following techniques:
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spaces,

(d)  aninverse line pattern comprising a plurality of inverse lines separated by

a plurality of inverse spaces; or

15 (e) a planar pattern.

10. A method according to claim 9 wherein said dots, inverse dots, lines and
inverse lines have relatively uniform diameters within each pattern and wherein
said spaces and inverse spaces are relatively uniform within each pattern.

20

11. A method according to claim 10 wherein said diameters of said dots and
lines is less than or equal to 2 um.

12. A method according to claim 10 or claim 11 wherein said spaces and

25 inverse spaces are less than or equal to 2 pm.

13. A method according to any one of the preceding claims wherein said step

of applying said plurality of layers of said plurality of materials to said plurality of
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(b)  aquantum region.

16. A method according to claim 15 wherein said semiconductor substrate is
15 made from either:

(a) InP; or

(b) GaAs.

17. A method according to claim 15 or claim 16 wherein said quantum region

20 comprises one or more of:
(a)  asingle quantum well structure;
(b)  a multiple quantum well structure;
(c)  asuper lattice structure;
(d)  aquantum wire structure; or

25 (e) aquantum dot structure.

18. A method according to claim 17 wherein said quantum well structure

comprises of one or more of:
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10  formed by the method as defined in any one of claims 1 to 18.
20. A modified semiconductor according to claim 19 forming a laser.

21. A modified semiconductor having a plurality of band gaps, the
15 semiconductor comprising:

(a) asurface;

(b)  a gquantum region which emits photons in response to electrical or optical
stimulation, the quantum region having an original band gap and being disposed
under said surface; and

20 (c) a plurality of layers of a plurality of materials disposed on a plurality of
selected regions of said surface, said plurality of materials being adapted to
cause, upon thermal annealing, a plurality of degrees of intermixing in a plurality
of portions of said quantum region disposed immediately below each of said
selected regions of said surface;

25 wherein the plurality of layers are thermally annealed to said surface,

and wherein said modified semiconductor exhibits a plurality of different
band gaps in said plurality of portions of said quantum region according to the
positioning of said plurality of layers of said plurality of materials on the surface

immediately above the respective portions of said quantum region.
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