1 ALight Emtting D ode Structure And A Method O Forming A Light Emtting

Di ode Structure FIELD OF | NVENTI ON The present invention rel ates
broadly twoaoloogbtszemi tti ng di ode structure and a net hoedcoisGhemwmbeogs a | i ght
emtting diode structure. BACKGROUND A conbi nation of red, green and

blue light emtting diodes (LEDs) can produce white |light. However, it has
been noted that current white LEDs rarely use the above principle. "Wite"
LEDs in production currently are typically nodified blue LEDs i.e. Gllium
Nitride (GaN)-based with IndiumGlliun N tride (InGN)-active-|layer LEDs
that emt ye |ight having wavel engt hs bet ween about 450 nm_and 470nm
Tyoi cal |y A Lt pe Dleds st tie AR &(ehed o Termingd Fisiit Smigins phor
coating conprising ceriumdoped Diddé Strusturel num gar net (Ce3+: YAG crystals
whi ch have been powdered and bound in a type of viscous adhesive. Such a
LED chip emts blue light, part of which is efficiently converted to a
br oad- spectrum centered at about 580 nm (yellow Iight em ssion) by the
Ce3+: YAG rhal yeI low light stinulates the red and green
recept or sﬁ%ﬁ'ﬁ "ﬁ@"%‘ﬁ“? resulting mx of blue and yellow |ight gives the
appear ance of white Ilght the resulting shade typically referred to as
"l unar white" I[}ﬁ rial .can be
t uned by substh Qér{t?rﬂlﬁeéﬁcénﬁ’}%d%%? 5’@3&5’ gg?tqr&e% gelifr&ecﬁ rJgadsnﬁ'c as
t er bi um anath@ddxsfqrmngrﬁ "ﬁﬁ@n’d’f&ﬁgl@i@dqmw@weadj usted by substituting sone,

or all, of the alumnumin the YAGw th gallium Due to the spectral
characteristics of such LEDs, one problemthat can arise is that the red
and green colours of objects illumnated in the blue yellow Iight are not

as vivid pACKGROYRD- spectrum | i ght. Further, manufacturing variations and
varying thickness in the phosphor coating typically cause LEDs to produce
light with different col our tenperatures, e.g. ranging fromyellow to cold
bl ue. As such,A dbrabielstRont FFe0UFbsh ahdlBluedight emitting diodes (LEDs) can produce

white light. However, it has been noted that current white LEDs rarely use the above
principle. “White” LEDs in production currently are typically modified blue LEDs i.e.
Gallium Nitride (GaN)-based with Indium Gallium Nitride (InGaN)-active-layer LEDs that
emit blue light having wavelengths. between about 450 nm and 470nm. Typically, the
InGaN-GaN structure is covered with a yellowish phosphor coating comprising cerium-
doped yttrium aluminum garnet (Ce3+:YAG) crystals which have been powdered and
bound in a type of viscous adhesive. Such a LED chip emits biue light, part of which is
efficiently converted to a broad-spectrum centered at about 580 nm (yellow light
emission) by the Ce3+YAG material. Since yellow light stimulates the red and green
receptors of the eye, the resuiting mix of biue and yellow light gives the appearance of
white light, the resulting shade typically referred to as “lunar white”. The pale yellow
emission of the Ce3+::YAG material can be tuned by substituting the cerium with other
rare earth elements such as terbium and gadolinium, and can be further adjusted by
substituting some, or all, of the aluminum in the YAG with gallium.

Due to the spectral characteristics of such LEDs, one problem that can arise is
that the red and green colours of objects illuminated in the blue yellow light are not as
vivid as in broad-spectrum light. Further, manufacturing variations and varying thickness
in the phosphor coating typically cause LEDs to produce light with different colour
temperatures, e.g. ranging from yellow o cold blue. As such, disadvantageously, the



resulting LEDs are required to be sorted by their actual characteristics
duri ng manuf acture. As an alternative to the above, white LEDs can be
made by ocwatnrgpsesar ultraviolet emtting LEDs with a mPkrisGeowmfookizgh

ef ficiency europiumbased red and blue emtting phosphors with green
emtting copper and al um num doped zinc sulfide. This nmethod is anal ogous
to how typical fluorescent |anps work. However, one problemis that the
ultraviolet light typically causes photo-degradation to the epoxy resin of
t he LEDs and other materials used in I12ED packagi ng. The phot o-degradati on
typically ads shorter lifetines rther, thjs thod is typically
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di scussednathdattyresi nce the Stokes shift of this nethod is larger, and thus,
nore energy is required to be converted to heat, even if light is produced
under this nmethod with better spectral characteristics and col our

renderi ng. As an|aiteaitivd itorthe @abbiee whites €EDexc=st bagnadembveraiatihg weat e LEDs
are typi t I i I a |layer
ot phosprir g ARG (PoR 'S RGSL'o il edhey ifopnlra sl ik | oh ey
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met hod of tformn ting |ode structure that See to ad ress at
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aspect ofLEtdgeardraﬁa-%atémansédqri,Ledwcﬁag.ﬁg nfh@\ﬁh%ddearédagm tyBlSkiy ubaas di ode
structure, the structure co ,,.a Sup erlattice conmpri sl ng I rst
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the first quantumwel| [ayer and conduction 3 band energy of the second

quantumwel | layer is matched to a single or nmultiple optical phonon energy
for reduci ng déhedditiomtokthaebowe, eristinggcammenftal whiteLERS Brectypically expeifdies
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production costs. Furthermore, phosphor coating typically lowers the colour rendering
index of the LEDs.

Therefore, there exists a need for a light emitting diode structure and a method
of forming a light emitting diode siructure that seek to address at least one of the
above problems.

SUMMARY

In accordance with a first aspect of the present invention, there is provided a -
light emitting diode structure, the structure comprising, a superlattice comprising: a
first barrier layer; a first quantum well layer comprising a first metal-nitride based
material formed on the first barrier layer; a second barrier layer formed on the first
quantum well layer; and a second quantum well layer comprising the first metal-
nitride based material formed on the second barrier layer; and wherein a difference
between conduction band energy of the first quantum well layer and conduction



A difference between conduction band energy of the first barrier |ayer and

t he conduction band energy of the first quantumwell |ayer nmay be matched
to a singwe 2oro/03mi3ki pl e opti cal phonon energy for reduciPog/Sekenton@ns ki neti c
energy in the superlattice. The second quantum wel | |ayer may be
arranged to have a nole fraction of the nmetal elenent nore than that of the
first quantumwell layer to facilitate the match of the conduction band
energy difference. The structure may further conprise an active
region quantumwel | |ayer conprising & third barrier |ayer; an electron

capture regi.on |ayer conprisin &he first netal-nitride based mahighi al

formed orfaHENERIY AT s Peeand um gvellayer §uBAtchRe vieIa singlpe?r oY si ng

the firstoptiedlahonbh eheryylieseduding elecitbn kibetie eneigy imhteadupetist@be.capt ur e
region |ayer, the third quantumwel |l |ayer havi ng quantum dot

nanost ruct ures enbedded therein; and wherein material conposition and

t hi ckness of (e sipedaitioa ntapbel repeaegioforinay er times @othiel gitucede twheranyi | i t at e
el ectron £LARYYIT €. The active region quantumwel | |ayer may be
repeatedly formed mtinmes in the structure whereby 1< nx 5. The
structure may further conprise a p-type contact structure fornmed on an
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second netal -nitride based material having a different netal el enent
conpar ed SUBSH#ECS i rst nmetal -nitride based material . The first
metal -nitride based material may conprise IndiumGlliumN tride (I nGN).

The second quantum well layer may be arranged to have a mole fraction of
the metal element more than that of the first quantum well layer to facilitate the
match of the conduction band energy difference.

The structure may further comprise an active region quantum well layer
comprising a third barrier layer; an electron capture region layer comprising the first
metal-nitride based material formed on the third barrier layer; a third quantum well
layer comprising the first metal-nitride based material formed on the electron capture
region layer, the third quantum well layer having quantum dot nanostructures
embedded therein; and wherein material composition and thickness of the electron
capture region layer is configured to facilitate electron capture.

The active region quantum well layer may be repeatedly formed m times in
the structure whereby 1< m< 5.

The structure may further comprise a p-type contact structure formed on an
outermost one of the quantum well layers, the p-type contact structure comprising a
p-type metal-nitride layer.

The p-type contact structure may comprise a multiple-stage doping profile.

The p-type contact structure may be doped with magnesium (Mg).



The nole fraction of Indiumin the first quantumwell |ayer may be in a

range of about 0.05 to about 0. 35. The nole fraction of Indiumin the
second guaotarvoselsk | ayer may be in a range of about 0. ®@8I68G2aab@ias 0. 38.
The nole fraction of Indiumin the third quantumwell |ayer may be in a
range of about 0.15 to about O0.45. The nole fraction of Indiumin the
fourth quantumwel |l |ayer nay be in a range of about 0.20 to about 0.50.
The structure may be capable of emtting anber |ight. The structure
may further conprise one or nore blue/green |ight emtting nultiple quantum
wel | layers whereby the structure is capable of emtting white light. The

opti cal phonon energy nmay be a | ongitudinal optical phonon energy.

In a_cglotr]I dance E#ohhb?m?eqwui ﬁ&plecdmde bes@‘dﬁlﬁgﬁietélmﬂéiMedtrhr@féinai S hod
provi ded a net 0 0 a li emtti i ode .structure met ho
Conpr o1 PV iees Sitepor b eind S tersitlc the Ak ViR fangt Biaaral: "bar ri er
| ayer; formng a flrst quantumwel |l layer on the first barrier |ayer, the
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form ng a secon arrier layér-onthe1rrs um we er rmnga
second qudnidaih wel | | ayer on the second barr| er layer, the second quantum
wel | layer conprising the first netal-nitride based material; and 5

The mole fraction of Indium in the first quantum well layer may be in a range
of about 0.05 to about 0.35.

The mole fraction of Indium in the second quantum well layer may be in a
range of about 0.0810 to about 0.38.

The mole fraction of Indium in the third guantum well layer may be in a range
of about 0.15 to about 0.45.

The mole fraction of Indium in the fourth quantum well layer may be in a
range of about 0.20 to about 0.50.

The structure may be capable of emitting amber light.

The structure may further comprise one or more blue/green light emitting
multiple quantum well layers whereby the structure is capable of emitting white light.

The optical phonon energy may be a longitudinal optical phonon energy.

In accordance with a second aspect of the present invention, there is
provided a method of forming a light emitting diode structure, the method comprising
the steps of: forming a superlattice, by forming a first barrier layer; forming a first
quantum well layer on the first barrier layer, the first quantum well layer comprising a
first metal-nitride based material; forming a second barrier layer on the first quantum
well layer; forming a second quantum well layer on the second barrier layer, the
second quantum well layer comprising the first metal-nitride based material; and



wherein a difference between conduction band energy of the first quantum
wel | layer and conduction band energy of the second quantumwell |ayer is
mat ched twoaosvesgize or rnultiple optical phonon energy fecTrsedusiong3gl ectron
ki netic energy in the superlattice. The met hod may further conprise
form ng the superlattice repeatedly for n tinmes whereby 2<n<10. A

di fference between conduction band energy of the first barrier |ayer and

t he conduction band energy of the first quantumwell |ayer nay be matched
to a single or nultiple optical phonorb energy for reducing el ectron kinetic
energy in the superlattice. The net hod further conprjse formng
the secomtalim ARFREPT PPARSP SOOHEURD AR ET9Y Sdhe Frt SPapie el BVoti ement
nor e t hararichadnduictibh ®ahd restergyu ahtthenseedrd baseunt aefl daydri isahaichbe toad ch of

t he cond i ener. i rence. . The t may further
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barrier |syperlattif®rm ng an el ectron capture region |layer conprising the
first netal-nitride based material on the third barrier layer; formng a
third quantumwel | |ayer conprising the first nmetal-nitride based materi al
on t he el ect r drinecapthedemar dirdrer| eoperiset faemingithel sypertaties veadatedy éar thavi ng
quant um c{gpﬁemngghy getapes enbedded therein; and wherein nmateri al

conposition and thickness of the electron capture region layer is
configured for facilitating electron capture. The nethod may further

conpri se for mAgifthecabbtwen &HIOBHSHBERLERINEY) bf thaYiedt tapRgahrdbyakiy m
ti mes whereb nmet hod ma furtheli)aco rise formn

| < nk 5. The g a
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The strucstu%reﬁatggg' be capable of emtting anber |ight.

The method may further comprise forming the second quantum well layer to
have a mole fraction of the metal element more than that of the first quantum well
layer to facilitate the match of the conduction band energy difference.

The method may further comprise forming an active region quantum well
layer, by forming a third barrier layer; forming an electron capture region layer
comprising the first metal-nitride based material on the third barrier layer; forming a
third quantum well layer comprising the first metal-nitride based material on the
electron capture region layer, the third quantum well layer having quantum dot
nanostructures embedded therein; and wherein material composition and thickness

of the electron capture region layer is configured for facilitating electron capture.

The method may further comprise forming the active region quantum well
layer repeatedly for m times whereby 1< m< 5.

The method may further comprise forming a p-type contact structure on an
outermost one of the quantum well layers, the p-type contact structure comprising a

p-type metal-nitride layer.

The p-type contact structure may comprise a multiple-stage doping profile.



The nethod may further conprise form ng one or nore blue/green |ight
emtting nultiple quantumwell |ayers whereby the structure is capabl e of
em tting wbi2om/dspbght . The optical phonon energy may be &CIs6g00wdeas

opti cal phonon energy. BRI EF DESCRI PTI ON OF THE DRAW NGS Enbodi ment s
of the invention will be better understood and readily apparent to one of
ordinary skill in the art fromthe followng witten description, by way of
exanple only, and in conjunction with the draw ngs, in which: Fi gure
1(a) is a schematic diagramillustratigng a light emtting di ode (LED)
structure in an exanple enbodinment. Figure 1(b) is a schematic diagram
illustrating the LED structure in nore detail. . Figure 2(a) shows a

secondary i on TRRSSrUBRes hizgBR dapabl Mamitdieptdmbsraghd e of a LED sanple of an
exanpl e enbodi nent conprising a p-GaN epilayer wth nmultipl e-stage dopi ng
of about 7x1 01' cm3 at a first stage, about 2x1 018 cm3 at a second
stage and abouthe/xEH®R eray3fumthea dohipridesioagimg one or mbiegbiue/d@ebn Ighdows a

. i i I i i f N
SLV%SEP%?E&T%TQ%@%L% G5 <008 B Relhe stile sl BReBiBE s
white light.

The optical phonon energy may be a longitudinal optical phonon energy.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will be better understood and readily apparent
to one of ordinary skill in the art from the following written description, by way of
example only, and in conjunction with the drawings, in which:

Figure 1(a) is a schematic diagram illustrating a light emitting diode (LED)
structure in an example embodiment.

Figure 1(b) is a schematic diagram illustrating the LED structure in more
detail.

Figure 2(a) shows a secondary ion mass spectrometry (SIMS) depth profile of a
LED sample of an example embodiment comprising a p-GaN epilayer with muliiple-
stage doping of about 7x10" cm™ at a first stage, about 2x10'"® em™ at a second stage
and about 7x10" cm™ at a third stage.

Figure 2(b) shows a SIMS depth profile of a conventional LED with a uniformly

type doped GaN epilayer having a constant doping of concentration of about 2x10™ cm-
3

Figure 3 is a schematic diagram illustrating a LED structure in an example
embodiment.
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Figure 4 shows an el ectrol um nescence spectra under varying

I njection currents of an anber-orange LED sanple fornmed according to the

exanpl e ewbadiomsnt32
I nGaN GaN nul ti pl e quantum wel | s ( MQ\8)

Figure 5 is a schematic di agr aomisiGewton@s ng an
| ayer of Figure 3 in nore detail.

Figure 6 is a schematic diagramillustrating a p-GN |ayer of Figure 3 in

nore detail.

diagramillustrating band-gap engi neering in an exanpl e enbodi nent.
DETAI LED DESCRid?ird @\hows an electroluminescence spectra under varying injection currents

of an amber-orange LED samplé formed according to the example embodiment.

Figure 5 is a schematic diagram illustrating an InGaN/GaN multiple quantum
wells (MQWs) layer of Figure 3 in more detail.

Figure 6 is a schematic diagram iliustrating a p-GaN layer of Figure 3 in more
detail.

Figure 7 shows an electroluminescence spectrum for a white LED sample formed
according to the exampie embodiment.

Figure 8 is a flowchart illustrating a method of forming a light emitting diode
structure in an exampie embodiment.

Figure 9 is a schematic energy diagram illustrating band-gap engineering in an
example embodiment.

DETAILED DESCRIPTION

Example embodiments described below can provide a structure and a method for
forming a high power white LED comprising band-gap engineered inGaN/GaN quantum
dots (QDs)/quantum wells (QWs) and a p-GaN layer with a multi-stage doping profile.

Figure 1(a) is a schematic diagram illustrating a light emitting diode (LED)
structure in an example embodiment. Figure 1(b) is a schematic diagram illustrating
the light emitting diode (LED) structure in more detail.

In the example embodiment, a light emitting diode structure 100 is formed
using a GaN template 102. The GaN template 102 comprises a sapphire substrate
130, a low-temperature GaN buffer 132 formed on the substrate 130, a undoped u-GaN

Figure 7 shows an el ectrol um nescence spectrumfor a
white LED sanple formed according to the exanpl e enbodi nent.
8 is a flowchart
structure in an exanpl e enbodi nent.

Fi gure

illustrating a nmethod of formng a light emtting di ode
Figure 9 is a schematic energy



Exanpl e enbodi nents descri bed bel ow can provide a structure and a net hod
for formng a high power white LED conprising band-gap engi neered | nGaN GaN
guant um daoo(o@Bsisquantum wel Il s (QA) and a p- GaN | ayePCmSGhom/onuBs i - st age
dopi ng profile. Figure 1(a) is a schematic diagramillustrating a
light emtting diode (LED) structure in an exanple enbodi nent. Figure 1(b)
is a schematic diagramillustrating the light emtting diode (LED)
structure in nore detail. In the exanpl e enbodi nent, a |ight
emtting diode structure 100 is fornmed using a GaN tenpl ate 102. The GaN

tenpl ate 102 ri ses sapphi r bstrate 130, a | owtenperature GaN

buf f er éingﬁgggmberf?rhg‘es%ﬂé?@”g%n' dapeeherdiabh ayeichie fOERF%)?@rthﬂﬂ}'Zl f or med
on t he buBiriayéd8®34and a n-doped n-GaN | ayer 136 fornmed on the uGaN | ayer
134. The LED structure 100 conprises |ayer 104 having one or nore

| naGai aN GaN/ | nbGai _bN GaN superl attices; |layer 106 having a single or

mul ti pl e st acKEeolERQDsir@Mrestl 00 ctompeisgs dayer al0g- Gavih@ pirdeapermd@8ingah a

multi-sta [ e

embod; et R rREATea Ao, BBt o8 naying 2 e R T BB .65, he
| naGai al\@@l@ﬂ!mb@ﬂtumw Eﬁ‘-f\lasmfieNl @n"tav&re@8swnmet ouki-dtagee Magfesiurs (Mghled
after the cﬂ:‘fr%p"ﬁrgf of the GaN spacer |ayer 110. The superlattices structure

| ayer 104 comnprises a first quantumwell |ayer InaGai_aN and a second
quantum wel | |ayer InbGai _bN. In the exanpl e enbodi nent, the superlattices

structure | aygp tﬂ@‘éxﬁr%ﬁlebénlé&ﬂﬁéﬁte@ @aN 'éﬁ@éer"t’@%re‘l %@?%Qneaiaﬁ tRerpgee of

the superlattices structure | aye is to slow down fast noving electrons
Wé%é'étg@

t hr ough tiREPIRE 1921 % 122 Zeid(3aN; pyRerigitices stvetaies laver (B iact i ve

Iregng” | 2atiRied sfte@thet growttayfeihe IEEN shateb&iyEr AR BIROSUMRRLKIELE structure 1VRE
naGai

perlattic ructure |layer 104 i gned
such t ha%%i?i’d‘tﬂfts%ﬁ%a%waéﬁw dgf"dﬁferé'?sgﬁ%éﬁ @nd @ seeond LNty W&E@VSF fset),
or dt he filngda.gNant theedxamnse g;mldoelmént othe tdupesatiies| sthictee Iayémrou%amgb&aNl 112
and | na a,single or

118, i t ch t
mui ti o EReE RS e enar . ThY BMERSHPL P SHETIARR AT UHE T TDHahon
energy. to slow Bpgul fast Inevinga electmnsethiongle fleangplischtiag macindréasst dwadli firge loéind- gap
duct
band encr s ishs ke FAH ST IR0 B e oM TBE By P E S sict  on band
energy of InaGai,N 114 (F| gure 1) nunmeral 906 shows the conduction band

energy of GaN ﬁ’éﬁg%\l@é %Hf@al\i/ nb@ N{W%% %Qﬁeygﬁp@(urteﬁ%\éééomu&tdeg@n @nd

energy of InbG e exa mat chi ng
a di ffereteh tb@t%eévpttoneba@émfsw @ﬁerbm(lené@wmmbamd phisetaior dne first

(Figure Huaﬁ%dtét%r@l)l@déicdf'tl%‘stﬁﬁa"r\%n@é‘%r@l%n%@gﬁ 1'1@13&5@' Lnttk\é r’li811(4':bﬂct”e 1),

ie. the difference 1 ndicated at nuneral Si ng “nul tii pl e

optical pAAMJNG @einppadN ddBrisamatehestie @ eiRde §) n?‘%’“ﬂ‘%ﬂ??@@ﬂ“t’?ﬂ%@ﬁ’%’m ssi on
of for ex,@af@twyl@.ﬁ@iuamm dhikcalaMbhééndpgionons Wi th a phonon energy of about

0. 092eV

Figure 9 is a schematic energy diagram illustrating band-gap engineering in the
example embodiment. Numeral 902 shows the conduction band energy of GaN 112
(Figure 1), numeral 904 shows the conduction band energy of In,Ga..N 114 (Figure 1),
numeral 906 shows the conduction band energy of GaN 116 (Figure 1) and numeral 908
shows the conduction band energy of In,Ga.tN 118 (Figure 1). In the example
embodiment, by matching a difference between the conduction band energy 904 of
In.Ga;..N 114 (Figure 1) and the conduction band energy 908 of In,Ga;,N 118 (Figure
1), ie. the difference indicated at numeral 912, to a single or multiple optical phonon
energy, electron kinetic energy is reduced through emission of for exa;mple longitudinal
optical phonons with a phonon energy of about 0.092eV.



9 Preferably, a difference between the conduction band energy 902 of
GaN 112 (Figure 1) and the conduction band energy 904 of InaGai _aN 114
(Figure wo2m0s8se nuneral 910, is also matched to a sipoglse2em/omussi pl e
opti cal phonon energy such that electron kinetic energy is reduced through
em ssion of for exanple |ongitudinal optical phonons. Returning to
Figure 1(a) and (b), the GaN 116 is kept thin, ie. about 3 to 20 nm to
facilitate electron tunnelling, and pronoted due to the band-gap

engi neering descri bed above. Therefore the above design is effective in
reducing the electron kinetic energy through em ssion of e.g. |ongitudinal
opti cal phonons. Thus, when el ectrons pass through the superlaftices

structure | ayemefé%ay, tahﬁﬂerbﬁ@ Bethv@eABVE catdudtic BAYRT esdtgE doR&F @ they enter

or obabi 11Ut T BROHER RAIEGHE BANG ROkl o JBioPMa Fols 7 161 Bncse or

carrier munmangm &f éiwnﬁmdanda smglerdﬁa?ulml@rmbml @hbmcﬁln ensryy @Pcrt trat LED
structure10|s i.ncreased er formation of rlatti

st uot ur SR e SRR oo yRvors SR o ifermele B3R Rbtef oo
enbodi merghenddee single or nulti-stack I nGaN QDs/ QN structure | ayer 106
emtting in a |longer wavel ength (than e.g. blue/green), e.g. yellow anber
and red, is formed on the GaN cap | ayer 119. In the exanpl e enbodi nent, the
| nGaN QDs/ Q¢ Retyroipg de Eiduzsy é@) 206 (RathelfealN &b it ket thin, iierebouh 20 am<5. To

formthe A#; %%t@%&ﬁ#yﬁﬁﬂw 'éﬁé’ tdRcREd 3;%650 the Har@%épbéﬁg{ ﬁé”ehn%@%!&rnbé@o s

f or med. bar ri ayer ayer

ter ro
with al oahowﬁdﬂmﬁ?fﬁrm thef a@aﬁld@ﬁlgnss gFesiiNe in Feeaaing the SPsIromEINgtveRR8Y gr own

on the I nEabh érﬁlé’ﬁén Je??egTib%gltLﬁ‘tﬁ?dl d}&ul:ayaﬁon%a@ $ﬁué’9\§hé’r§ R rBhS PakON
capture regi on before electrons transit to the InxGai..xN QDs/ 124 for

radi at i veéhosgh s sursrighices SEP?;HF%/@V?"OW‘L é'ﬂ%’ePer‘F tp é'@x°"@n?"s§|3!ﬂ‘l"erls1|?e?‘he

exanpl e Gfé?&éltﬁ@,ﬂbntet hto ItRaVGREDS ki eJQZaqeala@@rﬁwcmugnproa@u% yehdreng | ayer
t o enhance tagﬁ orat on of indiumnitrid qu%g um dot s url%g an In
burst pro¥aRAPII Q@ma "IN ‘@dQISQMEV’lrEROW"%'“%“‘%“n? PRNCG GHAELIVSREPT | ayer
125 havi mjﬁc;w&ybummhalmammuﬂwmws:fdm \(RAstustorddos IS].lBEreESE’éQEdded t her ei n.
By engi neering the indiumconposition and thickness of this in",,Gi _,N

| ayer 122, carrier capture efficiency is 10 increased. That is, energy

pot enti al can Afer fowafiedofihd duperiatiest stonsire Egeh 04, 1r GhNrcapl laysed 18dswn | n
the I nGai %é yer 122 before entering In,<Gi N QDs/ QN 124. The | nwGai, N

| ayer 122 I'S preferabl y maintained at a t hi ckness range from about 3 to
20nm and pref erably a thickness of about 7nm for optinmumcarrier capture

efficiency. If,has ﬁﬁﬂe éﬁﬁ&&ﬂeﬁﬁ%ebé(néig'%r hﬁ;ﬂe&‘éﬁr IﬁGEaN%DéIbV\tlshﬁidcmP@a'

| ayer 122|stoot nor e terral quality and

f or mat i orfa¥sF 1@ﬁ@nuﬁ1@gmtmﬁﬁoaa@r \M@\fﬂﬁ@#wﬁ%s Bes/otsenia @ YSEAW, agfopeaRdd.

After forr@'tlngs fohfed RFANe @B Q8B BYLrULLNE the¥REmpROemBodinkhi ayeindAp and a

GaN cap Iaes 128 are forned.
QDs/QWs structure Iayer 106 can be repeated m times where 1<m<5. To form the

InGaN QDs/QWs structure layer 108, a u-GaN barrier layer 120 is formed. After growth
of the u-GaN barrier layer 120, a In,Ga;.,N layer 122 with a low indium mole fraction is
grown. In,Ga; N QDs/QWs 124 are grown on the In,Ga.,N layer 122. The In,Ga N
layer 122 serves as an eleciron capture region before electrons transit to the In,Ga;,N
QDs/QWs 124 for radiative recombination to give yeliow, amber or red emission. In the
example embodiment, the In,Ga..,N layer 122 also functions as a wetting layer to
enhance the incorporation of Indium nitride quantum dots during an In burst process.
The In,Ga..N QDs/QWs 124 is a In,Ga;N quantum well layer 125 having quantum dot
nanostructures or quantum dots 127 embedded therein. By engineering the indium

composition and thickness of this In,Ga..wN layer 122, carrier capture efficiency is



I n the exanpl e enbodi nent, the p-contact |ayer or p-GaN epilayer 108 having
a nultiple-stage My doping profile is forned on the GaN cap | ayer 128. A
Bi scycl opgotatiemisk magnesi um (Cp2My) precursor i s used @asTiSlseoAdoPsNt for
the p GaN epil ayer 108. The doping concentration is varied in steps from
the bottom of the epilayer 108 to the top by changing the Cp2My flow rate
or a Trinethylgallium (TMz) flow rate. Secondary ion mass
spectronmetry (SIMS) depth profiling is carried out on one sanple of the
exanpl e enmbodi nent conprising an epilager with a nultiple stage I\/g dopi ng
proflleto et ne conposition distribution of the different ment s,
namel y ﬁ?ﬁg( t s \BNFRRs PRtRalpRn 1§ 'gWSEf‘@na’(q\Bhea?{ﬁdT%alﬁ rk(ﬁ ﬁﬂ’tﬁﬁﬁ th
dept h, bam;édojwnhmlthe m@al,m\weghlzz b&for& efRFIPRIH.SaNN QDe/AWs dopatre i n a

conventi uni f or do er ed in a co ventl on Dis also
measur ed?'lrg 'Q %él's prgf%rall—grd'ﬂ?'g %&)até‘f%'ﬁﬁ“eés SHS E?é'b?l?]o"ﬁ?’&‘f’%g@“of t he
LED sanplaed cﬁreft—;%lyea(mrqﬂdnessanbalﬁbutmntn Mmpnmsmr@rmrp}amﬁé eficleayerlt ad h
nultlple 0 t o] 2x1013
m 3 o eoed SRRyl e ARG M hodiice ShuBer 2Rie BoOPRs B8RGS0 )
shows a Sa2tem, Hh@nmeprlaéquﬁllmm ioona’rmmtwfdhmhummwiot harostroctfimsrhay t ype
doped Ga ng a constant doping of concentration of about 2x10"
cm 3. %Hg%\g%é%éﬁ ?g%ée 2(a), there is a step like profile (see nunerals
202, 204) in the My distribution of the sanple of the exanple enbodi nent.

The My CO”DOS'AtfHePFbrh]%getﬁé'lﬁ@él@‘blﬁé?QW’s QRR:HIreTay‘é@LQQg SR I@;krﬁh@ dnBter face
with the GaN cap ﬁé (conmpare cap layer 128°in Figure a)) after the

growt h o@%@aps‘?)éﬁflé AgINeRS. The p-doping is then |ncreased 11 in steps
to about 2 x1018 cm 3 and subsequently to about 7 x1018 cm 3 at the top of

t he epil ayer npar e il r 108 in Figure 1(a)) i.ch is _intended to
contact a t raf‘&ﬁ‘fr ?mﬁ%@m@l gt?d%f’ortt%tt’%@r ébﬁ#ﬁgp"aw OSaertion i s
shown tOnlnﬂti;ﬂéLb&ganMgaHdplr@O@éf&éﬂ rs( FEEnau g ahe 2GaN étSélpO?@yetf he2swha e-

p- cont ac

la i form h '
P gur e 2 copentceralraERONTH &R -t el e B bR R B b
hi ghl y depialep10@rithecioplngyoencatttaliomisca@rnsd andtepsoinae ther ladtioanof théiepimydesi r ed

cause.di P47 B 0 of REPRRIhe CPar Pl BPF T RpE0RKAG CTONE o 0 U o

Further, a highly doped p-contact |ayer is Ilkely to cause hole nmobility to
be Iomered ™ j & I 4 -stage
dopi ng of the Ssegoncfagy oo?lh"ﬁﬁ%t g%trgﬁ%%rg E‘lolﬁﬁrée%raggi&tﬁ% nlb@ﬁ/eg

pr obl ens sampie @fo’ffi@e@@@ﬂ‘@iﬁ @mbwlm@nbcmmﬁm @lﬁ ep&me@ppthaaymult@te stage Mg al

contact igg ﬁpf;ﬁrﬁﬂe'té eRflrel éo@ﬁ’pdsﬁohednéwﬂlﬁ@ﬁ cff‘i‘ikélhlﬁé%rﬁ%lé?ﬁ&% RheRp of the
epi | ayer he concentration of il ayer nearer to

the act i 2alley(GmnsMegosiar WQ)aWFOQFOGNbF”Ci:F@%(‘EX‘HD“) d?%ihscliﬁ%;?id SNItRRIr t o be

L\gwlef dT@%rﬁEQﬁ@ghta?ﬁQ%bnﬁHwtbsn GR& Hoﬁeﬁliﬂ iPe dodverzidna dﬁTof)nhl?—ldBEécﬁdeOHt act
ile di n e n e active can be | owere

Furt her mé(ag\ﬂa?ﬁ%r Ysrd "H%ﬁ? ME’%B ?%@ea%ltf?%ﬂg%gﬁﬁs is lower, hole

nmobility is likely to be hlgh Thi s can encourage holes to travel deeper

into the actl n t er el ect n- hol e

reconbi nat i on v%\r%%lég St %N‘%t H%ﬁ?‘ rgﬂle tcﬁa}g 5 SPPIERY ﬁ‘&l ?’ia”H%

p-type dcamhrmgm@mbampndlmg/mp GaN epilayaryeith mﬂltlpllaestmrmbmgaf abugt 7&X@‘Frpdne

eroodi Mot o GPfsPSpBE By B8NSy BAR LOGINCIN] BORL ,RN: SheR BRppt ac!

| ayer to faci surface patterning SGch t"extractronis
advant agetagel yFigurh (g etdows a SIMS deptlnmm@mﬁmee:oemldna@ﬁ@ wigir ewnliorofly a whi t e

light emy eg'(%il\?e EE@hdv%g%&ér%Hﬁ?ﬂoMﬁé BOcdhcBRtAR 08 aBbG KEILeal

vapour d oSl t| on ';/
®. As shown in Figure 2(a), there is a step like profile (see numerals 202, 204) in the Mg

distribution of the sample of the exampie embodiment. The Mg composition is estimated
to be about 7 x10" cm™ at the interface with the GaN cap layer (compare cap layer 128
in Figure 1(a)) after the growth of the stacked QDs/QWs. The p-doping is then increased



12 Hydrogen and nitrogen are used as the carrier gas for effective

i ncorporation of the relevant el enents on the LED surfaces. Figure 3
is a schevatzooy/dbsgramillustrating a |ight emtting di ede/sGkedjosiBs uct ure
300 in an exanpl e enbodi nent. In the exanpl e enbodi ment, a sapphire

substrate 302 is provided. A low tenperature GaN buffer 304 is grown in the
range of about 520C to about 550C for a thickness of about 25 nmto
facilitate nucleation of GaN on the sapphire substrate 302. Subsequently, a
hi gh tenperature undoped GaN | ayer 3081 s grown to a thickness of about 2
pm at about,k 10 ; 1930C on t he 04. A highly

silicon- d%ﬁ@&sg% O%'“vmaf‘%s bsteﬁp%rkt@gsa%wt aBE) caL Zatghep{gﬁf’ﬁ&h%avi ng a
concent r adpilayeri (motrrperd @lp@eofﬂmboutﬁghre( 10%)), tvmc&bwtmt@udébliﬂo cdtihtact sa t hen

formed o heu d I 6. A spacer layer 310 of n-GaN (je. Si
w thcondaeratoNIER PRI S 35,8 05 RS rathR & Thibpecian i s
grown on stuhsiamuyl eonetan8(8se Nutpe 26piavgpsssthec vheleep-castbelglagertih thdhe
spacer | i ween about 800C to about
900C wi tﬁ%aﬁl&?’ﬁ n@ggrr %g%%ﬁgegb&gﬁgﬁ?BgS% about 200 nm In the
exanpl e enbodi nent, the sapphire substrate 302 and the various |ayers 304,

306 and 308 arﬁreciﬂl/érﬁ&rs' P(f/leyreEﬁn %n&@rﬁg{rﬁtrﬁgrﬁ%%Sped P conﬁgc er

formation of the GaN te e spacer |aye of a
| naGai arlm@awthr?o@rstamcm@rat@mw&l@sde@&ecr fos forfrig mph@@tqoarﬁcr ayeghlz14 i s

descri bedjopeq Econ’écf‘l’a@rm\s ity tb @Bustldfrismr & 1R dslRpt b BE aB‘u\féfre%Ble!J@)fa2 x1017
t o about L@% x1018 cm 3% havi ngwa t hi ckness bet ween about to about 20 nmis

grown at lrystiirg ithepra Bighly dopebecpRiagiyBYRr DB toTgayse RPBKRREEY & t he
barrier Cbbaowérear ef erably bel ow about 5nmto enable carrier tunnelling. The
tenperature is then lowered to a tenperature of about 760C to about 800C to
grow a InaGai _aN | ayer 318 (where 0.05< a<0.35) with a thickness of about 2
to about 10 nron heGaherbmnd £p- C&%De@lbyé?&ﬁrﬂﬂ&tlltrﬁlb@tﬁge&dpﬂrgahm sélﬂolem't hi ck

is then a erature ut 750C 00C.. A Ini.,Gai bN

| ayer 323 BioRRs"ghEENGER M el GAlY wohie prarih o e el B ont 2
to about db@ammfrtbe epilayedatithe trietl cenparisedae rsangteolleﬂ tabe bhighgB@&tive tabout
790C on t I t the
conduct i o&nﬁ%ﬁ% ste)drr}éﬁé %‘Sna?%%dq 'i%-rtﬂ% éeoﬁ.’ggﬁtké%'%ﬁ ?"f @8? (a:'btr oﬁ%be}%%yé?% gre%rl)?@of t he
super | af tth%e@timrreglens t(hempait i levari &06 loayfdgurs 14(a))s ismaeriteded tto e déweyl e or
mul ti pl e fRghludigial oﬁMLd&ﬂacPWfoﬁﬂ@& Wi tr?esmgﬁﬁﬁédt%ﬁq/hﬂ@@fﬁ WoEN | ayer

reference to Fll_%ure |ow rate for
322 is hitghapram ino thearctive egiangcapthe 1pwRied Flamerracgrér agthg dopingtearasi@anyl e

enbodi menke atiiRse [\ﬁrf)ﬁ’é'fs Irjo\ﬁéfelﬁéle %ﬁrhtyaéﬁkelﬁ%ooe KR This can encourage holes to

GaN/InaGar al\VGa h N, are repeated for agerro wher e 2<n<10).
Only one "SB! {d8eRHOIIC i THE FAHE egiondrand [t rgeilon a:&rwee'artrqﬁr- ole
super | at tre¢@nbinitlonGlwime. | ayer 104 of Figure 1(b). After form ng the

| ast I nbGai _bN | ayer 322 (over the period n), an undoped GaN cap | ayer 324
is then grown on top of the superlattice |layer 314 at a tenperature of
about 750C to Fabthabn@@&ﬁickrﬁse om)bl rmﬂnbsﬂeﬁ)petypéaébrﬂiga&rﬁad hiyeksrepiiayad obet ween

about 3 ttR ggr%ﬁl q%gne e a e?'?t%ﬁ” togeg]r&?rrr trl'nc'l%er ﬂ%an th'escoR\rleer}cti%nglbolr%- bel ow

about 5nm rri er
step p-contact layer to facrhtate surface patterning such that light extraction is

advantageously enhanced.

In an example embodiment, growth of a white light emitting diode (LED) is
performed using a metalorganic chemical vapour deposition system.

Trimethylgaliium (TMGa), Trimethylindium (TMin), Trimethylaluminium (TMA),
Biscyclopentadieniimagnesium (Cp,Mg) and silane (SiH,) are used as the precursors.



After formation of the superlattices |layer 314 and the GaN cap | ayer 324,
gromh of InGaN QDs/ QM with a InwGi, N carrier capture |layer to generate
em ssi on wo 2tmsboager wavel ength range i s described. PCT/SGA00AGABE barri er
326 is grown on the GaN cap |ayer 324 at a tenperature of about 750C to
about 900C to a thickness of between about 3 to about 20 nm The
tenperature is then lowered to a tenperature range of about 750C 810C for
the gromh of an In,Gai_wWN | ayer 328 (where 0.155 w5 0.45) for a thickness
of about 3 to about 20 nm After the grzowt h of the In, Gai,N | ayer 328, TMza

flowis set . to zerp for TMn nt to gro 30 for a
time duraty ?Pan%'?ffai%’g?n (S t”Be 86 © sgiger gﬁ%\%f %CF'Y%WCP'?O%QP” Ogﬂi‘ehe range
of about relebattelehani$ od 2 [HEDsUfaeEs) and the growth tenperature is in the
range of about 700-760C. The growth conditions can determ ne the size and
conposition of Indiumin the InGaN Qs e.g. 330. After the growth of
the I nGaN QDs fegge 338, schematicGingramNiiuitatingy @ figl Ziting eiocae QLEDSstubturd). 50) i s

grown at above. The anount of indiumincorporation
determ neéé t'h %ﬁcfég?ﬁnﬁ %lﬂeﬂrﬁeggl on. In the exanple enbodi nent, the u-&N

barrier 326, the In,Gai,N |ayer 328, the InGaN Qbs e.g. 330 and t he
In:, G, N QNlnlfﬂ\el@)Ya‘?ﬁplé)’?e%nlﬁfdﬁnérﬁpsaééap%rfr@rsu@stpﬁé'ﬂ%org gyg.'v%lre Sid O)

Only one set is shown In gure 3 for ustration re wth layer 106

of Fi gur etemppipture GaN buffes 304 ds giowndn theuangeuah akaut 52¢6C noaab@rlt FPCdered capped

with a Alfickassarof 384utVd §h 1 FRY e ﬁué’ééti‘oHﬁﬁ AHNObn EHéesépRIthé &lhstrafeaddos €. g.
330toth§l§rguantumwell of |ayer |nto barrier |ayer 326.

The Al N | SWRSFIUSIHY, 3 h@bﬁen}pﬁraﬁurec&wﬁa@e@d%ﬂ Y76 3081 F aroWeio 33picknssREr abl y
bel ow aboaouB2 M at Atbout 90200 4tdat 1680F€lontthe @wwﬁer@mtmudhwl\éowel I

I 332 ded f I ndi
e Gal |1 RP R EeT A A 8 riTicPee & AUt JRoER BF NAHESA RCEEHO8dn. The |
ﬁ_r 0\r/1\1t h t ehpemgawf%bm‘ut t1 el O N dkmyeox BB%cms r§ﬂtena*or2rﬁe?.outz tHé)umdbpa?cmiN 1000tC I
er t t I 0 r.crysta
qual vy Vo308 BB flor 516 of (TEAN e i ¥t TR rEo AR P PO S Can be
used as af? %mbaerormfan@pedmN fr grownol ed then@éN fayer 3mlﬂ\atype§bpmg:tswceevede .
formed. | using sitfl By fabesBoUSs e GloRA410) UALRERGENS BoRRERLEA.AAEE (yar i no

|nject|onc tSO an a frormed accor gtothe
exanpl e eaRSOLPORERtWIth 2 thicknesrindhe eemeebf ebeut 5@He abputedinny. lnthe e@mplepomer

out put | n&ﬁ@&ﬁﬁéﬂtsﬂ@%a%ﬂﬁltéigu%trgfer@%rérﬁi tWet\)%n@&‘s | OR2E 34! ah<§'13?§ta'ré) n

current. Further can bserve at the peak wavel engt see e.g.
402, 404)00}1‘6‘??%(?‘%f%rm?gtaérﬁ@amlt%}“@%’fﬁ@ﬂ&nt Whl ch inplies that the col our
emtted remains substantial l y constant with increasing injection current.

i reen or blue InGN GaN_nul ti pl e quant um

Returning to ure 3, growth of a
vel I's (M) /ﬂ%‘érform?@m%ﬁ heqPal tqrn;ﬁptﬁgﬂzeargi th?épé%qrdﬁwré”"mrf’\é’th_g[? can be
per f or medin, G, gNERIN/RLGE| NesupEriaticek askiepihehfdiiRatisrEiayerand idddserissd. or MO can
be grown on the AN | ayer 334.
A n-GaN barrier 316 (with Si doping of n of about 2 x10" to about 1x10" cm™®)

having a thickness between about 3 to about 20 nm is grown at a temperature of about

750°C to about 200°C. The thickness of the barrier 316 is preferably below about 5nm to

enable carrier tunnelling. The temperature is then lowered to a temperature of about

760°C to about 800°C to grow a In,Ga..N layer 318 (where 0.05< a<0.35) with a

thickness of about 2 to about 10 nm. A GaN barrier 320 of between about 3 to about 20

nm thick is then added. at a temperature of about 750°C to about 900°C. A In,Ga,N

layer 322 (having 0.0810< b<0.38, where b>a) having a thickness of about 2 to about 10

nm is formed in the temperature range of about 730°C to about 790°C on the GaN

barrier 320. The relationship b>a is chosen such that the conduction band energy



Figure 5 is a schematic diagramillustrating the InGN GaN MO | ayer 336
of Figure 3 in nore detail. To formblue emtting MMs, a GaN | ayer 502 of
about 7 twoabous9B® nmthick is first grown at a tenperacuse2a/oaiiesit 750C
to about 900C. The tenperature is then |owered to between about 760C to
about 800C for growth of a InyGai _yN well 504 (where 0.15< y<0.25) and
havi ng a thickness of about 2 to about 5 15 nm The quantum wells 502-504
are repeated for a period of m(where 1< nk 5). Only one set is shown in
Figure 5 for illustration. To fdBdm green emtti ng MMg, a GaN | ayer

506 of abqut 7 to about 20 nmthick is first grown at re of
about 750 ENELGEL C@G‘H@'O”Abq‘%‘éfﬂegﬁtltU\%FPp%@g'CFW?@V‘QF 8"93@@ e s then

gr0\r/1m Et 3314tx§mw:ﬂ*@t:l%§s‘rﬁgl@gr ﬁfultip%tluﬁ!gﬂm_rdmbbwhczmﬁﬁnb@ eab@vt as78é35ruaétd havi ng
a thi ckness t 0 ou n e antum ar e
repeat ed 36 P’eée"ﬁ %Bedm%%o rﬁ%grih? Mﬁw?é{@g?ryg% fstpeq %‘?y?[h Fi gure
5 for il|32tisdighenthan that usétitfer thgriayda Nflayer @d8i neitie ssetampfe dfbidirae),

502- 508, i 5to
obout 30 Tetebl S50l BB e S2003 G BR R MR AUNGES 35 Mo BB 251 D)

Pr ef er ablperiodm ( whe@at%n D1 W cRhiyprespebis BBWndf Figurd 3 @i illusiriatignui@empare

0. 1<z<0. ?Q,ws%pg gro WﬁtuFe]ﬂa?%W@h%lfF@@g ,Ré)Nabout 20 to about 50 nm The TMA

flowrate e p-A a | ayer 337 is kept at between
about 40 to about 100 pnol/ mn with a growh tenperature of about 780C to

about 900C. Tlﬁte%ﬁ%gsmé”lﬁ Ir'\b%a gét 3% (cﬁ‘/te?th%fpeﬁ‘lgg‘#) &h dnddpedioyd 1.8

pnol/ mn durlngp%rowth aer serves to blo el ectrons from
di rect!y P dsttﬁerhgg"l‘j‘ﬁ‘s%l&?nt’f WEG&'N‘?W‘%BQ%HY%%%@ ﬁh?ré?'HPerﬁ’%e 6f Figure

‘;) t hence mab’rwg 16 bhagigounes. m%cmrm a 3 a§8r :m fhden h‘mﬁefs & be'épé?en KBt

et urnin e-Sla

profile i °f Hggd'ﬁé‘eég'g]f%é’? re?]:Z & P@Efégi'%?[og'p Bé Wg rI‘t%""t‘exarrpl e
Ng

enbodi mendayridrinneipgnt used i s . Figure 6 is a schematic di agram
illustrating the p-GaN | ayer 338 of Figure 3 in nore detail. To form | ayer
338, the tenperature is maintained at about 780C to about 950C. Three or
nore grow h stAfes fdroetidrhe the GapérZiRes mayeb® daatapihe dGaN-caip IayacrﬁjMegrowm t he

exanpl e mﬁ%msmm \&gv a:ﬁtGaSE,ﬁpca %%E?tgpezla@ ’L%a%%%lél[a(t%g%ﬁ;st nttls?e about

100 nmthic 1% 'Bbout
1018cm 3 lprgan wadeleryih rarige lszdetscgb@b | ayer 604 of p-GN (about 50 to about
100 nmthick), a My doping of about 1018 to about 5x1018cm 3 is used. For

the 3rd | ayer 606, ie. close to the Ni/Au contact of 16
A u-GaN barrier 326 is grown on the GaN cap layer 324 at a temperature of

about 750°C to about 900°C to a thickness of between about 3 to about 20 nm. The
temperature is then lowered to a temperature range of about 750°C-810°C for the growth
of an In,GayN layer 328 (where 0.15< w< 0.45) for a thickness of about 3 to about 20
nm. After the growth of the In,Ga;,N layer 328, TMGa fiow is set to zero for TMin
treatment to grow InGaN QDs e.g. 330 for a time duration from about 8s to about 30s.
The TMIn flow is set in the range of about 5.0 to about 100 pmol/ min and the growth
temperature is in the range of about 700-760°C. The growth conditions can determine
the size and composition of Indium in the InGaN QDs e.g. 330.

After the growth of the InGaN QDs e.g. 330, a InGax N QW layer 332 (where
0.20s x= 0.50) is grown at the same temperaiure above. The amount of indium
incorporation determines the colour of emission. In the example embodiment, the u-GaN
barrier 326, the In,Ga,.,N layer 328, the InGaN QDs e.g. 330 and the In,Ga;x N QW



an el ectrode (not shown), the doping concentration is increased to between
about 5x1018 to about 1018 cm 3, by increasing the Cp2My fl ow. A
sanpl e whwoeoloEB39i33 fabri cated usi ng the exanpl e enbodi remtsSG20a9/006438 ound
that strong white emi ssion is obtained with Indiumcontact placed on the
p- GaN epi |l ayer and n+-GaN | ayer. Figure 7 shows an el ectrol um nescence
spectrumfor the white LED. Using an injection current of about 60mA, it
can be observed that there are the three em ssion peaks at about 437.4 nm
(blue light) at nuneral 702, about 50049 nm (green light) at nuneral 704

and about 56 W I| ht) at nuneral 706 based on fitting
Di fferent'a@ﬁgagéfeoﬁe éﬂ?ﬁ*go ?g'QP'ZSTh(“&'éﬁﬁeBé 5h P REORG $5h ISShodidp ﬁé&“f%n of

st acked @Drf (Mrfice Gunigard Afh RiyeFt@UIsIFidér@) Jp)and bl ue and/or green emi ssion
Anot her sanple LED is fabricated and packaged based on the above

exarrpl e enbodi nent, using the three conponents of interest, ie.
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warmwhite color emssion wt | um hous efficiency 5l m at about

30MA. temperajuie b the A Igyen %%cﬁa?et’f oy 1Qiq akauyt ﬂ&og Criigheidthan ther mi ng a

l'i ght  emdrbihthf EHeOHEaR il Cdyar 832 b dbtaif wana cByseirBoslityre At step 802, a
first barrier layer of a superlattice is forned. At step 804, a flrst

quantumwell layer is fornmed on the first barrier layer, the first quantum
wel | ayer conprthisistgepthel stsittureBad upitd i eayenssd camberusal asAin shieg- 806, a

econd barrier er . is.f rrred t he rst mwell |ayer. At ste
208, a seocfa'l?ﬁf ltﬁ.@tryﬂrﬂ’rﬁ%@% ?%9%3%@“*‘%?%3%% rrf"t’ﬁ%usecond ba)r/ri er Iaflerl,o t he
second quantum wel | | ayer conprising the first netal-nitride based

terial ct f th
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el ectron-hol e reconmbj nation volume and thus I ncrease internal quantum
ef fi ci end§Maimsubtiafialyexstanbwih BcEaAsing IHipEionicHERts can i ncrease power
out put of I nGaN quant um dot s- based LEDs. In the exanpl e enbodi nent s,
the materi al nGaN. However appr eci at ed
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di f f er entweatet(RIQVVS) tdyietl 83608 eslon@hidg] @b . to obtain a white LED, can be performed. A

green or blue or a stack of both green and blue color MQWs can be grown on the AIN

layer 334.

Figure 5 is a schematic diagram illustrating the iInGaN/GaN MQWs layer 336 of
Figure .3 in more detail. To form blue emitting MQWSs, a GaN layer 502 of about 7 to
about 20 nm thick is first grown at a temperature of about 750°C to about 900°C. The
temperature is then lowered to between about 760°C to about 800°C for growth of a
in,GayN well 504 (where 0.15< y<0.25) and having a thickness of about 2 to about 5



It will be appreciated by a person skilled in the art that nunerous
variations and/or nodifications nay be made to the present invention as
shown i n wbeospseiski c enbodi ments wit hout departing fromrCTis€26091000438 or
scope of the invention as broadly described. The present enbodi nents are,

therefore, to be considered in all respects to be illustrative and not
restrictive. 18 CLAI M 1. Alight emtting diode structure, the
structure conprising, a superlattice conprising: a first barrier |ayer;

a first quantumwell |ayer conprising & first netal-nitride based materia

firot qui-upR @I gel et Sre reDat SR s rPgoar diHATT 1 8yeD- Cbr i oi ng
;23 fi r stonseietis-shbwh irdEiglreSedr inpdtesioal formed on the second barrier |ayer;
To form green emitting MQWs, a GaN layer 506 of about 7 to about 20 nm thick
is first grown at a temperature of about 750°C to about 900°C. A In,Ga;.,N well 508
(where 0.30<y<0.40) is then grown at a temperature range of between about 740°C to
about 780°C and having a thickness of about 2 to about 5 nm. The quantum wells 506-
508 are repeated for a period of m (where 1< m< 5). Only one set is shown in Figure 5
for illustration.

After growth of a desired set of MQWs e.g. 502-508, a thin GaN cap layer 335 is
grown to a thickness of about 15 to about 30 nm at about 780°C to about 900°C.
Compare layer 128 of Figure 1(b). Preferably, an electron blocking layer 337 of p-Al,Ga,.
:N (where 0.1<z<0.3) is then grown to a thickness of about 20 to about 50 nm. The TMA
flow rate for the growth of the p-Al.Ga,_.N layer 337 is kept at between about 40 to about
100 pmol/ min with a growth temperature of about 780°C to about 900°C. The Cp.Mg
source is kept at a rate of about 0.3 to about 1.8 pmol/ min during growth. This layer 337
serves to block electrons from directly traversing to a subsequent p-GaN region (see
numeral 338 of Figure 3) hence enabling effective recombination at the MQWSs e.g. 502-
508.

Returning to Figure 3, a p-GaN layer 338 with a multiple-stage doping profile is
formed to contact with an electrode (not shown). in the example embodiment, the dopant
used is Mg.

Figure 6 is a schematic diagram illustrating the p-GaN layer 338 of Figure 3 in
more detail. To form layer 338, the temperature is maintained at about 780°C to about
950°C. Three or more growth steps for the p-GaN 338 can be adopted. For example, in
the example embodiment, in the 1st step layer 602 of p-GaN (about 50 to about 100 nm
thick), a lower Mg doping, in the range of about 10" to about 10"%cm™ is used. For the
2nd step layer 604 of p-GaN (about 50 to about 100 nm thick), a Mg doping of about
10" to about 5%x10'"%cm™ is used. For the 3™ layer 6086, ie. close to the Ni/Au contact of



wherein a difference between conduction band energy of the first quantum
wel | layer and conduction band energy of the second quantumwell |ayer is
mat ched twoaosvesgize or rnultiple optical phonon energy fecTrsedusiong3gl ectron
kinetic energy in the superlattice. 2. The structure as clained in
claim1l1, wherein the superlattice is repeatedly formed n tinmes in the
structure whereby 2<n<10. 3. The structure as clained in clains 1
or 2, wherein a difference between conduction band energy of the first
barrier layer and the conduction band1gnergy of the first quantum well

| ayer is matched to a single or nmultiple optical phonon energy for reducing
el ect r on 3 RIEF '”?fjeegﬂé’ttgilo}"’ ). tthe d&ﬂb‘@r?‘&l“?i‘tﬁ%on s '”grease&'. torRetweep (RAoYt e as

cl ai med i5x1attyo apsutad "ol B inkrdzBing the\OEMR) ibvt. he second quantum wel | | ayer
is arranged to have a nole fraction of the nmetal elenment nore than that of

the first quantumwel|l layer to facilitate the match of the conduction band
ener gy differ ensample white LEDSs fablieatsd using thecexamptd @hbeiiment. Biyfoomethat cl ai s

LR (A I ESheR B R AR L Lol ORI 1
the firstn@alllaysrt Figdee Bashedsnant electadlumimeseshce rspetieunt Hom thebwainitd BEDI ayer ;
Using an injection current of about 60mA, it can be observed that there are the three
emission peaks at about 437.4 nm (blue light) at numeral 702, about 500.9 nm (green
light) at numeral 704 and about 566.6 nm (yeliow light) at numeral 706 based on fitting.
Different shades of white emission can be obtained with a combination of stacked
QDs/QWs (compare 106 of Figure 1(a)) and blue and/or green emission QWs.

Another sample LED is fabricated and packaged based on the above example
embodiment, using the three components of interest, ie. In,Ga;..N/GaN/in,Ga,,N/GaN
superlattices; a single or multiple stacks of QDs/QWs structures;, and p-GaN epilayer
with multi-stage doping profile. It is found that the sample LED can display a cool white
color emission with a luminous efficiency LE=15.9Im/W at about 30mA.

Yet another sample LED is fabricated and packaged based on the above
example embodiment, using the three components of interest, ie. In.Ga..N/GaN/in,Ga;.
pN/GaN superlattices; a single or multiple stacks of QDs/QWs structures; and p-GaN
epilayer with multi-stage doping profile. It is found that the sample LED can display a
warm white color emission with a luminous efficiency LE=43.5Im/W at about 30mA.

Figure 8 is a flowchart 800 iliustrating a method of forming a light emitting
diode structure in an example embodiment. At step 802, a first barrier layer of a
superlattice is formed. At step 804, a first quantum well layer is formed on the first
barrier layer, the first quantum well layer comprising a first metal-nitride based
material. At step 808, a second barrier layer is formed on the first quantum well
layer. At step 808, a second quantum well layer is formed on the second barrier
layer, the second quantum well layer comprising the first metal-nitride based
material. At step 810, a difference between conduction band energy of the first

guantum well layer and conduction band energy of the second quantum well layer is



19 a third quantumwel |l |ayer conprising the first netal-nitride

based material formed on the electron capture region |ayer,

the third

guant um webl2oiozsers2havi ng quant um dot nanostruct ures enpeddedomiverssn; and

wherein material conposition and thickness of the electron
| ayer is configured to facilitate el ectron capture.

as clainmed in claim5, wherein the active regi on quantum we
repeatedly formed mtines in the structure whereby 1< nx 5.

capture region
6. The structure
Il layer is

7. The

structure as clainmed in any one of claims 1 to 6, further conprising a

p-type conta t structure forned on an outernost one of the q

uant um wel |

| ayers, tMBICHSE Jp@ soie K imdiipigarird Rflﬂ‘?ﬁPl%‘ieFR}’ for peduming ﬁ'@?téq)rl Kineh$ de

| ayer. energy f.thd B@psddtisd, ure as clainmed in claim7, wherei

in the p-type

contact structure conprises a nultiple-stage doping profile.

The above described example embodiments can increase carrier injection
efficiency. The above described example embodiments can increase carrier capture
efficiency. The above described example embodiments can increase electron-hole
recombination volume and thus increase internal quantum efficiency. The above
described example embodiments can increase power output of InGaN quantum dots-
based LEDs.

in the example embodiments, the material used include GaN and InGaN.
However, it will be appreciated that the material are not limited to the above and can
include any different metal-nitride based material.

it will be appreciated by a person skilled in the art that numerous variations
and/or modifications may be made to the present invention as shown in the specific
embodiments without departing from the spirit or scope of the invention as broadly
described. The present embodiments are, therefore, to be considered in all respects to
be illustrative and not restrictive.



9. The structure as clainmed in claim8, wherein the p-type contact
structure is doped with magnesi um (M) . 10. The structure as clained
in any orwoabioadsai3es 1 to 9, wherein each barrier | ayer PCorsgRi®®so4as second
metal -nitride based material having a different netal elenent conpared to

the first netal-nitride based material . 11. The structure as cl ai ned
in claimb5, wherein the first netal-nitride based material conprises
Indium Gl liumNitride (InGN). 12. The structure as clainmed in
claim11l, wherein the nole fraction ofifdndiumin the first quantum well

| ayer is eaE ﬂn%ange of about 0.05 to about 0. 35. 13. The structure
as cl ai ne | aim 11, wherein the nole fraction of Indiumin the second
guant um wel | Iayer isina range of about 0.0810 to about 0.38. 20

14. The struct |l aim 11, wher the nmole fraction of

i um 1 the Lh r R ATTRRGRE SRyB T and SRS S b out 0. 15 to. about
0. 45. d Supeflattics tcoogiriging: as cl aimed in claim 11, wherein the nole

fraction of Indiumj . h quantum wel | layer is in a range of about
0.20 to about 0.50° fist firb Ay
a first quantum well layer comprising a first metal-nitride based

material formed on the first barrier layer;
a second barrier layer formed on the first quantum well layer; and
a second quantum well layer comprising the first metal-nitride based
material formed on the second barrier layer; and
wherein a difference between conduction band energy of the first quantum
well layer and conduction band energy of the second quantum well layer is matched
to a single or multiple optical phonon energy for reducing electron kinetic energy in
the superlattice.

2. The structure as claimed in claim 1, wherein the superlattice is
repeatedly formed n times in the structure whereby 2<n<10.

3. The structure as claimed in claims 1 or 2, wherein a difference
between conduction band energy of the first barrier layer and the conduction band
energy of the first quantum well layer is matched to a single or multiple optical
phonon energy for reducing electron kinetic energy in the superlattice.

4, The structure as claimed in any one of claims 1 to 3, wherein the
second quantum well layer is arranged o have a mole fraction of the metal element
more than that of the first quantum well layer to facilitate the match of the conduction
band energy difference.

5. The structure as claimed in any one of claims 1 to 4, further
comprising an active region quantum well layer comprising:

a third barrier layer;

an electron capture region layer comprising the first metal-nitride based
material formed on the third barrier layer;



16. The structure as clainmed in any one of clains 3 to 15, wherein the

structure is capable of emtting anber |ight. 17. The structure as
cl ai mred iwoanw/sas20f claims 3 to 16, the structure furPoESGeaIPne4ss ng one
or nore blue/green light emtting nultiple quantumwell | ayers whereby the
structure is.capable of emtting white |ight. 18. The structure as
clainmed in any of the preceding clains, wherein the optical phonon energy

is a longitudinal optical phonon energy. 19. A nmethod of formng a

light emtting diode structure, the netthod conprising the steps of: formng
a superlattice, by formn I rst barrier layer; formng a first gquantum
wel | layer on& H'lé’ydf?‘?aﬁmrﬁg’l’% {gyeq goroprisipg dhg %?Sétm?fﬂgﬂ'frl?{% bryed T‘”‘%ﬁégﬁj

conpri si rigraed iohsthens@lecttonnédptire erebiaf elelyemtties itidild gliamtahn@en 1agsronRalvilb@r ri er

| ayer on the firs formng a second

uantum wel |, | re .
quant um Walntqrﬁggﬁnag}?SPH‘Lé{ursegce@ﬁ%e%ErtP%ﬁe'r\’Q%r, the second quantum wel |
| ayer conpri siwiereinembiariat compasition tanddihidkassx ofrdies reiexkrpn ayadture region

layer is configured to facilitate electron capture.

6. The structure as claimed in claim 5, wherein the active region
quantum well layer is repeatedly formed m times in the structure whereby 1< m< 5,

7. The structure as claimed in any one of claims 1 to 6, further
comprising a p-type contact structure formed on an outermost one of the quantum
well layers, the p-type contact structure comprising a p-type metal-nitride layer.

8. The structure as claimed in claim 7, wherein the p-type contact
structure comprises a multiple-stage doping profile.

9. The structure as claimed in claim 8, wherein the p-type contact
structure is doped with magnesium (Mg).

10. The structure as claimed in any one of claims 1 to 9, wherein each
barrier layer comprises a second metal-nitride based material having a different
metal element compared to the first metal-nitride based material.

11. The sfructure as claimed in claim 5, wherein the first metal-nitride
based material comprises Indium-Gallium-Nitride (InGaN).

12. The structure as claimed in claim 11, wherein the mole fraction of
Indium in the first quantum well layer is in a range of about 0.05 to about 0.35.

13. The structure as claimed in claim 11, wherein the mole fraction of
indium in the second quantum well layer is in a range of about 0.0810 to about 0.38.



wherein a difference between conduction band energy of the first quantum
wel | layer and conduction band energy of the second quantumwell |ayer is
mat ched twoaosiasgize or nultiple optical phonon energy fecTseduviong3gl ectron
kinetic energy in the superlattice. 20. The nethod as clainmed in
claim19, further conprising formng the superlattice repeatedly for n

ti mes whereby 2<n<10. 21 21. The nmethod as clained in clains 19 or
20, wherein a difference between conduction band energy of the first
barrier layer and the conduction band 2energy of the first quantum well

| ayer is matched tqg a single or multiple optical phonon energy for reducing
el ectron ki net'fc e%é‘?g?ltrq Urenes siaied &t Gade, 11, whereimthe mgle Haetiyy ohs

cl ai med ilndiamyin @netod qtiaaturs wef Idyer Blin aftdhgd ef asator isstondolipn aENg t he
second quantum wel |l layer to have a nole fraction of the netal el enment nore

than that of the first quantumwell layer to facilitate the match of the
conduct i on band. endihgystdidtiirer aneaimed in clai@311, TWherit tedmate @kaiigredfi n any

one of cl,ai.ns. . t , [yo]o) i.si_ng formn ctive i on quantum
wel || ayelﬁ(?'nﬁvﬂi?‘?)er fﬁuﬁé %Jaﬁf]uwgregg YTF{' r'”|aa{§89‘? cnrrébo%%f ?%%?8”5@5@1 ectron
capture region layer conprising the first metal-nitride based material on
the third barrier l@yeL: 1 [ I 2
conprising t he1|6fi rs-[?%n%t{ué:ltq?j 5 {:'g@gbg;g‘e%m;ngbéﬁf%%@%%%ﬁgl \é\)@%?'eglﬁ] tr(‘:eapt ure
regi on | &jeeture isecaprbledofqmiting il lightayer havi ng quant um dot
nanost ruct ures enbedded therein; and
17.  The structure as claimed in any one of claims 3 fo 16, the structure
further comprising one or more blue/green light emitting multiple quantum well

fayers whereby the structure is capable of emitting white light.

18.  The structure as claimed in any of the preceding claims, wherein the
optical phonon energy is a longitudinal optical phonon energy.

19. A method of forming a light emitting diode structure, the method
comprising the steps of:
forming a superlattice, by
forming a first barrier layer;
forming a first quantum well layer on the first barrier layer, the first
quantum well layer comprising a first metal-nitride based material;
forming a second barrier layer on the first quantum well layer;
forming a second quantum well layer on the second barrier layer, the
second quantum well layer comprising the first metal-nitride based material; and
wherein a difference between conduction band energy of the first quantum
well layer and conduction band energy of the second quantum well layer is matched
to a single or multiple optical phonon energy for reducing electron kinetic energy in
the superlattice.

20. The method as claimed in claim 19, further comprising forming the
superlattice repeatedly for n times whereby 2<n<10.



wherein material conposition and thickness of the electron capture region

| ayer is configured for facilitating el ectron capture. 24. The

met hod aswol2aiomsehisen cl ai m 23, further conprising form rgTiSGRO@®DIMBE I egi ON
guantum wel | |ayer repeatedly for mtinmes whereby 1< nx 5. 25. The
method as clained in any one of clainms 19 to 24, further conprising formng
a p-type contact structure on an outernost one of the quantumwell [|ayers,
the p-type contact structure conprising a p-type netal-nitride |ayer.

26. The nethod as clainmed in cIain125:Mmherein the p-type contact structure

conprises a tipl rofi 27. The nethod as clai ned

i nm;ny one of <I aP elg'eg%o‘g@g a%@f i H‘ f’ﬁ‘é“%ﬂrguef @0 Whergigpaitersnc2mi t ti ng

anber i gmtweexii‘onductlon b%&d drieegyet ih@dlrﬁsbaﬁhéﬂ I@?ér ?ﬂibl ﬂ'ﬂe)’cclﬂf@c%n bélf[’:’d ms 19
one. or [uelgreen |i en

to 27, further orm

mul ti pl e GUaRt Bﬁ%% 'fs I% %mVW%EEW fsh@aé c U %‘ec%{p%"ﬂﬁ'g ?pté% tt| ng
whi t e | i gittonon energy f@Orediibimgrat¢diod kiretic leaergydn ithe superiattieeof clains 19 to
28, wherein the optical phonon energy is a |ongitudinal optical phonon

ener gy.
22, The method as claimed in any one of claims 19 to 21, further

comprising forming the second quantum well layer to have a mole fraction of the
metal element more than that of the first quantum well layer to facilitate the match of
the conduction band energy difference.

23. The method as claimed in any one of claims 19 to 22, further
comprising forming an active region quantum well layer, by

forming a third barrier layer; '

forming an electron capture region layer comprising the first metal-nitride
based material on the third barrier layer;

forming a third quantum well layer comprising the first metal-nitride based
material on the electron capture region layer, the third quantum well layer having
quantum dot nanostructures embedded therein; and

wherein material composition and thickness of the electron capture region
layer is configured for facilitating electron capture.

24,  The method as claimed in claim 23, further comprising forming the
active region quantum well fayer repeatedly for m times whereby 1< m< 5.

25. The method as claimed in any one of claims 19 to 24, further
comprising forming a p-type contact structure on an outermost one of the quantum
well layers, the p-type contact structure comprising a p-type metal-nitride layer.

26. The method as claimed in claim 25, wherein the p-type contact
structure comprises a multiple-stage doping profile.

27. The method as claimed in any one of claims 19 to 26, wherein the
structure is capable of emitting amber light.
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28. The method as claimed in any one of claims 19 to 27, further
comprising forming one or more blue/green light emitting muliiple quantum well
layers whereby the structure is capable of emitting white light.

29. The method as claimed in any one of claims 19 fo 28, wherein the
optical phonon energy is a longitudinal optical phonon energy.



