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Fabri cati on of Phosphor Free Red and Wite
Nitride-based LEDs FI ELD OF | NVENTI ON The present
WO pweisseh rel ates broadly to a multipl e guant POT/862007/000350
structure for a light emtting diode and to a nethod
for fabricating a multiple quantumwel |l structure for
ali ght emtting di ode. BACKGROUND Li ght emtting
di olg rgLEDs can serve as a source of lighting and
ar eFabyraticmof Bagsphox fsee Rad and ‘Q’uhc!te Nitrisi-based LEDs
full colour displays, traffic lights, data storage,
solid state lighting and comruni cations. Typically; a

de based LED emits light with a wavel ength
F'Eld-(# Pgééy Nio the bandgap of active Indium Gallium

Nltrlde/Galllum Nitride (InGaN/GaN) mul ti pl e quantum

J’_e((el\/%/%{) | enerated when a bias is
appl MeHSSER 'Qge'%f' B-"R'5"h térto?g e PHEPIEQyaniyB Mell stiycture for
a lighe ellr@nghdxbdas s tee lae Aftifats farnfaReic8fhddoy MRipls tiBRtum well

S GOt ine at the active layers to emt

Sm‘?&&ﬁ?orf%‘é%t 'E%B rface. Epitaxial growth of

I nGal\V GaN MW is practically challenging e.g. when

high In content is incorporated for |ong wavel ength

appli-cations such as for green or yell ow LEDs. :
BAﬁM&R@UM& e, light output efficiency is typically

|l owered for light em ssion with increasing wavel engths

wi th higher In incorporation. Lowering of the growh

t enfdettt amittiag dipdes ¢isitiPs) dan swive ar rewyreei of lightigr et arei tppically

- use@fin bpbliekfiorsRGcth Q%E dB@r'mﬁ? ESbY &is r#l%)@' g%’ i ) Y%I?Qlﬁsa??s st@rage solid

reduction in the ot ol um nesce

:Staf?H@hw}gyé%%umWén@atwﬁSt Wm@alldegﬂlér@é@ﬂe bareaN-ERY amnta tight with a

\Ié(én‘gthh @Mﬁ‘eé}b@ﬁ&n%’@@' A& eshrdghp %Fhi’dﬁ% r]HleMa@'émmn Nitride/Gallium

N'“\?’B E&?ﬁé@%%’"ﬂﬁ qu«mw%h«\&%v\a Javers: drm EDgepaptegewien a
biad ismpﬁhéd airody a1p-rf jOnQoAng @nebaan %Verrs)lnh tHaOL 2 Qmoqiésf@iaeélé’arons

dot ean et al
imeRloq By 5 6 i Bichs coniane 4 Do) Byass do g ight from
the HEPuifaee. dopi ng GaN with one or nore rare earth
transitional elenments to obtain a tunable LED with a
variety of color shades . These transitional elenents
i ndpitebdal@rowthiof inithNIGabindQWsi is practiqxdp eﬂaltehglhg\stg.men high In

conie'ngﬁt mE@r‘Bo%ﬁeogForr‘%rﬁ %vé‘gﬂb& ca\%P q'T?M] %15"?'? QE S?r E;r?agg eor yellow
LE%ﬁuﬂmrmqﬁ% lm@ptohtpgf effiejghan isatyipinally rln\mered tffomi lighd@misadon with
increasing wavelengths with higher In incorporation. Lowering of the growth temperature
can result in an increase in incorporation of In but the lower temperature typically causes
a reduction in the photoluminescence (PL) intensity as the crystalline quality is degraded.

InGaN quantum dots have been explored for enhancing quantum efficiency in -
LEDs [see e.g. CHOI et al., WO-2004/054006 A1]. Emission colour from LEDs can been
tuned from blue to orange by controlling the dimension of quantum dots [see e.q.
Grandjean et al. US 6,445,009 B1]. DenBaars et. al in US2006/0255347 A1 describe
doping GaN with one or more rare earth transitional elements to obtain a tunable LED
with a variety of color shades . These transitional elements include Cr, Ti and Co and it
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| ayer of an MQWstructure. Chua et al. in
US2004/ 0023427 A 1 descri be white |ight em ssion using
w0 niBadksgemnt um dots incorporated in a well | ayRPCT/BG20MAN0350
structures for LEDs. However, outdiffusion of the
quantum dots into the well, or into a barrier |ayer
when high tenperature in-sigu annealing is carried out
for activation of a p-dopant Magnesium (Mj) was
is peonesed dhvat echite Tightscanylbe @anergted ausingsa chabighg ehatjese elgments.
Hom& ‘:1'§ B H\%l:ttcaﬁ&ﬁﬁi'ﬁﬁﬁl‘fi 10 -EBM?DI thd BetA Yt i rﬁﬁﬁﬁ%ﬂorﬁ irit& Sl thilUsetive
to the guantum dots can be conprom se Furt her nore,
layer @f e shosver7 A1, the col ours of emission fromthe
LED cannot be preci seI y controlled causi ng the degree
of whiteness of the LED to vary. Currently,
r ed=¥feaf@ %?n#d%&“!%ﬂ? R destiibssunitg ggfttfm'%%?fr ys'ng InGaN

quaﬁ%ﬁ eutegn&m?gkea in &l Wi llayen blh mm@wrs&aﬂtdrey for RiEosp hWever, out-
. [ %ﬁ er| e I‘
d'ff‘\‘ﬂ' & N %B‘PZYE V"?”rf"éi ?%vaﬁwvv&afm%ﬁs*eapefatwe

in- snmtaefneallngsgsstarred odoview attjvation cnﬂras ejqdio;iaat MEghegiues (Mg) was
EDs .are naot

k
oxvghtcad: Tt YR o ftns AR s Putt 8 bl 855 I BBl Tpus, the
confimerngam exflece d\mltb éhé icglahtuenidetsi can b#ygingabmiged.t Burthermore, in

Usﬂog%ﬁ?ﬂﬂhé%g t‘é% 3% ouﬁ‘g o e‘rﬁlggon %y WR{; nLaé Oégm%t Pe rpergcisely

separ em tting i ndividua ours o
congolwncaasidg mamgréegmvvhltenwexﬂ theAL B[ tonry. veI Y,

i ndi vi dual blue and yell ow LEDs are conbined to

produce white light. One disadvantage is that nultiple

‘LEMsureshtly yisibleerad-aranas ead yelpw lighk govrgey @ tyiieally achieved

bas@@ 'oBeAILHnG:BFn F’f‘)ﬂﬂn{ @él‘ﬁuﬂnw&l ﬁﬁé (ﬂm@élﬂ)‘rhéﬁén&f whil€bright green,

fabrication techni que and overal |’ fabrication
blug; @, vigkke LEES, pig N@I@Bx(/.fee'qaﬁs# &am F%&%%S%W"Fr@ét%’étems

Howevat, rroburﬁér@fach@dw Ss, BANBaset L ERsant net l@\@ﬁ/nttd’ﬁ% fé8 @mission,
es. Furthernore,

TR g SN t@@f%ﬁ% Cramepnetes geseteanye fokemizsios.
(f or red em ssion) and InGN (for green and bl ue
t he y\?vlﬁgw ’tP f%ﬁcﬁu%%b/{nﬁﬁeﬁ@\??%ﬁ{igbgs Iglc!ot |nat|or9 %‘? sepgratoe LEDs
each edritting| intlyidgalataloyrs pafoletie greensandabiuselight ds usked. Alternatively,
QAR PSR TBERL, HOURE VAI B ST gprace
is thehd gruitide Liolps of diﬁaeeqomaterialsraradlded togenerdte theswhitd light and this
mcr?gge§p&%éolex t?n?‘mel ?ébh@eﬁiroﬁzcéﬁﬁl cheearRir fg\gutﬁ;ekéﬂnfgﬁﬁcsaﬁloﬁ@gst The

Xxte uantum enc ue to absor
resyling dryiosHneaiy rUS*HefFﬂ!ep"Cﬂﬁ%é rcentwdueéeeoyoamﬁ gwee dlé‘ereat diode types

use Biffdrbm! HpibtPRHAGR RIS e dlfi&rehtVidBtad8bn Rates of the materials
used, e.g., AlinGaP (for red emission) and InGaN (for green and blue emission), typically
affect reliability or quality of the white light obtained. The above reliability/quality problem
also arises for an alternative fabrication method using yellow phosphor coated blue
LEDs for white light generation because of degradation of phosphor. In addition, the use
of phosphor typically increases the production cost and lowers external quantum
efficiency due to absorption in the phosphor.
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light emtting diode and a nethod for fabricating a
MMW structure for a light emtting diode to address at
wo emsh4same of the above probl enms. SUVMARY | n aPCD8GZNT@00350
with a first aspect of the present invention, there is
provided a nultiple quantumwel |l (MM structure for a
light emtting diode, the MW structure conprising, a
plurality of quantumwell structures, each quantum
welHenge rthere sxiste a mped £¢rregmualpbaqvaréumlm9{b$trucéw& (HQWD for a
Ilgh{ é‘hﬁﬁﬁnghé%ﬂé‘ andl lé"’]’ﬂét‘l"n% ot faBﬁ'&Qlﬁ%; Ny %ﬁu@%@féﬁi &dight emlttmg

herein forned barrier Tayer, the rrier and

d'Odcen"@ agdiess pilgast O@Sr?ﬁfhesahe@e groplems: netal -nitri de based

material wherein at |east one of the quantum well

structures further conprises a capping |ayer forned on

the well |ayer, the capping |ayer conprising a.second
SUMMARY- nitride based material having a different netal

el ement conpared to the first netal-nitride based

material. Each quantumwel |l structure may further

c onpace@dancsevith adi rdsta@@edf afrthe prdxsghteeaniidre thaeris provided a

S, APl e 7 B RGAAR ST e

comtpinigingu @n plunalilye |df quantum walb stragtufest teaeh queampuh swell structure
cor@zgfﬁﬁd CB:BHL;P %Je@ygﬁd OHAF qa;@? ﬂ%gﬁ aﬂ%l)t[]lg\ h ﬁgnos?f@fcgjres

dcap aer conpris et a

embiesisied ﬂ‘i'&fﬁém |fatm¢da\nm§16a t@rniefrelaeat, imet barrieoramon g well layer

con%?ﬁmﬁfae}vﬁrsi thetdI6nithiBE %@ e?]lénéri'v&ﬁérg“ﬁ 5?6}&5& o'ﬁ%tcﬁrthé‘lquantum

structure rmy er conprise p-type
welle giricides sfiurthen esar@pﬂ%ﬁsfr@dcanp%lay@r e‘pwwt opnibeowel Hayer, the

capPing&drt sonifirisféPAteeBb M@ InhetSLAiiaE WLREd rhA®rifr ﬁéﬂ?ﬁ‘g a different
contact structure nprise an el ectron bl ockKi ng

metpLglement cpapaseq i BeTEENe Pl assg Gt RImod on t he
el ectron bl ocking layer. The p-type netal-nitride
| ayer, may conprise an I ndiu In) material.The p-type
ot ah (AT el Sy ey PtheodBrRG 8 e e famed
bet\méerb’ﬁé\mmrmtanaﬁﬁﬁ WrelldaysGoCenherein(dvraaticmcd fthe qotum
corrprl se an n-type contact |ayer for making

dOtn?'éosttrPf:Eé?s contact to an n layer underneath the
plurality of quantum well structures.

The at least one of the quantum well structures may further comprise a
second capping layer formed on the capping layer, said second capping layer
comprising a third metal-nitride based material having a different metal component
compared to the second metal-nitride based material. |

The MQW structure may further comprise a p-type contact structure formed
on an outermost one of the plurality of quantum well structures, the p-type contact
structure may comprise an electron blocking layer and a p-type metal-nitride layer
formed on the electron blocking layer.

The p-type metal-nitride layer may comprise an Indium (In) material.
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The MQW structure may be capable of emtting

red/yellow light. The MW structure nmay be capabl e of
weriobpisags red |ight. The capping | ayer may conpei/S€2007/000350

alumniumnitride (AIN material. A thickness of the

cappi ng |l ayer nmay be maintained at a maxi num of about

3nm The quant um dot nanosMuctures may conprise

IndlumGallluletr !\%r uant um dot s. {n

08 BRI A% YT 0B AT UTRLR [rhBafUfe of between-

aboutmeert kseo°chere is pr ovided a light emtting diode

structure, the light emtting diode structure

conprising a red/yellow light emtting nmultiple

quaRé MmWes thucfuvWiaysurtbet coreprisesaarnndyntcantactdayer for making

elec@n& ?qng?cﬁ &:9 fa%tnh%ygf c}{al(:r‘llé%/agpr‘vﬂle &gFaII%ft#Eﬁ&ng@éﬁ structures

guant um dot nanostr uct ures enbedded therein for rred on

the 2 Md\hﬁsrtrdc?ﬁlg FT{ e t e ablel dile g‘ﬁﬁ’iﬂgtrgd? AR llglh@yer

conprising a -nrtri sed mat er1 al
wherein at | east one of the quantum well structur es of

thept %wthﬁgw % rﬁﬂi}daeecfgptablerlg em%é WEd e, conpri ses a

cappl ng he wel |l layer, the capping
| ayer conprising a second netal-nitride based nmateri al

: ha‘rhaeaap.ﬂg idyer #AY BRipALe BluRTENM GRRIBIARY rhgtefifie first
netal -nitride based material; and a blue |ight

emtting MQstructure f or med integrally with the

r efl/ tiRkh&sy bf B8 tcapPing layeg MdMWbé edaimBinetiiatg mbkitunh ogBbout
fromthe light emtting diode structure. The bl ue

3nmIlght emtting MW structure may be formed on an
out ernost one of the plurality of quant um wel |

stryuctures of e red/ IowI| mti

st ﬁH‘Et GHRAR | Ee??ﬂfﬁ%‘gﬁ’f |5'$ Al Ilr{?@u%{g%lﬁ% Njtride
(InGatl) lquattuncdetses of the red/yel I ow light emtting I\/QN

structure nmay be formed on the blue light emtting MW

structure. The light emtting diode structure nay
f uint leecordanpe iveith an sacando@spenit efc the ayesent dnverdiennghere is

prO\frﬂeglcé ﬁéfﬁ@mlﬁﬂgkﬁaﬂe dQichird thb g&ﬂrerh‘iﬂ riseRs Srddire COW[SRIS'ng

ht emtting an | ue ht emttin
a redtyeliowight eariting saRie japanin yedl GHA a5 tructure, each quantum

well structure of the red/yellow light emitting MQW comprising: a barrier layer; and a
well layer having quantum dot nanostructures embedded therein formed on the
barrier layer, the barrier and the well layer comprising a first metal-nitride based
material; wherein at least one of the quantum well structures of the red/yellow light
emitting MQW further comprises a capping layer formed on the well layer, the
capping layer comprising a second metal-nitride based material having a different
metal element compared to the first metal-nitride based material; and a blue light
emitting MQW structure formed integrally with the red/yellow light emitting MQW for
emitting white light from the light emitting diode structure.

The blue light emitting MQW structure may be formed on an outermost one of
the plurality of quantum well structures of the redfyellow light emitting MQW
structure.
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structures formed on the red/yellow |ight emtting MW
structure and the blue light emtting MM structure,
W0 b@op484ype contact structures nmay each conpri BET/&6G2007/000350
el ectron bl ocking | ayer and a p-type netal-nitride
| ayer formed on the electron blocking |ayer. The |ight
em tting diode structure magy further conprise an
n-type contact |ayer for making electrical contact to
at layer underneath the blue light emtting MW

st N*(ifnl‘{ér o%@gn optﬁey Wg/néf tantct}rﬁ f léfrﬁcttjfgsn@fd(hé’?eﬂ)hﬁlow

ture, or activatin
hghibletmtihg gﬂ@vérﬁttttctuﬂg ey ks fernad en ted bigelight nemiiigng MQW
struf;t? f{yellow light emtting MWstructure may be capable
of emtting red/yellow |ight based on absorption . of
blue light em ssion fromthe blue light emtting MW

st "I’Hggﬁﬁh? -enlitfigCaba: NGrubRYE hé@ﬁrﬁ@ﬁ%hﬁ)ﬁs@' aHThypENcontact

nitri AIN) material, A thjckness of the pg?&g
. layer foemakiRg Biectisahcaniash ta g mrﬁnﬁemeaé'bdﬁ? llopy, dight
‘ emlﬁM nérh’dnlﬂiﬁ Ilgﬁtn@ﬁﬁﬁlﬂgtMQW éﬁ%ﬁtﬁ%ﬁdsﬁéspectlve p-type contact

strugliss es o DR ol Riovy iRt MY kgl end the blue tight

emltthyemwnstrlidi@l‘ee_thé Poype d@da@t kirghttires ninialy i @achdicohprise an
clecighpPiPEkIy ANy dl FOUPT IBE- B 190G AicpPR the slectron
blockirgnayen wel | (MM structure, each guantum vvel I
structure of the red/yellow light emtting MMW
conprising: a barrier layer; and a well |ayer having
qudieu ighd czmittingosiode cituckse ende derther tdosmsise dro Nrigee cantact

Iayetrl}gr p%'kfr{ﬁeélkét%‘lﬁél’ cérngct tl? rd he ray%P %Bas T 8%' the! @M? fight emitting

teria
MQW@trgcwr%uanﬂe@srtygﬁecqmact ﬁ&uqtugt:htfwmaﬁepn the rhikg lighisemitting

MQil? Qtrlﬁcﬁglley f‘ach a‘&ﬁ(/a{t?ng riﬁe %metli%; I\@qf eyt Qﬁﬁctﬁ%ﬁﬂ $#rén the

cappi ng layer formed on t

er t he cap
redlyg 'lewmmmwoé{\/@eew W@ma?ﬁ i%@ Paiing F?&’(X(@%P‘Hl"ght

basBaVer G ofptibh €6 BlueMRiR! elsEidNtromORAILRER light! B@itfihg QWY
netal -nitride based naterial; a blue light emtting

StrUGMI-st ruct ure; and a green |ight emtting MOW
structure; wherein the blue light emtting MW

?r (re géja{pgw%q%}(%gﬁ%f{:?eﬁgnsle gumlnlum nltn(?eq (W avenart ure

A thickness of the capping layer may be maintained at a maximum of about
3nm.

The quantum - dot nanostructures may comprise Indium-Gallium-Nitride
(InGaN) quantum dots.

In accordance with a third aspect of the present invention, there is provided a
light emitting diode structure, the light emitting diode structure comprising a
red/yellow light emitting multiple quantum well (MQW) structure, each quantum well
structure of the red/yeliow light emitting MQW comprising: a barrier layer; and a well
layer having quantum dot nanostructures embedded therein formed on the barrier
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with the red/yellow light emtting MQWfor emtting

white light fromthe light emtting di ode structure.
wab@onesdtyel | ow | i ght emtting MMV structure nByT/B&2007/000350

formed on the blue light emtting MM structure and

the green light emtting MW structure. The |ight

emtting diode structure further conprise an

n-type contact |ayer for making electrical contact to
layer, tHe bayyier atddes m@atlﬁyetriwmweingeda tfiest/ rhétgihtitriekel thidsedgmaterial;

whedpit 3t b8l ared ho (Bl etk 388 oF el idcfbabipigns emitting

MQV¢ furiher comphisedd wapping Myee rimmtechg"n MaWwsl layet, ihe capping layer

corir £ SBpdl oG Mk RYR RIS, Pl R 1) b
compaged tenthet firsy nvdal-sitridec based mesipdalt iav dlug; llmhferemlthnsn H4QwW
stru é’earfoogtg?één ﬁéﬁtﬁﬂlﬁﬁﬁwﬁw sf?é‘&PreC WH%F%E eh&BiR!) R‘Q‘tlng

I Ng aer an - netal-nitri aer
MQM\h Strhetuea ead rtbe dseet NQWgemavw MR stiyatwe rarﬁ;hférrée% lmtﬁ@ra"y

with B8/ réA/L MW i Sﬂgmﬁtmglt 1St rHRrY BhifBNgH? ?ro?@@%blt%t @hnitting
emtting red yel | ow t based on absorption of bl ue

diodq $RCtWRi ssi on fromthe blue Iight emitting MOW
structure, green light emssion fromthe green l'i ght

corhi R EoH RN e i MY G roned edriTas o Rglont

emiftihgi\NM@ VY sipfidting drahtBe ghdan it BRiitih@ MY stuctureraxi mum of
about 3nm The quantum dot nanostructures may conprise
Indium@GlliumNitride (I nGN) quantum dots.In
acd‘(biedlag‘rﬁeemﬁttrig diotiowsttuotias pﬂajl fartherheongriseeat n-type contact

laye f?é? r{ﬁlgn% i rrlcer%II SnFac? ' ded turqgerﬁéartﬁg@ %ﬁweﬂgwahght

st AUC U e
emitimg bllu_aglgdt evéting aed geiehd@htenmpitlm@M@Nfstbun’tun@ aind respective
p—ty% HO?'%{G? %tr?%tygéég%h%rg%l ‘S’c}ﬁwhe%llﬂ% %Mr %&W%‘QH&% Weamj the
gre¢myight leaviting M@&Mtsﬁmcw@ frinaciivetieg aheéoltawﬁlehtjemitﬁng MQW

struﬁﬂu?é ecr'nB tﬁ@rd@gn Aght Qﬁnt{i‘@d’ WI(WV Jstﬂ)’c%re r'egﬁeé?ﬁéfy‘ Whe?é?ﬁj éhe p-

yer conprising a first metal-nitride
typ%?'g??tasftmcﬁ'ﬁﬁs eI cg;tm;prés@s@n glestrop b!%lé'"@damf@ﬁ% Prtype

metﬁtﬁlweura?ér ftricdr bh ke %Hﬁbhsao&.ﬁ@wen enbamhep Whter@n the
t he cappi ng | ayer caonp

’ed/bf%'!% “W¥t PO ATt P‘aPaH%M? 5 eﬁ“‘éng f %‘n”é‘f'ﬂow light based

on absorption of blue light emission from the blue light emitting MQW structure,

green light emission from the green light emitting MQW structure or both.
The capping layer may comprise aluminium nitride (AIN) material.

A thickness of the capping layer may be maintained at a maximum of about
3nm.

The quantum dot nanostructures may comprise Indium-Gallium-Nitride
(InGaN) quantum dots. ’
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netal el enent conpared to the first netal-nitride
based material. In accordance with a fifth aspect of
w0 b@opssagsent i nvention, there is provided a nmep¢mEGENT/000350
fabricating a light emtting diode structure, the
met hod conprising formng a red/yellow |ight emtting
mul tiple quantumwel | (MM 7structure, each quantum
wel | structure of the red/yellow light emtting MW
contpracsoripnge vdthra urthagepect cfittie arageint inveytion, lisareng provided
: f
a n?éﬂz&ib gﬁa:ggézatf@ 'é’eﬁjiJlﬁtﬁé Hggﬁyﬁysgﬂ\gé@rﬁfﬁ f&’rr gﬁghtoe%lttlng
diodgnihei epthgd apqmnrwm{@tr@mma PRUraldy [sd santvan é!\ra“aﬂtfuctures each
quérﬁmﬁrfﬂv?&l @tFuc'ttﬁ@%nﬁﬂ%w@f allifriéy rugﬁd\'ﬁld/elﬁl'épécﬁé{ﬁr?gs%ﬁntum

ow light emtting further co

d/
dotwaéeaaétgﬁméreﬁ @ﬂ&eds'ﬁdttwewmm%% the batdeclapen g b%ryerrand the

. well RIYBF tSnpiking aGR&NHeBRhfide BdsedRatBAsIe gn@?&ﬁﬁﬁ%bt least one of

el el S g T RSB A PBIAG AP e vl et the
cappinig tayag cofddvising uc setandi mte??hahdie/ baédd ntdf@nan ?@w\glt zl;] Qifferent
i.n romthe
meld) Shnebirb Attt Mt PRt Ptcctivald@he with s
sixth aspect of the present invention, there is
o U BB, il SO SR BT, i provies
meﬂ@d/&f&brwlmg ghlghteanﬁﬂmg’\@owbh'hq;ibe theamethodvesinhprisMgidrming
a ré& g«%lﬁ:tvr @nt %ﬂﬁﬂ}gﬂ E%%nﬁWQWWeH‘BW\R%%(rUE%?e each quantum

wel| gtygturea:pfdhg rq@yepllqmal}g;\t emitling §1Qaenrapnising a barrler Iayer and a
well"?d}%?tﬂé\&ﬂguﬁﬁac’ntﬁx'ﬁbggfjﬁgnﬁgl%&g ?s IR tb R, l?<§'1rrﬁéde[)n the

| ayer barrier an er corrpr|3|n
baff'?rr ey errdha bantien AR thm sl lﬁmrewrapns'mgnanﬁrﬁg nmtalrrefalde based

maféﬁﬁl %rn’hﬁ@ afl Ié%%f YAt Wekhhe §LAMGMUNEP s@hcthiRe draré Y@Ji/}/é]Ww light
mitin further conp rlseaca'g‘gl ayer

em'st tMQ%mfurtg%PomPW@ BafpPIG Iexsern dbepyallsiang’. 4he tapping
layaeaﬁﬁdrlél'mj al séd:drfd dﬁétdﬂ&ﬁtﬁde r@s@ﬂl rﬂbtéﬁlé{/ |h|€§3m§t§“dq ifRERNnetal
el e metal -nitrid

cloBU PR B (115 Py AeTe) M FESPe GHRCKAN £3d fymigrp blue lioht
emigting QWY stricturgintegryllywitththisredyenttvy ByhtamittingMQW for emitting

[igh
wni@l A MR CORl Wbt BB ) O o | M

emtt| ng MQWand the blue light emtting I\/Q/Vstructure

N
method of fabricating a light emitting diode structure, the method comprising forming
a red/yellow light emitting multiple quantum well (MQW) structure, each quantum
well structure of the red/yellow light emitting MQW comprising a barrier layer; and a
well layer having quantum dot nanostructures embedded therein formed on the
barrier layer, the-barrier and the well layer comprising a first metal-nitride based
material; forming at least one of the quantum well structures of the red/yellow light
emitting MQW to further comprise a capping layer on the well layer, the capping
layer comprising a second metal-nitride based material having a different metal
element compared to the first metal-nitride based material; forming a blue light
emitting MQW structure integrally with the redfyellow light emitting MQW: and
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Enbodi ments of the invention will be better understood
and readily apparent to one of ordinary skill in the
w@eao9fssaes t he following witten description, bRCTEG200f/000350
exanple only, and in conjunction with the drawings, in
which: Figure 1 is a schematic diagramillustrating a
nmonochromati ¢ LED struct ur ey Figure 2 is a schematic
diagramillustrating formng electrical contacts on
forntihg angnesrh fighteemitting=BIQVr SWEWCUNIIB inEgyallyewit3 (thy red/yetow light
e ELFETY e e NEME AL MGUP RS Sling whit light rom
theileldinﬂmgrmk%iiwcwey Figure 4 is a schematic diagram
illustrating a tunable white LED structure. Figure 5
Is a schematic diagramillustrating formng el ectrical
contacts on the tunable white LED structure. Figure 6
BRIEF BESCRIENON SFHEBRAWNGS 9raph showi ng an
el ectrol um nescence spectrum of a "cold" white LED.
Figure 7 is a schematic diagramillustrating form ng

el EE?ﬁIBd)d-‘rl@llenféQlfttﬁ’élrﬁ/eﬁfbrﬁWﬂl thﬁbeﬂtéiﬂﬁi@lb%tm 46d kd=dily apparent
struct ure. Lgure i s a_se

to qne efseridia kil 1§ de o eBt ?3&3’&"&9 \XH%‘%B ‘Eéﬁ iption, by way of
exafiplalehiy) #nhd ihicgHjuAcHor wittatrecdrawhigs Cindiviagt: am

illustrating formng electrical contacts on the

tunabl e LED structure.Figure 10 is a current (I) vs
Figwel 1t iagesch¥inagic diplgrarh dilustrgting &/mopashoeratinl &0 stkesturér om

a yellow LED structure and a white LED structure.

Figure 11 is a Scanning Electron Mcroscopy (SEM
Figureageiss howthegnaior Hagemoliystyeting yowiing elkdtical Leatacts on the
mo,i(gﬁrg We Ebl Hétﬁrelz is a Scanning El ectron M croscopy

I mage s OWI ng surface norphol ogy of a sanple
white LED structure having a structure as

Flg@r@g‘%@t foC@ ga}’e %{?&m \fé ARt ré:p'thHh%wﬂﬂ éléctﬂ)lumlne?cence

i ed Scanni ng ect ron cr oscop SEM 1 mage o
Speﬁwwfﬂi@ﬂ’géraéﬁe?ﬁ@f%ﬁ[@ ’I?EIE?%'V‘?MCture havi ng a
st ructure as schematically shown in Figure 7 . F| gure
is an intensity vs wavel e oW n

Flgtgpé(ﬁ A SFhamaticsiag |l§||§g%tfr}gﬁntu% blegwr?'xpe LES struct] re

Figure 5 is a schematic diagram illustrating forming electrical contacts on the tunable

white LED structure.

Figure 6 is an intensity vs wavelength graph showing an electroluminescence spectrum
of a “cold” white LED.

Figure 7 is a schematic diagram illustrating forming electrical contacts on another
tunable white LED structure.

Figure 8 is a schematic diagram illustrating a yet another tunable white LED structure.

Figure 9 is a schematic diagram illustrating forming electrical contacts on the tunable
LED structure.
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of the white LED structure having a structure as

schematically shown in Figure 7. Figure 15 is a
wae@eopess42§ 1) vs vol tage (V) graph show ng |-V PCT/SG2007/000350

measurenents taken fromthe white LED structure having

a structure as schematically shown in Figure 7. Figure

16 is a flowhart illustratgng a nmethod for
fabricating a MQWstructure for a light emtting
diode. Figure 17 is a flowhart illustrating a nethod

fahr

Flg@{a 1 l??lg é @.@rt g) ?? %l%ﬁ mljaf) 0\9| ESI @%%%{ﬁéﬁ{éﬁs t?]kea from a
yellow E@cﬁ’fl‘t@&wﬁ? Aod a whitg hEDeiﬁJPtvrqu d| ode structure.

DETAI LED DESCRI PTION I n the exanpl e enbodi nents

descri bed, growmh of LEDs is perfornmed using a
Figwret!d| is agieaneing IrartreRIMiGapeaRy (gémgmqgeowoyvmmpce morphology
of SMSteAmD dirddtimehy!l gal i um (TMZ), Tri net hyl | ndi um

(TMn), Trinmethylalumnium (TMA), Mgnesium (Cp2My)

and silane (SiH4) are used as the precursors in the
Flgmsarmb @ SUAhARY FRErSn MTM@E&@? nsemyl mmgdsmwmgad@faaé ﬁfdrpaﬁ)logy

of LRGSR B e S P AR SR AR o Figur
7. enbodinment, a nultiple quantumwell (MQW structure is
grown at a defined tenperature with the incorporation
of InGaN quantum dots on a InGaN well |ayer. The
FigtireriBeid acuagntifienh Sezinhing £1¢diren Mienopengy WSEM) imade of the SEM lmage

de_ (.

or R MRCLEBTRLELIS ) PULRUE asrclaRrR, SR TR

as a cap layer for preventing I nGN quantum dots
FiofUsh b BH ity LSl kbl SR el %ﬂeﬂ‘a o bbb
of tln%uvhﬂ%bEla shyetuiethaving 3 plsuGhrR aSagﬁéema§C%lky®m\nrs in Figueg 7.

(A). This results in a larger lattice msmatch for

AN _ I nN system (about 13% as conpared to a GaN InN
F'g%r?s?@éﬁ\a(caﬁéﬂ"t (s "8@693 ﬁoi),@rqpars@ewmg &M measureranpie (akep fam the

whifeWE D efrutaidDigdvind 8 sPudturdl 4 sehiepiatiediyt SHRWHUA FdURe JOt S
when a high tenperature is applied during subsequent

| ayer growth and annealing processes. It is noted by

Fugmrba 6iis udipivoiart ililittatingl@ nistRod fortrditgricating b QY staucire for a light
Jnterl Ly er after growng a GaN barrier and before
g ‘the I nGaN quantum dots and

Figure 17 is a flowchart illustrating a method of fabricating a light emitting diode
structure.

Figure 18 is a flowchart illustrating another method of fabricating a light emitting diode
structure.
DETAILED DESCRIPTION

In the example embodiments described, growth of LEDs is performed using a

metalorganic chemical vapour deposition (MOCVD) system. Trimethylgallium (TMGa),
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a InGN wel |l layer is not encouraged because the AN

| ayer nmay generate a | arger conpressive stress on the
waenigeedent | nGN wel | growth. This may | ower PEESG2007/000350

I ndi um i ncorporation and blueshift of its em ssion

wavel ength. Figure 1 is a schematic di agram

illustrating a nonochromati goLED structure 100 of the

| e enbodi nent. A sapphire substrate 102 is

Trigge BV RAlm | (M) p TG4 o GHIBWETSEVA), AVpgwsiushiSPada)r end siane

(Slhgfefr@ UséP¥ S thefEcUrSors OB XBm glggertﬁ%%g%étr%&c%%a@ggénnar@ nitrogen

rature ran e of out 52
are; FFEK AR LS Griabaae TosoRRRNe Mo ore 6 HoEPR: ofhe LED
surtdce§aN on t he sapphire substrate 102. A if l[ayer 108
of GaN with a doping concentration of 1018cm 3 is
grown on the |ayer 106 at a tenperature of about 900
0C Inoarl&simpIE. enﬁdohmergr amuliiplé headtw&relllmwas@ﬁiwre is grown

o GOSN 3 M5k b A8 e ve
layexe The fatmed quentQmM@deTdhacapped with [a thie ahppinizei vitrieid (AY) dayer.

hough the barrier
Th‘f’%"z’?&e 1%.50%!3@@ égglr;&%é& %%{b%‘kdopl ng, Si doping

may be preferred because the quality of the barrier

| ayfe AWIa?&r%aﬁ@eNé ésr@ EQ}Y %i/er"\fo'i' Er&bnﬁ%ﬂh@ghﬁ%&ﬁ{um dots out-

rovwn th barrier er at
d'ffP%%rBE? t'@t'%&%st%oof @eoNa@a laNt agantuet ddteds | abpet 3.5446

angl*ﬁramCKF\) AN dA Iatmté’\bdr@taﬁt FdPWAINt Ihﬁﬂ i98bout 301134 QA%? TRR results
a thi ckness of abou grown over
in aga'igﬁr Ié““’?é‘g}‘émati'i éer &Wénwﬁqeﬁg(apa%ﬁ ) B3 cogparadiam@aN/ InN
systdne (ab@opn@emtw@na@er latibleUtilsMatchi 3@ flrtfen HaHRRE H{él &ﬂidﬁfusnon
rocess. After forming the th

of fa%ﬂk'? d&&ﬁ ‘?’heflazh'ggﬁe“i“?ﬁf?ﬁ%ﬁ E@é’etﬁ%wmwvhsefqyem 'awé @rowth
ancbaxmeahrigaprsc&xsés’ at ie ndf2a b&tthaurfvbﬁwsr tabteth@ﬁsé esthetIRNayer as an

glween ta opds to f
e L EPAR BRI i e oreipd e CEN G Feyanc
a InfaiN eweﬁl Iayarx<ig .ot eﬂl’tmlrdgedabmsé nmmmmybnmayr@enerate a larger
oS r en dan
confS5H= e T B cEBLR S SIS o AR ke e st
'nccﬁé‘é’étwfh@‘&b'ﬂ%ﬁhlﬁﬁets@mmdn wdvelengtoiN quant um dots e. g.
114, as determ ned by the precursor flow rate. The

amount of TMn flow acting as antisurfactants and the
durt@yren! it a srkermpiicdispeam dlustrating ednerpchsematic LED structure

100 @ntthel é)k&ﬂﬂplé' &ﬁﬁo&%eﬁheAl QQﬁﬁH?Per bﬁlgbt"é?&a%ﬂ Y@ HrbRled dn a

The flow rate of the TMn I's nmmi ntal ne

Pmﬁ%ssr"@s“sh%\"?%% %M?%W/Wﬁr laypr 08 iagoynan the sulestrate 102
in asmrﬁbe(faﬁumbé offiabput S2RE0ML 55HC I8 eMHidkBeBP aboli 35 nm for
facnftatlng nun]ea?on o gll\l %Ig tLen %{%hﬂgzﬁggtgte 102. A n” layer 108 of GaN with
a doping concentration of 10'°cm™ is grown on the layer 106 at a temperature of about
900 °C to 1050 °C. After growing the layer 108, a GaN barrier layer 110 is grown to a
thickness of about 5-15 nm with a Si doping concentration of about 2x107cm™ to
1x10%%m™. It will be appreciated by a person skilled in the art that although the barrier
layer 110 can be grown without Si doping, Si doping may be preferred because the

quality of the barrier layer 110 typically improves with Si doping.
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dots e.g. 114. After grow ng the quantum dots e.qg.
114, an InGaN quantumwell layer 116 is grown over the
wovostseEt ures e.g. 114 to form an enbedded |PCENG2007/000350
gquantum dots/wel | layer 116 with a thickness of about
3to5 nm The growh tenperature of the | nwGl-wN
wel | layer 116 is maintainegqat about 7000C to 7500C
to provide an | ndium conposition of 0.2<w<0.5. The
anoafier giowingdihenbarierdeyssr HOL dre tesnpdegaredisriowenedttheabout 700-
756"%%%%11%&%@%&%9% 1nx§91 ﬁm ﬁj[?;@ B‘ﬁ*b? QMBY40%.20 and of
em ssion, duri erature
a thigkness af akswt 1§"k§|cﬂr°"d'b°‘éﬁfrﬂ?enb@fﬂ¢ﬁ avey. 11@ henyettipglayer 112 can

enl@Hn@lé’tﬂlib iﬂf:orbbl%tlé’ryéﬂhéﬁmnq@{r@e ﬁcS quartdmasee cfd?ﬁg‘é{ﬁllrh bbr@tyg?rﬁcess.
After growmng the well layer 116, the well la

Aﬁ&rm'rm@géaw@a Watny 'avey N2 apdp lzm@reqqﬁ@rtwlewﬁé@ye Pver the
subsiratePh O lafikelonl kel & 1884 Haftl A1R%t tz@w%umiﬁl @étha{ yab&hlen to 30

as conpared to the well |ayer 116 (prefera hi nner

SeqoRds ALBHT BAMRrICTRSt Rl @Rt GHETBE s Of 4ndand where

02|<WT<¢TOVEFhe<Prﬁ afﬂhﬁsﬁfrbr'ﬂatﬁem p?@cﬁ.lréo‘ﬁ T'l'ﬂlrmcah %@Qre@ét"eea”t nltrogen
Ia er 116 before grovvl

dafgige RPRES o8¢ witis Iy 2o epall i tervens 8iesal ek REhAREWY
of In@wr qubhfinfaets e 1GaNadadtemtiied BYyRE plé&lrsimym\b&at‘éeﬂ'hé Smount

of Ffldong bihe P caRelaene: 280 GusFal St afin @Ry monitored

for gouatiolling. sizéstof thegnmmmrrg:htlh@ahé\hhbﬂltayieibtsldg 11a. CadNflo@mte of the

ayer_ 120. i rpwn .usin nssu tlal t
MR a8 G B3 "o BP b G PEPtaaRD] o b 28 scom
(4.5,0801T héin) karabioar 80 ayan (14.0uhe) kg, fcafdr@ane liayiet INGAN quantum

formq red/yellow light emtting quantum wel |
dots &9, dffre 122. I1n the exanpl e enbodi nent, the steps
for form ng the barrier layer 110 to the GaN cap | ayer

20BN bR e LT RELh AUl

-grows| dvef M@Men@strummas e.g12®4 tol forrmvah lenibeddqphinGziNaguethtuny dets/well

|ay89{ T%owltﬁglﬂll {:l@\gtsé s %lﬂ)%t @rtﬁgg‘upr?t%\%lglrm%quﬁgg % the Iana1 w

quant um wel ructures are |
weltlagar #16Lisfrominteingdiat pbout V@0t s0°6 fto @myrctaﬁn lmélum composmon

of @'E'EWQG yfﬁ% SrAdlnt %Pﬁ@wh?%%ﬁ&aﬁorgrs &P%ﬁ%n& Ont chesnr@t?emlssmn

appreci ated by a person ski
CO'P‘b’r prgt%a aneneshromatiquemissiony dufing erewth of. thQMQWﬁEMP&FﬁtUTe

ﬂudth?’bﬁY@ke%ﬁt gh nhrnﬁﬁﬂﬁé b YaRRg tHy %a%rbfttﬁheqél%\ﬁﬁh @B&tdYy. 114 and
the LED structurée 10 In the exa

the&ﬁ%@%?%f%ﬂ? Aterearaving|tag well tpyer 116 Wisyehlaypr ?Eer igrfapped with a
AN RYér ©18. 7R8 ShickHes$ bﬂmelm@aé\;«er elaa |§)ﬁﬁmtéil€ecﬁfd>q%)ﬁallﬁti@ély ®Rin as
compargd Gf‘ ?hnet wgh fla]:ylé? I1 ?g (preferarﬁy thlnner (%han QbGo%I}I3 nmp. In nhe example
embodiment, a time interval of more than about 30s is maintained after the growth of the
InGaN well layer 116 before growing the AIN layer 118. The temperature for growing the
AIN layer 118 and the GaN barrier layer 110 may be set to about 0 to 30°C higher than
the temperature for growing the InGaN well layer 116 for better crystal quality. After
growing the AIN layer 118, a GaN cap layer 120 is grown using conditions substantially

the same as the conditions for growing the GaN layer 108.
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dots e.g. 114 into the well layer 116 or into a GaN

barrier layer 132 of the next quantum well structure
wa2e9/0e845 when subsequent |ayers, such as theP@82007/000350

barrier layer 132, are grown at higher tenperatures.

For growing the GaN cap | ayer 128 of the quantum wel |

structure 124, the flow rattg of the TMz is set such

that it is the sane as the flowrate used(&
a $hedariseivep! 1 iaite GaRraR FYPhAL0 "M fPHE "9‘3 "9%%'?’8“"9
quadtﬁmc\%ﬂ sfhdtlng 122, tiRahd lexample ar%ﬁmméﬁﬁ @tie Gtapsi fog fériing the

varrig s 040 e G Ghe BYER [OS RiRiowL P go Paerin i sructure

124)ab @atin 7 AnRow ght @afihgunuliple dhiantdopivelp(MONG sindatarei 126.
of about 2x1 017 to 1x1 018G Tf3. An el ectron bl ocking
| ayer 133 conprising p-AlyGl-y N (where 0.1<y<0.3) is
gr tvwill the appraciatadeby aopembogkiled inothBOarh ithatialiiongh loply two

v POEGAIGIAD 55 o USRA I P A Sl o

quaramuveumwasmaa@m betreenGpe. Negregéo,n fiees Asvitirae ApRriepigied by a
persgﬁ %@gwlp Othég‘arf meﬁ fm%/ aﬂtlﬂw rWJ\gstFL{& 8 QY h122Th@4 can

serv ectrons from
lmprpvgkmt sntewgltv ﬁn(bbr@agen W@mvs‘éggtbmeg_emof the hES rigbIren§o.
effective reconbination at the MOV structure 126. As
will be appreciated by a person skilled in the a

p- pikejexampls; epahodipnest. hm ARN layer Eidp BpvRY R Sliffesrid ,Iat@q%‘,?nstant
fronﬂﬁ@gﬁ% cérﬂpr@vnﬂé‘@ﬂ@p@ﬁlaﬁﬁﬂ@tprmpﬁﬂﬂﬁoﬁﬁﬁh@ﬁw ridhInBaR\RAahtum

di 1 f usi on ves rise
dotsg ol GO E YRblg e o @ o GogE e P athe Beriauphm
well lsﬂuéth@ @4615@ Rhebastegidtit layehe speHGad\theSGaN bariepl=gbetB2, are

2]] qformpInGaNt0|nprove conductivity.
QTOWA\‘?" 9 PYRE p- Al GaN | ayer 133, the p-type |InGaN

Iayer 134 |s grovvn to a thickness of about 150-500 nm

 calPrieiid Bie 4 o8 o B 8PRE UiaRiih SEE 8 124, fow
rateiah teo MMGests sabd suible trhait dtherthe eaperast thedowustel used for growing ‘a

subs%'ggégﬁtr}gé\w Fa&ér' QJ]ntﬂ'Igt %rgﬁwall‘lf%%ré is I&ﬁlngﬁfm{g\g Jlo(\)n% of TMGa.

onsl ation a i

Aftetigrgwingathe éialbeant lager| 1281 & GeN lage 39da gsavnuiet 3 thickneshef about
15 td b And Jat?‘ie‘h%%]ur% o @bout 7 4btetd FIH9E wth aa@iQinlr%Ocolaégntratlon of

seem an ressure 1s kept at or belo
abouh#0 ' 2ts0 TXHY em m\nvs ockiRg daxtﬁwﬁﬁycwmq M{vGaw

(whet¥ @ PER0. 33 bﬁ)ﬂh toM) tlﬁ&&@@é @( Sbdit 20PRSsH Ml AdTIAR fidw for the
acceptors yielding electrically inert M-H conpl exes.

growth of Hbe Sz NeifoBaintaingad at abyt 140 119e1%9pbmel£m5t WHN 13 growth
temperature of about 750°C to 800°C. The Cp,Mg source is maintained at about 0.15 to

0.5 pmol/min during the growth. The p-AlGaN layer 133 can serve to block electrons
from traversing into a p-InGaN region 134, hence enabling effective recombination at the
MQW structure 126.

As will be appreciated by a person skilled in the art, p-GaN is typically grown at a
temperature lower than 900°C, in a range of about 760°C to 825°C, to preveht out-
diffusion of quantum dots. However, this gives rise to a low p-type conductivity and poor
crystal quality. In the example embodiment, the p-GaN is incorporated with Indium to
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a person skilled in the art that, apart fromformng

the p-InGN | ayer 134 at a | ower tenperature than
wOo®OC84ehe AIN | ayer 118 can assi st in furthePCT/SG2007/000350

preventing out-diffusion of the InGN quantumdots

e.g. 114. In one inplenmentation, in-situ annealing is

carried out for a period of4about 10 to 20 mins in a

t anbient to activate the in the
F‘:ﬁ[@g%% PGy erRanHUGHNiY- r”éﬁ%@ér%\f'"ga QLR-A@E(DBEV%" J3331(!}163 p-type
InGdnelagen &34 is@oWﬁW@@rtﬁbH’fe%s lof ab&R 1581508 tv gut'rpls used as

the RAioRAT R okgpi 5 SATR o0k B & SeRERTBLE S ABIN 760H0°C, i
corteist tcayﬂrh@% terapératirgs Lsudaidr lgponang ESdvehasrial @ @aNI W@éN The

o Tl i S o RS il M e

namastrocthresnilbe d. MhEIﬂvowtrateuB setinlibe rafge hEatﬁ)(mr&DHESO sccm and the

eh D BrEEe o'y A5 Q0 Ol g TR riBtckgd Sebiorown by
MQ(adhima thydrogen smbignirddg @ncelptces prd pBaNatealylsy Hlézd;eyatnri yelding
eleBtnEéilE}tlﬁ&{ Mgwcbrﬁ%lgﬂégﬁ?wg%xgmgle%cl%%t l}%ﬁr beugpprgmated by

-contact 20
a F]e[ﬁ‘?@t $kd\¢d|"§ the prietbiatt gparp fromi iormigg dhe |pﬂlp§eN| Iayerctar4r and lower

tenfp@Fat@%tthé/rﬁQ(W@ fh'é@‘\lk E‘Q/e? YhEeh gSIgtng fdrﬁleg g}(ftveﬁtmﬁ_pciut-dlffusmn

aochromatic |1 ght the abo escr |
of t %E@ﬂ"ﬁ@fﬂ”t”"@ H%’-s%ﬂé’ét ive InGaN wetting layers e.g.
112 of the quantum vveII structures 122, 124 may

f t | ndi umri ch quantum dots e.g. 114
andPHE EERBEtGn TRy PARILS 6. hen fui B A hiogBAbAnTO to
20 wiiris| inst niticdan &abidRo abaéetm ®gtin &% h CGé), mwwm m in the

rart 1 pBohar B AT 8 A o Starig ko 3 apeiszcgo so°c

abové thengrppthaemgerabhee fcﬁ:lthesp zwedrmﬁan QN idyes 184r mi ng t he
In-rich quantum dots to provide nonochromatic |ight.

The above exanpl e enbodi nent may provide a

nmorlodiis exaople en@dmmt timGald fayent! 80 tanthiehelniGangeayer 134 form a
. sk for yellow, orange and/or red
plﬁ@?ﬁa‘éﬁ% em Etglyongqgl gures 3(a) to (c) are intensity vs

wavel engt h graphs show ng el ectrol um nescence

S f.or I
rgggéédg? Ir%:%g S:Béﬁéétf& |ta%r:éﬁ£ @s&%ﬁ‘iﬂ f@rﬂn rlrigﬁctnc gontacts gn the
&

ﬁ?ﬂ‘@ i rHelyre 169, af thquamp@g,\pr@g@qilﬁ@nt hihe layers on top of

- GaN layer 108 are etched using Inductive Coupled Plasma Etching (ICP). A p-
" contact 202 is formed on the p-InGaN layer 134 and a n-contact 204 is formed on

the GaN layer 108. Using the p-contact 202 and the n-contact 204, a p-n junction is
formed for providing an injection current for activating the LED structure 100 to emit

a monochromatic light.

In the above described example embodiment, the respective InGaN wetting
layers e.g. 112 of the quantu‘m well structures 122, 124 may enhance formation of
Indium-rich quantum dots e.g. 114 and the respective AIN layers e.g. 118 of the
quantum well structures 122, 124 may act as caps to prevent the InGaN guantum dots
e.g. 114 from diffusion. Furthermoré, the respective InGaN wetting layers e.g. 112 may
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gromh of the In-rich InGN quantum dots e.g. 114

(Figure 1) and the growth tenperature of the I nGN
weeaanesesel | | ayer 116 (Figure 1) are varied POI/86:2087/000350

the colour of the light em ssion. The graphs are based

on nmeasurenments obtained using an injection current of

about 20mA. From Figures 3(g) to (c), it is observed

that the intensity of the respective yellow, orange
prmm‘td hiei@r LERs esrdrof efoat farming tthe bameh duanfusn adigle to provide

morl,ogﬁ tgﬁ&/;l‘lh% o\%o%% ?%%@gle ﬁ%ﬁ%ﬁgﬁtéﬁsf E 5\*1% a monoch omatic

LEDf thatrcmepmtetmnme lonpgerbravelepgthmangdegu fas yallgws Qﬁange and/or red
ic diagramillustrating a tunable white LED
l@hﬁ?ﬁgﬁﬁtre 400 of anot her exanpl e enbodi ment. A
sapphire substrate 402 is provided in a processing

ds  AE)OWol eBperfpé Urittehsilyf evs | R0EIAGA | aﬁﬁspWBhowmg
ont esubstrate 21n a tenp eraturerangeo about

elecyphypingssemmosRscliyms foRivelonsserapge Apguied respectively, each

obtdid hélﬁ?tthé@b&}écb@s%hb&ﬁ e%mﬁéhén%bdirh@'ntsmmwﬁ flow during the
substr | ayer 408 of GaN

t
arowthneb e driish 'piath ﬂSE’Ff’Bml §ot5r Gt il)\/fﬁ‘ ?‘H%U"Fafﬂe ra%ﬂog"eafgmwth
temBeraRiiP 6f 1Ak W@Wﬁu@b@ﬂﬁm&@@e@ﬂ 6 (.'F@QEG) 8e.vafibl & alter the colour

t he er ght emitti ua
of i ohE Erlnsian, e 679PBS e Ared gt oGt PGNP Eb B Ea Leng an
lnjed:tloghmrrém dftabogt Zﬂ]ulamtﬂnm\mgdresB(laMtn (ay, ét léldzﬂsemecﬁbat the intensity

e IS qr t t
e R e
obs@wid fHaf the &ntral fledl@t8espBthatrespectine ykﬁ@&@raogesmol@d LEDs are

Aft . ar per layer 412, an | nwGal-wN
d'SPV%ﬁe fm% gﬂ%%ﬁefa%y%%@m ‘ness of about 2.0 to 4.0 nm
IS grovvn on the barrier layer 412 at a tenperature of

abq:géu{Z qug s%ﬂer%?@pg}agr%npflQMPﬁﬁgaJ‘tdnﬁgbqﬁhlf@UPQ%tﬁJ’Cﬂfﬂe 400

rowm n | ayer 414

of anatharr ExpMIPiy @mboimpat. gfho%apmﬁet plgbstigten QReli§ Rrayded in a

profd<tind HanMet! A iolv te@ﬁﬂdat%%ﬁéﬂﬁy&mdﬁﬁé bro®in” dHthe sBbgtrake 402
is il lTustrated in Fi

in a tepanesaHres 1ange & 3hgut fie ﬁ%0°§rt° ??PaP "Ph%é'?'@iﬁ’?sg S ab \A?%@% for
facmta@wgtqﬁﬁﬂgaﬁtah \GﬁblaNS?rf th@tsaltpshme dibstate 402. AEIQ@EIMBG of Ef:aN with a
or ree (0] 3TT'ES (0] ure. t
doping, SANEAHEN (5 1B FSITE SEfwh PR BB EOh Pl prasTatiie of about
0004010 A0SMIC | Aftest grdhihg theglagen408) & blde hidknessittiof @uzatum well

4stn\%x5u(e}.]2}i(?o nmat a tenperature of about 7400C to 7800C

&forgi58i ng concentration of about 2x1 017 to
1x1018cm 3. An el ectron bl ocking | ayer

For forming the blue light emitting quantum well structure 410, a GaN barrier
layer 412 is grown to a thickness of about 5.0-15.0 nm with a Si doping concentration of
about 2x10"cm™ to 1x10"cm™ at about 760°C to 850°C. After growing the GaN barrier -
layer 412, an In,Ga..,N well layer 414 with a thickness of about 2.0 to 4.0 nm is grown
on the barrier layer 412 at a temperature of about 760°C to 790°C to provide an Indium
éomposition of 0.1<w<0.16. After growing the InGaN well layer 414, a GaN cap layer
416 is grown on the InGaN well layer 414. For clarity, only one quantum well structure
410 is illustrated in Figure 4. It will be appreciated by a person skilled in the art that the
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420 conprising p-AlyGal-y N (where 0.1<y<0.3) is grown
to a thickness of about 20 to 50 nm at about 8000C to
waomeoi42A TMA flow for the grow h of the p- Al BCEICI00M000350
i's maintained at about 40 to 100 nmol/mn with a
growt h tenperature of about 7500C to 8000C. The Cp2My
source is naintained at abowt 0.15 to 0.5 nmmol/mn
during the growh. After growi ng the p-Al GaN | ayer
step$Z6r, grawingGhdl guantem wWEPstietwe dwA cas ibegepipted etghéor three to five
. D- t £9000C to 1000°C. In t he exanpl e
t'm%ﬁggogﬁ%% M@‘N?ﬁ‘? ayers 418, 420 and 422 forma p-GN
contact structure 424. After form ng the p- &GN contact

St y lf't% H)rrrﬁinégﬁe bide &ﬁﬂlnéﬁﬁgﬁtuﬁ’?\ﬁeﬂ SrnEpYR16% EBR layer 418

contact struCture 4 erature ra

is gmup aghohessef abeutt 15108000 Aba taﬂwam akabayf 7%%’@&9 780°C

W|th1é)S? @oﬁ% éﬁ%eﬂirb%o%waﬁﬁﬂ ZIX%"E 'Eo 4)2‘@)“‘0%1 YhAWedien blockmg layer
"snoot t he surface of GaN | ayer

422
420GOBRTHGS Pri o GUPSTRly v 438 1€ GOVBE 5 AmPIRSF PEfRout 20 o 50

nm &1 dHounN BOGREARS UBRERE. | A SEMAIGIOW Sord®8 growei @he POAILGayy N is
processi ng st e&sﬁfor gr ow ngrut he red/yello

maigigined jah gbeptAh o Qermoldpin wih, p orowh tswee@&tsgt%%p?lglw Cto

eoowerﬁ»@ ? dofReePIsOmamEdinsl &t eBsutde$5 tbes [rsImeh QIRG the
the red ye low light emtting quantumwel | 'structure

growthpAfigh grovieg dhe RFEGRY 1aveg 4P qp GalN fanpis 44 igrgspn using Mg as

the BIIBRAHtHR Bbout bb@"cTtM 1@064@% fﬂm@réxa&ptel"tﬁnlbd&rhétﬁhthb né?;@Pé 41 8 420
quant um dot s gro he eratur.e

and feedRmaI G ?'&f@?taﬁtavr%@f%é?‘? e%ftwmm ey ef“tcanf@sb%uctwe

424t 8 é}éﬂ%ﬁpﬂa I a26 wrbwmo{»&hé p%dwsértﬂfcﬁ s#ﬁﬁuﬁe@%mﬂa temperature
re e our ren vel engt ch_ as

end BT EROE o 1l ot R SOIE 1345 By o G

capfiayer ab@sigrywn trtsyroothentiastifavevefithe |s-Gabidbyara2R s
illustrated in Figure 4. It will be appreciated by a

person skilled in the art that the processing steps
f orAfigr gvawing theeGgarapuiayaredd6, st redlyellnve ligi8enittingmprantum well

struc Peeﬁgur X gm ﬁ’% g?% g% . \Jf?lé bﬂf%ﬁoﬁgﬁggﬁg\éﬁvlw\/emiﬁing
quaAfunerwayr gwmgetﬁ%i% cﬁnamumtan@ally ther gamer s 4bg, pracessing steps
desBridedGRN g‘?&ﬁh?%e Sf%cﬁ/?@ﬂow Ryt Iiittthgf QidiREn WdlBstructure 122 with

processing s form ng t he E I nGaN cont act
refesgneg de Urigura 30 lart@@ xempla pabedimenk tag MMin Jlownduring the In-rich

InGQN%ﬁSﬁtﬁM’hﬁbtsSbr%% é’fﬁﬁ@né'd?ﬁﬂhftéiﬁpér@fu?é B&hb NeG4N bv@@ﬂa%r may be
contact structu reference

varieg yr bost QG e iy PRAtlR S ST e ST 128 ip gt rec
bas€l 661biis GRbiffERAL RElcterRfthd diRh b Haldveodrhbge ighb structure

400 of the above exanpl e enbodi nent. The | ayers on
In this example embodiment, for clarity, only one quantum well structure is
illustrated in Figure 4. It will be appreciated by a person skilled in the art that the
processing steps for growing the quantum well structure 428 can be repeated e.g. for
three to five times to form a MQW structure (compare MQW structure 126 of Figure 1).

After growing the quantum well structure 428, a p-InGaN contact structure 430 is
formed. The processing steps for forming the p-InGaN contact structure 430 are
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top of n-GaN | ayer 408 are etched using Inductive
Coupl ed Plasma Etching (1CP). The | ayers on top of
w@2@@amkd42yer 422 are then etched using | CP. A PETSGLATH00350
502 is formed on the n-GN layer 408, a p-contact 504
is formed on the p-GaN Iayer 422 and a p-contact 506
is formed on the p-1nGN | of the p-1nGaN cont act
structure 430. The blue lig t emttl ng quant um wel |
subst‘dnhélﬁjt the€s#hd asStl'@Cpnov&ts&@ siepsigleacribed fouriomiing the p-InGaN

t 0 504 whi l h |
Contﬁq?aiﬁt'g %?I“Hﬁ &ﬁ?ﬁ%ﬁfﬁ é@HedEt ruct u:r ee4t28e| )s/ealcg:lv(/;?gd

using a p-n junction between the contacts 502 and 506.

e 74" DR B B o Lot o o

t"emtting_quantum

 tunabilel wmm LEBtanmtwta@*»OtJrcﬁ\m abae emmalgrem*apchrnén& dpellayrss on

top W &fﬁ@@gré’létcthgﬁ L)éﬂéj ﬂ%ﬁm thehed SMRdntd Eﬂ:hlng (ICP).

structure reemtted as yell

The Ilaygl'ﬁ on Timet - EaN lagen 423 o thieg tched s Y BPRREL 5028
form¥é8! drPWerH?@aN |9{ﬂér 208, o hRENBEEBOAING 16Bhbd BhItHS UBENARBr 422

arises fromboth direct carrier reco
and gHecentactiaeRds fBmesaniee k- 'P@@N:‘éﬁ?'a‘&ft"gb Bg?éaﬁd“’%g?éfs‘é‘ﬁ’&”re
430. a*?ﬁé’rb%é AGHOEMBEHEE gRantbirewell l&rulctugélwwqmzmmeat“ed using a p-n

urthernore, since the yell re t|n
i USSR o e, 1521504 2 S AR E Y g
quaStuANVEMsWatirs 128168 BEtaddd using dJﬁ-rpjumzﬂlaﬂ\eUetweeh the contacts

varying injection currents separately, the LED
50257‘{‘?'%9{5ure 400 can provide a tunable white light. In

anot her exarrpl e errbodl rrent t he order of gr owi ng a

umvve struc ure can
bluer Kgmremé’ding Huastum well mtrgcw@m‘w dragetegiihmsgh, ’fOtﬂM%tOP layer may

be redégvgla%l E\? W%é ggﬁb‘w/ﬁéﬂ #ﬁtn&nﬂ AN lweﬁtétchtcdgé%285 and re-

re su strate foll
emltpsd asadliovo hghicThait ||5,utljr§we@owthget BPrORONENg ﬁpme’glppt)tqllﬁglred light

emlﬁHg%].llémuW?Well %Mxé‘tﬁf’eﬁﬁ% éﬁgesqfrcﬁﬁ &N bt c%@ﬁer&éédﬁ%|W@n (due

unction can formed using the p-InGa ont act

to thst p-duitstientRetHeR Ui @NEaRS PER AR TOGNANe ah%me?ﬂ“t‘% iRy of the

blueqh’cﬁfﬂtcump\eﬁéﬁt ﬁ&r{Hé%H:ree siied tRé Qbiet/rdnt nguwmitﬂr@nqmnwbamen
f or ned N contact strycture t

struckies P and b ABEL SR A A= R f 8o K8 rfigrided

with? QAN gd Bsttibh eslirne BbparafdM heEDED struvhaet 480 can provide a
¢ yellowred light emtting quantumwel |l structure is
U”ﬁ?’%%'%@?@re the blue light enmitting quantum wel |l

In another example embodiment, the order of growing a red/yellow light emitting
quantum well structure and a blue light emitting quantum well structure can be reversed.
Thus, in this example embodiment, the red/yellow light emitting quantum well structure is
grown first on a sapphire substrate followed by a p-InGaN contact structure, the blue
light emitting quantum well structure and a p-GaN contact structure. A p-n junction can
be formed using the p-InGaN contact structure to activate the red/yellow light emitting
quantum well structure and another p-n junction can be formed using the p-GaN contact
structure to activate the blue light emitting quantum well structure.
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structure, the yellow light emtted fromthe

yellow red light emtting quantumwel |l structure is
whawed4sazt y on the p-n junction fornmed usi ng tPET/SG2007/000350

p-I nGaN contact structure (ie. wthout absorption of

blue light). Furthernore, since the yellowred Iight

em tting quantum wel |l structure and the blue Iight

emtting quantum wel |l structure can be provided with

v arlyitregathiave eletérined exampletentodpeardt sihog, the relldvied light emitting
cualrt Wb SRR @Y bR sHiE g Wikt fioh! Gifnind! QU we

an I ntensi vs~wavel eng ] K
strt@tt@@,t hel mﬁonrebgmrm@lttggé‘mm Lﬁhﬁ dﬁlkaN/r@bllght emiiting quapttmewell

strdcﬁme isl Phsed Mﬂ{i‘% haBL ﬁnétgpférgrfécdqs‘@dt IH@ach% %%{Sétﬂgcture

conditions that are substanti

(ie. withaul abspratice of ftves tighte thyFteernme. (smcmhé m"owtrf-‘d H@m Agpitting

quaRti® dMstIBtbre! A1 EHEABLEMGHE bimifihg Wikt WaVGrdditirstcan be
followed by a blue emtting quantum wel | structure.

proyigieg), M@hwamn%"&%q%'@wrr@ntﬁ sgrEiel) IhedtFRASIrHGVE £3h REVide a
tunshié Witk ightst ruct ure 700 of yet anot her exanple
enbodi ment. The LED structure 700 conprises a GaN

| ayer 701, a blue/green light emtting quantum wel |
st rFlilglIrel reeis 7412 irmrswyw verwdverngitNgaply @howidd an aleptrdhalinescence

cont a 704 n t he . quant.u .1 ,
speffi X 7 cootfS itaBier g 1R B Seieotk Sl TN e famedyusing
promssmgcd;onslthbus:tthatear‘éOéulaahahtually eImH ysah'ieows | thghtunaipie t whitsg LED

S ST BT  0R FEAE P GRR Gl

folloyted Unytaubplee emﬁtmwa@umwahstrmury the sanme as the
processing steps for form ng the LED structure 400
with reference to Figure 4 but wth the exception that
a HonedNs asshemeticdiagramiliystiating gt tunablgavhitenLiE R etructure 700

of y@?&lﬁa{tﬁéﬂ %nhms I@Fnb%mrﬁémn@ha vapt éichM?la H708tdoHigrdES a 4N 1ayer
| S exa od |nent for clarit one uantum

701mélh'u%’9ﬁeﬁet"gﬁbe'é‘!§%’r9 %?ntﬁfl“d@'b?té&tﬂr?ﬂ tgr@Y‘ﬁ"tCﬂ thg GaN layer

701QH®B@Hmdéﬁ’cdct fﬁma@kﬁ@ gte¥n ?ﬁQhé ggﬁtaﬂ{ \Mlél:l b@%r&tbﬂtegmz a GaN
uant um we rucrure | | u ra

cappiyth €08 STPEngh 1B G ORIt SR 7Ohr Qo aciaeiauan lioht

emittingt Geargtti Weadlt stidvturgr PO SHEOWE S etpé Gan ngtam vb® The

Str uct%| r 702

pro@ g TeTiar B HEVER oD g PR AR B eparhes e
procassingcitepe farufaming tve ILIEDS structtiter 430 VER refetled@8tot Biginer mbut

withathwcabtﬁéhc{h% E pe‘—ﬁw@al\i %ntgg? sttmc%e is not formed on the red/yellow

light emitting quantum well structure 708. :

In this example embodiment, for clarity, one quantum well structure each for
blue/green light emitting quantum well structure 702 and the red/yellow light emitting
quantum well structure 708 is illustrated in Figure 7. It will be appreciated by a person
skilled in the art that the processing steps for growing the quantum well structures 702
and 708 can be repeated, e.g. for three to five times, during formation of the respective
quantum well structures 702 and 708 to form a MQW structure each for emitting
blue/green light and red/yellow light respectively (e.g. compare MQW structure 126 of
Figure 1).
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bl ue/ green light and red/yellow |ight respectively
(e.g. conpare MQWstructure 126 of Figure 1).I1n the

wex@opisg2enbodi ment, the |ayers on top of the EeINSGZPZ000350
701 are etched using Inductive Coupled Plasma Etching
(I1CP). The layers on top of the p-GN contact
structure 704 are then etchgd using ICP. A n-contact
710 is formed on the GaN layer 701 and a p-contact 712
|s formed on the p-GN contact structure 704. The

ll'r‘)ig%r&gﬁg e Mod?rﬁ%rﬁ tth@ hyRHAB, EHB dﬁhé GalN !é érUT(EI gﬁ%tched

iva usin -n junciion_between cant ac &‘
usm'gl Brdantive? CouplRl | %laﬁrne Etéhm e(lKP%)N Theg IﬂyeéﬁTPf‘ttPH aN
con%ﬁgﬂb'%}h?gﬁ% rter fheh WiheO&ing I@@tA\fﬁé&ﬁadt&SIeds @dirmed on the

the blue 1ight tted
Garbulwgpéeam 3 Gieoniact 717 it e e iRl Sorigct strustye 704.
Bz'dé/grééh héﬂtserﬁmm@jpdq@mrm%memctuﬁehmz id activatese psingtae p-n

unction for actiy t| n d/
Jun@\qmt {3$W§eaut51ﬁt gﬁﬂt@@ﬂ 8{&{2 i %éllog/h v%ht emitting
ua‘Etﬁﬁ'ﬁ el %ﬂu&&%@@:s@ﬂﬂ@bd’@ﬁéed sh ubeor’phm bf the/kiweckight emitted

tu | |
ffonbr“?ﬁx%‘sg"\?&'t iy 298 S Fo SEbetb 162 RS, s examete
emﬁédM@hU rtReré0R GABepamie ghen guriatinafoe aativating| thghred/yvetlow light
e .a ated a person skilled th
emﬂw&quﬁg’&ﬁﬁﬁv% 8ght IOem tti f}gl qugnt Iunm vvelel art
structure 708 may be indirectly "tunabl e" based on the
arrqH @ﬁe AovB ldl:-igcrilbbg '@&arﬁMé'ehﬂBhﬁné‘n@ fsm@@ Sy lﬁbé@ﬂeeri lightt banitting

above described exanp

QU HElgstue YDA GaBPoHHE REL L P BEEUR Gurent, the LED
stufl!t&is/ L bicule Aitliubldh@hab oighl. uniieise appreciatdd byvar pefson

S S B S5 B BTl fr 708 oy e

indAsbAP alihAge"Wasbden freGaidumo bt i light avaiabiedor Z0x$orplibi.c h
typically cause InN or In-rich nanostructures/quantum
dots out-diffusion, is no |longer a concern since the
p- GaNhe @Ibbwtieﬁhbekrtbmmplé(binbcsilrgewhbef@iﬁes formoed iy a mixing

o ST A A i
One ras4rthge poeided by ulsis examplecerizadinpensvs (et bight lempepiye growth
anéglgr%g#uﬁ Q%Q?Wﬁ%&&ﬁg Hi&&ﬂlte &L W&lhqgﬂ)l@ély da[lsé NS or In-rich

cap |l ayer 706 can al s?
nammseueintesiyanium- dots fauiFSipR.oin P OTICLANCRBREMRENCe the p-GaN

corthEUGHIE e 74 is BT BefBrd Sro@irRCAB TBEA/ElICH Aghitedmitting quantum
%{;ustrat Ing a tguna e V\:hléte LED st rthu ﬁ@;ﬁ?é) 99

well structure 708. This example embodiment can provide a aeN nGaN crystal based

structure and may provide better color rendering compared to current technologies. In

this example embodiment, the GaN cap layer 706 can also prevent Mg out-diffusion from

the p-GaN contact structure 704.

Figure 8 is a schematic diagram illustrating a tunable white LED structure 800
in yet another example embodiment. A sapphire substrate 802 is provided in a
processing chamber. A low temperature buffer layer 806 is grown on the substrate 802
in a temperature range of about 520°C to 550°C to a thickness of about 25 nm for
facilitating nucleation of GaN on the sapphire substrate 802. A layer 808 of GaN with a
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in yet another exanple enbodi nent. A sapphire
substrate 802 is provided in a processing chanber. A

wO ooonesaper at ure buffer |ayer 806 is grown on PEESG2007/000350
substrate 802 in a tenperature range of about 5200C to
5500C to a thickness of about 25 nmfor facilitating
nucI eation of GaN on the sa@phi re substrate 802. A

8 of h ad {1018
dopitg Fanes BRIl Te (e o8B SAaS JVEE ADB b 4 PPt i Bbout
900 W&o GOSD@Clﬁﬁ@r Sowindf therlagirBONG Hileenlighe emdfi®y qaantum well

re L. i mtting quantumwel| structure 8 10 is
Stru'glg?ﬁga.'sﬁ (form ng the green light emtting gquantum

. well structure 810 a GaN barrier layer 812 is grown

Lo o gt B B

layer@i@us oT&OUIC a HicBBOFRT ahbuled.0-g b Ovwim yith I?PeSl@Nlrbanor\thtraﬂon of

17 -2 he b
sbolt 245476t PG RHO ol 1414 6. RHE, BRURE oot i
layeh 812, i asv Inl.@gar N81ell layeradtde hpinran aithigkrgfss af alpoul7 300C 4.6 nm is

grom& &Oﬁ:leg%gfﬁr Q%}eg 81 f‘%t éa%lhgg}a@@gp%% ?goﬂ@’ to%?%gé%gro%ﬁe an

Indiyrg geimpesiten;of g1r96WﬁOé’ﬁ After grmamﬂmlnﬁaﬂ\b\y@flamrzﬁw A GaN cap

Iayert@iﬁs@mm)cirﬁh@rm RMfayef®f4. Clarity, only one green
light "'emtting quantumwell structure is illustrated

in Figure 8. It will be appreciated by a person
skipl %@eﬂaﬁrdé‘ @nﬁb&llﬂéhﬂtfort BEritPr 6M1¢ DHk NYes ﬁ‘@ﬁ écnﬁlftmg quantum

nt um wel | structure 8
well Shtire s It DG e & MBS SRPTFRta BY PRRF AT SHRg ffe ar
that el srocéseng sigpd fae getwasd) tHe @hRintuewiviel] isitictOren 8101 62aMBE Irepeated

uct nta t structure 818 is grown
&9 g’ﬁ W%%HOJ%SSH‘%S tﬁffﬁmgﬂ Sntum wel | structure

810. The processing steps for growi ng the p-GaN

CORRACordb Eb et 18 SRt RAAD, BB B I, Bopcan

t he pr 0Cess contact
cont3¢trstruchreeBYEizl$ gowh qnethe rgee&rehgm anligng eluantumfw@tstructure 810.

The FWGQ&%%’[Q?SS Fbrﬁ%b ver tbﬁiﬁt é’olﬁ%%rsﬁué%écé?%seﬁ@{?gtﬁﬁgntlally the

samg 1?5 thes p@cegﬁim/mst@ﬁ fos qsawmgaﬁ\el ayfeaN gpotach shbeiure gghtwith

refergfidd {o ﬁguﬂl@mﬂémw g HkHELN rc%nt%%tzsthfcttfrg rg8da 4N B layer
&GN c 820. The processing steps for form ng

820 tSn@fown utz:yer *@1&%&{ eentag) syysivteu & %ﬁe@r@wee dhe G@ﬂzca@r layer

820, 21 b16é aighi &hitthgt &L%nﬁmeﬂ%tmaarm@z: RSRIME haRS da cap layer
820form ng the blue light emtting

The processing steps for forming the blue light emitting quantum well structure
822 are substantially the same as the processing steps for forming the blue light emitting
quantum well structure 410 with reference to Figure 4. In this example embodiment, for
clarity, only one blue light emitting quantum well structure is illustrated in Figure 8. It will
be appreciated by a person skilled in the art that the processing steps for growing the
quantum well structure 822 can be repeated e.g. for three to five times to form a MQW

structure.
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quantum wel | structure 410 with reference to Figure 4.

In this exanpl e enbodi nent, for clarity, only one bl ue
WO e@bo4sari tting quantum wel | structure is il uBtTaGEE7/000350

in Figure 8. It will be appreciated by a person .

skilled in the art that the processing steps for

growi ng the quantum wel | styyucture 822 can be repeated

e.g. for three to five tines to forma MW

st rAltetnatigelyy it avilhheiappirggiated thatl thelddua fighteernidtira qudrdum well

| ]

sruflfe Bebapy tibrof ik Rlofiua ke FRh hHit HichiG e
strugueen81Pn wel | structure 810. In this exarrpl e

enbodi nent, after formng the blue Iight emtting

quant um vveII structure 822; another p-GN contact

st fdhizexarspa mboginesti, Fter doring the hlug Aightemitting pyantum well

strubtUANE, %{Her BIE I LotECt S ctur 82 IsOGrB WA dNAhS tHRRSligh® femitting
grow ng the p-GN contact structure 824 are

quantyps eflt stadciupe 182¢- JhRePTaceSSig PIEBR d9's PrRYIng: Ehy Pr@3N contact
stru&h%ﬁlgarbrb%bﬁaﬁiﬂiﬂ/ N6 aS EHeL&bwsemé%{’eprérfgrbwfng nee pasaN

to Figure er form ont.act, strycture
conigst, str Ct@&l\l“%“aﬁ‘”t?‘a gqrergcfequ glgaF%\ﬂq%{;é%om%g éhw\#a contact
strugtgg& s, ai(ildl“lu_eémhla@erm is Qofow&hrovgr tmn GaN enGetNtaeturd 84 rAfter
r mtti et u
arowigs 1l “ah DR R e P e e %) it Frormed
on thé €ad! dapriayed 826.nQ the red light emtting quantum vvel I
structure 828 are substantially the sanme as the

processing steps for formng the red light emtting
qudieurroeesisingsstepscion farmiPthei red ligbt emistingequantywn grallestructure

828|el?e Pﬁ&arﬁéﬁ\?ﬂg%&ﬁ%@h%ﬁeséﬁ F@fdrtfcynniw)é r&d ﬁgﬂt%qjmttmg

ure 1S | ustra
quanwanglu pleucgure 122 wiith| refegengp 3o Etgum édinihis £xprpleggmbodiment, for

| t & NilS4RR nOfigure 8. It will
cuarg} dnlye&hel 2 hgﬁta%ﬁn&mbrbﬁfanﬁ@f\;vﬂg t&fﬁﬁm. BURRS foure 8. 1t wi

be @prgecwt@@' bw?f erseoshiiapeinitherad tha the PFRCGSNANPISPP fergipeing the

quah&ATREN Stridid\e B2BUah Lﬂeﬁeéﬁe@é gt uhee 10 fivd i ® Rris BQW
schematic diagramillustr ggé&orm ng el ectrical -

struglyrg (cemparsMe StEEb"%ﬂ?@E up 0 of the above exanpl e
enbodi nent. The | ayers on top of GaN Iayer 808 are

o e 5 s S TS 5B B B g e
LED @pruoﬁjré 860 f Gadl abomé aaxtamster agibodienedit. 8Tlsan thyprs Gal‘tbp of GaN
lay%S C%tcﬁ%c Hgl §A .9%8;5%'&%% Igfagnl%dEtiﬁﬂg?Bﬁ’)alFlo}fowmg the
etching of the layer 808, the Iayers on top of the p-GaN contact structure 818 and p-
GaN contact structure 824 are then etched sequentially using ICP. A n-contact 902
is formed on the GaN layer 808, a p-contact 904 is formed on the p-GaN contact
structure 818 and a p-contact 906 is formed on the p-GaN contact structure 824.
The green light emitting quantum well structure 810 is activated using a p-n junction
between the contacts 902 and 904 while the blue light emitting quantum well
structure 822 is activated using a p-n junction between the contacts 902 and 906.
The red light emitting quantum well structure 828 is activated based on absorption of
the blue/green light emitted from the green and blue light emitting quantum well
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is formed on the GaN | ayer 808, a p-contact 904 is

formed on the p-GN contact structure 8 18 and a
w@2@monisaes 906 is formed on the p- GaN contact BCT/8G2007/€00350

824. The green light emtting quantumwel| structure

810 is activated using a p-n junction between the

contacts 902 and 904 while 4.he blue light emtting

gquantum wel | structure 822 Ts activated using a p-n
structunés 800, B2 wemcmhelycCthlaCihsth&Oéxadeeg@ﬁbod' hent, ettlere is no

h 82
B N A A e
fromthe green and blue light emtting quantum
I I T ' :
ex aﬂgﬁer %éé)gotgé; c?%?d e?%tgplgeéﬁr?oﬁorh%rgpépg EI'%S réé?r é&{ 5Iue light
emifting austritwrat wely strigturasd810, 812 ean tei mrgv'qladnmmnvmmg InJectlon
curr%h%sughgr PEB28rudilrel I@@Oapéw rg\ﬁéér %tﬁé%k@ Iltght It will be

ment, since the gr ee and ht em ng
appq%@te@ inatethe red dight QWSEHQQBantBWZW@Hiﬁt%@U[ﬁ 8% oy be ipgirectly

“tunkBieY bé(%d' INRE Eh\%UnthI‘ rbfu%Vqréen IIdﬂ?a\I’aﬁQolﬁtférUéUs%ﬁo@ 00 can

provi a tunable white 11 ght. be appreci at ed
that the red light emtting quantumwell structure 828

mayrHaeHoVE e &by exéMFI@@n%odhﬁéﬁQ cémprbbﬁemhroﬁfatlc yellow,
bl ue/ green lLight avai

oranges %éﬁ ég‘(lawhé:hé‘ﬂﬂ@gq%frgjﬁ%gﬁg O[r@?\ﬁll\lj%uanﬂ;r? dots ?o enhance

IndiNASNSSHETRN o 35etblaekievd BmRgRN ANteQdnget daldbisgtividgidh.
make use of Indiumrich InGN quantum dots to enhance

I ndi um i ncorporation so as to achieve em ssion in the
I orfg@rre wauve hesuigeht ()egs mIItag&i(‘@LgrapIi@hdvﬁn@ Yuneasurenidnts taken

forf Bolilav 4 Sl e CpCIe oS 1 e VERETEL" h B repr o
FigaewihiRiet 108D lssbasedtonrmec/qsueaﬁmnts @akén framahe yelloW IdED sif@ure and

PlotI ?O&aﬁetgasgg JI[IE%%H Lﬁ%ghé tta%%?ﬂo%lr HE \km{% M@d)lchtluFeD Ilkcan be

ructure and on neasurenents
observeth frame plptst F0Q2ED 09 r thet dhree regpectiven LbP efbmre%cﬁxmbﬁ ngtable

con%rﬂfogaljoq %%{1@,&{1&1 t he respective LED structures

st a e conventi onal di ode characteristics.
Figure 11 is a Scanning El ectron M croscopy (SEM

| meg&urd 493 & B@&‘hrﬂrﬁb EIéE!‘réWﬁhdﬂ@schBﬂSEm Iﬁfagé h¢02\@hd\nﬁnd—§ﬁace

structure 400 w reference to
morphelog sigBe PIe LECHEN TR Wil iorios R AR Srown in the

ima§€&teL thetp-MChNN By« tﬁE'pQHGGN‘Bonfa%S smdvmémw (IFId@ﬁé 4) has a
surfac nd t hj s, .enhances ght cti

porqtﬁell |thl§tquJ NERSe ee"%f‘t 2>f6:1c Q& rom:qg% aéiagrt)um well
strueréﬁ éag [ dIIODQZ&G%ﬁm@ %) ngpelibdmgtssattering effects.

Figure 12 is a Scanning Electron Microscopy (SEM) image 1202 showing surface
morphology of a sample white LED structure based on the white LED structure 700 with
reference to Figure 7. The image 1202 shows the p-contact as a Ni/Au contact pad 1204
and the n-contact as a Ti/Al contact pad 1206.

Figure 13 is a magnified Scanning Electron Microscopy (SEM) image 1302 of the
image 1202 of Figure 12. As shown in the image 1302, the p-contact is in the form of
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Figure 12 is a Scanning Electron M croscopy (SEM
i mge 1202 show ng surface norphol ogy of a sanple
wokiwe4d4ED st ructure based on the white LED stPCIsGr087/000350
700 with reference to Figure 7. The inmage 1202 shows
the p-contact as a Ni/Au contact pad 1204 and the
n-contact as a Ti/Al contagb pad 1206. Figure 13 is a
magni fi ed Scanni ng El ectron M croscopy (SEM i nage
Ni/AG 30&tabbtripbe elgret$e4 1a8R thef surfagari@0g 2of t i/xs redfipiiow ﬁuanﬁ@m well
' . = n the formofN/Au netal
Stmést{)%ﬁ%‘é%%%z%?@%ﬁe%ﬁ@gtggg gﬁordf ace 1306 of the
red/yel |l ow quantum wel | structure is visible between
th% &%Fé' RgS |§ g lrr:f’cgﬁs:ty':'\&ur\ﬁa\ﬂe‘f’edgﬁm afrdpht 8@dRt Ysh¥wing an
engt h rap 402 show ng an el ectrol um nescen
elec&g‘@&!ﬂeéﬁﬁmﬁ apﬁ@tnmﬁf)tf@ SRRV Ep rsHE?tu?eeofé?gtﬁ?sg 14 éad 13.

TheJg{?a@m%dz?sh&ma&@ﬁﬁ&én&ﬂ@@akSMAsataéboaﬁnsahmnmea&m:ésﬁi&«ﬂpeak
about. 456 nm  The em k 1404 n ems
1404 phgnenisgione A48 %‘?P%“ﬁ JE? gﬁ‘@@ﬁe‘ﬂ {ipg AHgtum el

struélUn%nterg\(\@éH 1802 8166 l$h6vvs Sheogt-bpde dDRwaingosit)omissian 1406.

and | t 1406.
e SRS SRk S B B0 T B8 SRy st
It wiimbé tabpcizteanbyira perisbn ﬁkrlleldtnm rtee altt that lsincbdhe red/yellow hght

emi@ﬁgrcreu%& @nﬁﬁqe@%trche%slgmc ? teh eb%ﬁgﬁ tob'«rr]ngbv\%r éuo'hhé% th§I 6\83 light
emittesd &otni thatbhuk/bmee dgbhemiitng pmardwnorffeit ﬁwdmraethleurgﬁive"ow light
{
emidHir H4B, e 2 Ap R A PR el o A0 21008 has
a | ower intensity than the bl ue |i ght em ssi on 1408.

u?e ]I? %lﬁ corrkM! e@vcﬁtﬁ% e W) Q’rQM 256 $NOwiy ﬁphnéa'%g?ements

nmeasur rrent s Taken_fromthe sanp whi t

takena‘mr@,thajearmle white LEGUstaucture of ftourss 12 aftdaﬂﬁ Hé C@b?% P%%{Ved
frond fh@raoaph'ﬁ 1£§U23tHQt tilaé QAitk rllEb dthARtM |e§<ﬁlbﬂt£5)g§6d Wtdhbl%ctenstlc with

hibits a goo -V characteristic wt rn-on
a tuipoPR \é@fégepf%mmﬁvavdarw"a%qﬁ PPRWHB0PA ab%‘zﬂu¥ " mA at
about 5V. Flgure 16 is a flowchart |IIustrating a

d f '

T8 S5 By S il Y gpucre
for wallidht satrmtmgm;eae i At Stepneah2, Eaplmrajm;armf o V\ailrsmtctures is
formegheanh deeHanBel sEtTe cobsRat bR dvel Bl quel taver
havingequzaiturh efot Inapestructires eatredeied dheretrhiormed lon| tagerarrier layer,
the %?rﬂ% 'fé'ﬂﬁﬂe %/eql ‘éjeg c%f‘ﬂ ?xlsmg %ﬂs‘f’ﬁme@%ﬁﬁd %.(d ﬁ{a’teri%‘i At step

uant um we structures
1604s af tmasbdne @fﬂm nuentuo'owgﬂ@#,r@lcgwes is formed to further comprise a

capping layer on the well layer, the capping layer comprising a second metal-nitride
based material having a different metal component compared to the first metal-
nitride based material.

Figure 17 is a flowchart illustrating a method of fabricating a light emitting diode
structure. At step 1702, a red/yellow light emitting multiple quantum well (MQW)
structure is formed. Each quantum well structure of the red/yellow light emitting
MQW comprises a barrier layer; and a well layer having quantum dot nanostructures
embedded therein formed on the barrier layer, the barrier and the well layer
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cappi ng layer on the well |ayer, the capping |ayer
conprising a second netal-nitride based nateri al
whanpiogp4as di fferent netal conponent conpared tBCT/BE2007/000350
first netalnitride based material. Figure 17 is a
flowchart illustrating a nmethod of fabricating a |ight
emtting diode structure. Abszstep 1702, a red/yellow
light emtting nultiple quantumwell (MM structure
comprising ree first mactal-pitriget basegematasial. bt step BI04t lag least one of the

quéﬁc@/ﬁ’@b'l %WUHUQJE oiemet Fédrb%llm Pgﬂ{lﬂtlﬁﬁﬁ\ﬂ@\/\pg fdrfkd to further

| ayer; [ 'ayer "havin uant u
COW&H%%P&%Pmégy@mH@eweH YR he cappiag laer caePpiaingisaesecond

métél%ﬁthde ttﬂa%ebaﬁéﬂeﬂél %\ﬂnd Eedlﬂ‘@rleht hﬁ-ﬁ(ﬁr&:‘i’rﬁﬁﬂdeﬁt Bgmﬁared to the
met al material. At step 1

st Bidgge e énﬂa%ﬂt B FiaB1 1700 # GG SOMAGIAW Structure

is forgiey ehtegually ivath tr@netovydnewl\@ﬁf leﬁnltﬁlﬁ]@ rnladw ﬂ)rfﬁ’&th@rwhlte light
ayer e

se a.cap | ayer on the wel
“Dgﬁgg"W§‘F895P<§ V%%Wﬁ a second netal -nitride based
mat eri al haV| ng a di fferent metal conponent conpared
ni t. e.based materi al,. st e .
12068 gLk Frsorals (TR eET uBrbPY oliardeate = ton
emithing giodkl %trumture AhstepetfOge bl redlybliayh tiglenerhittinggmbtidied quantum

westr(l}/lg\:%r ewlﬁﬁq% lrf!érg%é‘] féa%Wqﬁ;?ﬁtquL {1 sﬁmzt ' gﬁpg r{881/)e/ellow light
emitfing M@V\h@pmdsw & brriec dayarg aad | a gell kayet mamggdqmmm dot

na:%sw%{u%se enf%‘edéé@ %e%r?%zﬁow@&& Y He! ey 1%9% tﬁé“g%ﬁlx__a'? %nd the

mJtlpe uan um we structure
Wethm Gﬁﬁf\nﬁﬁmgﬁ ?'@t:tﬁ?ﬁ%-nﬁﬂ% hasgdaaiasial. o‘wstﬁbrg AB04, at least one

of fh'é‘ HhdRGmMMN COUPLIReSF PhebRlefbw ! IR%E Emltﬁ I\ﬁ(g\’/‘ﬂé formed to

havi ng quant um dot nanostructures
f'«'f‘!‘ﬁéP@mﬁr%ﬁr@@Pm leMer o the well llaypsr thetQ?@Ptﬁ’@r'?V%"r capRrising a

sedond metal- nitﬁ&baééﬂ%bteﬁiaﬂﬁaﬂné Il itrerdRt ﬁieté]'ctom[ﬂﬁ\eﬁﬁécﬁﬂpared

1804, at | t
to {81 ek Piertrds Toealmasietey (i Bog i bbih tahtimime Maw
structuﬁedﬂ: fmmeﬁdnﬁ‘egl‘dllbwltmtﬂﬁ”lrﬂédlﬁﬁloﬂl KR RhRGNG MEIV. A stepe1808, a
ris
ol ot Bing MENTERRIRl e P rmel Migerahe e e et toht
emiingpidWN tanddhg bhuedighbetniting MQW simatiale for eriittiag ite dight from
theqﬁh%rb &Bd Eﬁ'ﬁctér%% a blue light emtting MW

ruc orrre 'ntegrally with the red/yell ow
i ght en1tt|ng MOW At step 1808, a green |ight

red"t ltlfé? msﬁt%ggﬁrﬁé{dteléﬁwg Srgf@HaKu \%%{1} ub"iots or
nar@ﬁirmtwrﬁg emgmi ¢ incwelk leyers rareametdttprggnmtet eed| agpher &ndion yellow
light. Each active quantum well layer is encapsulated by a thin AN layer to prevent out-
diffusion to a GaN barrier e.g. during high in-situ annealing. To generate white light, a
combination of different colour MQWs may be built in a single LED structure. Hence,
there may not be a need to use complex circuitry to operate the devices of the described
example embodiments. Further, since phosphor is not used, fabrication techniques may
be simplified and the example embodiments can resolve the issues of degradation of
phosphor and the different degradation behaviour of different material-based LEDs as in
typical RGB LEDs. The described example embodiments can also eliminate the use of
an external coating of phosphor on the LED chip. In addition, incorporation of In-rich
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the light emtting diode structure. In the above
descri bed enbodi nents, In-rich InGN quantum dots or

woa0v9sts4ext ures enbedded in well | ayers are usedI/862007/000350
generate red, anber and/or yellow |ight. Each active
quantum wel I layer is encapsulated by a thin AIN | ayer

to prevent outdiffusion to2a GaN barrier e.g. duri ng
high in-situ annealin To generate white lig a
InGaNoREREDT geson e fdasedied BATBRIS vokesimenfs Bﬁ%ulﬂrfhﬁf igphance

recofbitfHi6n [dRidictc) U@y dikRGRitet BRLALYTRY. kNP high RPRstrature

to use conplex circuitry to operate the devices of the

operghens i bed exanpl e embodi ments. Further, since phosphor

is not used, fabrication techniques may be sinplified
ol.ve

and th di t [ f .
o GHHERIETOEn DI B0 SeHOPeh, RIa0RE BIRPPUVERE CRGPRuG, POYdng
eactb himahogload oflbfubeprsin amd esd @hidsiseflomBDdividsal guantum well
T I :
e o S5 dERlve "R SR AL SRR, BRI y ovin
diffepind gpdiities ohwititece. 4 E& al’hiviite, Tappled dihité on‘warmcwhipsr at i on
of In-richlnGaN quantum dots in the descri bed exanpl e

enbodi nents may further enhance reconbi nati on
ef Aisclisenesedan dherBgckafdund sectiareit is pedsti¢ally wificul to graduag GaN

LEDE n%]nl% 1155 9&.%@6;9 H?tl)o?é d:‘uﬂ%é hndﬁ%&bﬁﬁﬁ%ﬁoraﬂ&nﬁn aFr RGaN layer.

escr ed exa nts capabl e of providing
Thisdibellyeiipes s}uectmtbwol@flrrmwmtg p@eﬁluwdﬂtﬁoﬁeémgiﬂm at high

teméérQl”}ésnm b %B@ve G’é&%éﬂ"é%&e éhbé’&iﬁ]@ﬁl@sa tﬁuhfn@&hwettmg layer

cont r ol ng dot sizes and I n _conposition
is upRrk 49 @nbamq@ weerapation rof dhe iy Aurpe & THY *m»tt e This may

enh%rﬁ%gﬂorméﬁght& l?ﬂé\ﬁgicﬁlgn@@wéglaﬁfumt ¥t WhioMhhdsLbeeBfound to push
i scussed in the Background section, i racti
the BSRIORPVADILY B EE GRS SRR deoRtgh s monochromati

emighid d:dkbljrte(g iR tebloager W@eﬂanbﬂgi‘eglohdthértempémtp@ rdating grawth of
aris t [ d

the frrencurptr o9 and i ieb fdkep! w2ec g B lpery ey

|eadtt6mngﬂt&hamm of Wavélém_;]tamhue adetiagd ibesliseppligl. Eurther, with regard

to teme&%tgre ihe Igplbl(r)nr Q%hl lgngéo f%{%ﬁﬁ]}' fl)r%’ qtyhﬁal&%ste%to eg.a
welldaysp. arfihalso aeyaraatHayes ewlieor WG@M l@sfer lin grqy\m 2t @Hemmmmre of

appr%@&%tegb?ﬁaé IMHELiBASe d:b&%'ﬂw l@ﬁﬂ]@ LitheRILS Buﬁrﬁbeth%rqrm% the

nto the re eng t re |on al n
p-lnﬁeNolﬂyﬁron@m temperatgeois ceslused te. gboutn 306 t%ﬁ@@rc it will be

appr"@@\éf‘%oefﬂgt i rPRalidgs élﬁ)‘&?@é@@fo%ﬁg@'dég éi’uﬂ Qhttnefemission

n-rich quantum-dots and | nGaN wel | ept
wavelepgthcdduepp fiffusion o drdivim ip g}ep@tpa@ltqﬂa éioh;agy herefore in the described

example embodiments, the use of the AIN layer can prevent out diffusion of Indium from
the quantum dots during growth of the p-InGaN layer, growth of other layers in high
temperatures and/or during in-situ annealing at about 800°C to 850°C. In addition, the
described example embodiments can obtain primary colours of emission from GaN
LEDs and this can enable better colour rendering of white light for solid state lighting.

Using the above described example embodiments, InGaN red emitting quantum
dots LEDs can be used for a number of applications such as for illumination and display
purposes including illumination of signboards and displays; keypad light guides, digital
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| ead to slight changes of wavel ength when a vol t age
bias is applied. Further, wth regard to tenperature,
wo b@obssdeam ri ch 1 nGaN quantum dots fornmed typPCEEG3007/000350
diffuse into e.g. a well layer and also a barrier
| ayer when a p-GaN layer is grown at a tenperature of
approxi mately 9000C. In thesgescri bed exanple
enbodi ments, during the growth of the P-1nGaN | ayer,
capgEn fashfights: DF eangon kegllighting; soleboiend@B@o eplidest®@e (ipitingl and for
autin doil® RIS Sitd Rdrfclidriddtcl n-si tu anneal ing at about
8000C to 8500C can still shift the em ssion wavel ength
due to diffusion of Indiumin the quantum dots.

Therntekipme, appledidied B9 SL piles sRNSR $ieCAFP 9k %ﬁﬁ@@hf ddhGentional

use t N |l ayer can prevent out diffusion™o
orgenisi lfﬁRSr @m) W@yq%gﬁﬂ%ﬁ@a Giselays with GOIgHE AT pyeliaw. torgnge and red,
thepOLBIa bl teieally ppomitimtedhs of theNurhésesrid lumidds8hce efficiency than

. te rat ures and/ or .during jn-situ annealing at about
' mog?f’g%%%s ?hqsﬁ ngg]ﬁ ‘?’ﬁag\"ﬂe FRROIREF i bed exanpl e

enbodi nents can obtain primry colours of em ssion
f L t,hi I tt | L
oo B ANga ) 3 P B0 B B e varisions
andjei mypdifinaticmisovay e suadebiodthe yaegHne irnvebim azshewn lim GaNspecific
It i : f
eSS P URRHT (R e St BERCOHR, YS S b PRn p broaay

ati1ons suc um natl

'+ degfiribpd. akheprieprit embodisientsi arg, hetefori nat heorpnsidesidgin dlaeskscts to

be AQStr&tive Bhawes rekgyad | i ght gui des, digital camera flash
i ghts, PC nonitor backlighting; colour rendering;

solid state lighting and for autonobile taillights and
traffic lights etc. It will be appreciated by a person
skilled in the art that although conventional organic
LEDs (OLED) nay offer flexible displays with col ours
of yellow, orange and red, the OLEDs are typically
poorer in terns of the |lunmens and | um nescence
efficiency than inorganic LEDs such as those of the
exanpl e enbodi nents. It wll be appreciated by a
person skilled in the art that numerous variations
and/ or nodifications may be nmade to the present

i nvention as shown in the specific enbodi nents w thout
departing fromthe spirit or scope of the invention as
broadl y described. The present enbodi nents are,
therefore, to be considered in all respects to be
illustrative and not restrictive. CLAIMS 1. A nmultiple
guantumwel I (MM structure for a light emtting

di ode, the MQWstructure conprising,
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a plurality of quantum well structures, each quantum
wel | structure conprising: a barrier layer; and a well
WO 2000048329/1 Nng quant um dot nanost ruct ures enbedPESG2007/000350
therein formed on the barrier |layer, the barrier and
the well layer conprising a first netalnitride based
material; wherein at |east ,gne of the quantum well
structures further conprises a capping |ayer fornmed on
CLAIMS wel | | ayer, the capping |layer conprising a second
metal -nitride based material having a different netal
el ement conpared to the first netal-nitride based
1. mattemiutiiple Quariire MM VW) strustureafor el lighhewnitiing diogenihe MQW

' quantum wel | structure further conprises
Stmgm\ﬁé/eg(]t”ﬂﬁggﬁ%yer formed between the barrier |ayer and

t h@ wlnalityapér apantumenielcistigciubesmepreh avantng galhtsiieture
cor@%in anostructures. 3. The MMWstructure as clainmed in

I al 1 or 2, wherein said at |east one of the

quant umawarrierdayefceft es further conprises a second

cappi ng g @¥BNaf HRGhe® GubRent aBpinaBostAltlires Shhisbdkizeotherein
ca

ping |ayer conprising a third al-nitride base

formine) B 18 DRI 4y WAl h e oL D ETPTE BT g metal
nitriti® bhb&d AResR@ netal -nitride based material. 4 . The

MM structure as claiped in.any one, of clai 1tag 3

t hVNRinsTY @Fhroﬁefq?frtﬂ%egu%%rY"?Fr?éruﬁtuﬁ@? J‘B@]eéo%?né%r{ses a
cappingulalyer eorfretned the vasll Byeerthestappitg Glyet lemprisingl atsecond

of guantum wel | s cture AN .
mei@l ol barepleral e e bRE R S o ilsred tg the fet
metpk-hijtjzie vesked|matetiali de | ayer formed on the el ectron

bl ocking | ayer. 5. The MQWstructure as clained in any

one of clains 1 to 4, wherein the ptype netal-nitride
2. | ayke BAAPF stecturen as rekdiad( imclaimt &r WaEregn epsk mmmptum well

stru%{\{ré' GlrtHe cﬁ@gﬁ%é& geektidy Gl& Bhmed WREF&INthE MrsrI¥RE and the
me f

al-nitride layer is Tofmed u5|dr;q% a tenperature o
welbayeidenenisneingrigmutionfdagogeantym dog PaReUYERt ur e as

clainmed in any one of clains 1 to 6, the MW

3. The MQW structure as claimed in claims 1 or 2, wherein said at least one of
the quantum well structures further comprises a second capping layer formed on the
capping layer, said second capping layer comprising a third metal-nitride based
material having a different metal component compared to the second metal-nitride

based material.

4, The MQW structure as claimed in ény one of claims 1 to 3, the MQW
structure further comprising a p-type contact structure formed on an outermost one
of the plurality of quantum well structures, the p-type contact structure comprising an
electron blocking layer and a p-type metal-nitride layer formed on the electron
blocking layer.

5. The MQW structure as claimed in any one of claims 1 to 4, wherein the p-

type metal-nitride layer comprises an Indium (In) material.
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structure further conprising an n-type contact |ayer
for making electrical contact to a r |ayer underneath
wo b@opssseaml ity of quantum wel | structures. 8. A¢CESGEN/000350
structure as clained in any one of clains 1 to 7, the
MAWVstructure is capable of emtting red/yellow |ight.
9. The MW structure as clapped in any one of clains 1
to 8, the I\/gNstructure is capable of emtting red
6. | i ghte MQW strictwergss elpimadineclain &) wihetsin ithe @rype metaifnitride
lay&} Bifefnet Usihda teMissraiune bNSetvBBR aBSut ZXEE 16 80BYC. Ses
Al'N) . 11. The MW

alumniumnitride ( mat eri al .

structure as clained in any one of clains 1 to 10,

7. wheTigd M@w fstrgé]:sm%;%s?élasm Ergaﬁyrhnﬂ\el aV%ratim§ ’{Tﬁbré,aﬂheemqw
at a _maxi num of . abou nm : e structure as
s“%ﬁt“é{ﬁrﬂé qrIFOTIRISBH AL F-YPefanact laysT fof Maling eleftricpleontact to a
n" lgyemninderrdaeith thendetliyeif guastutoNel stRestures.
IndiumGlliumNitride (InGaN) quantum dots. 13. A
light emtting diode structure, the light emtting
8. di otlee MQWL stivetumoapr dlgimegl m aeyl/opel bbwidirhght tem, ttheniQw

P el .gt.,ructure, each quantum
striirp '%%%ﬁ%ﬁ%é@wgh%d&g@%@ftow light emitting NOW
conprising: a barrier layer; and a well |ayer having
qu tLuc n
O Thame MO pacas! oY uen ATERD A8, RLEGEN 1 & W8 Maw
structifp s sanagleaofiamitiingrred Hohi t ri de based materi al ;
wherein at | east one of the quantumwel| structures of
the red/yellow |light emtting MMWfurther conprises a
10.c appieh §1QYWy elrudtye nas) claimedhdn gl | oneagb elaimyid taPpvigrein the

cappAiAky SrOSRIPrSES BlutiSiaRONFidBRAM) itbFiaide based materi al
having a different netal elenment conpared to the first
nmetal -nitride based material; anda blue light emtting

11.|\/_Q/Y]I&t M@ ;tmdtmérr@f cidirhegrinldry mé {E’uftcihﬁml { Efﬂ]{weﬂd,t / erein a
.l ight ttin for emttin ite |i romthe
thickhgihiof % banitth VS MaaiGirieaB s oo taHant SO 1 ng

di ode structure as clained in claim13, wherein the

bl i em.tti structure is faormed. on an .
12'outjﬁ1;3réno'\'§;{wosﬁ@°é¢é {%e%er al’y £V 8F¢ d’ﬁaﬁ’ﬁ" ﬂé? In”’ wherein the
quagtyna dounarostfictutes qomprisellhdiumb-Gglliomeaitride (rgSalM{uantum dots.

structure.

13.  Alight emitting diode structure, the light emitting diode structure comprising
a redfyellow light emitting multiple quantum well (MQW) structure, each

quantum well structure of the red/yellow light emitting MQW comprising:

a barrier layer; and

a well layer having quantum dot nanostructures embedded therein
formed on the barrier layer, the barrier and the well layer comprising a first metal-
nitride based material; '

wherein at least one of the quantum well structures of the red/yellow
light emitting MQW further comprises a capping layer formed on the well layer, the
capping layer comprising a second metal-nitride based material having a different
metal element compared to the first metal-nitride based material; and
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15. The light emtting diode structure as clained in
claim 13, wherein an innernost one of the plurality of
wa@e@appeseel | structures of the red/yell ow | i ghtT/SG2007/000350
emtting MWstructure is fornmed on the blue |ight
emtting MW structure. 16. The light emtting di ode
structure as clainmed in any,gne of clainms 13 to 15,
further conprising an n-type contact |ayer for making
el ea bhieclght eonitting MQY/ struc%urbaqrmewmtwmisamth lhbeed/yellow light
iR NP hBoo Bl i BT Ylo SbHEer i n G el
formed on the red/yel low i ght emtting I\/QNstructure

142Ndri g R Uiddin L#de%@tﬁfc‘td?g Mﬁé&ﬁt H{a?n 1§h§/h8r'e"n¥ e blue

cont act “struct es each rsing
ligh| enaiktingg M%WeﬁtrlamdreaISpfqrmsd oreEal ovﬁetm@sieon%@érthe dlyralily of

quifluhRfeIRdtR a8 obih@crgéllﬂ)gllclvﬂ(gﬁ{t en%t?mb l\ﬁ_(l.?\ﬁ/ dthRlre.

emtting diode structure as clained in claiml1l5,
further conprising an n- type contact l|ayer for making

15el eThe | Iight SHRARINRC idde - 8triictule )8! clMERT Ne adiRint hl@ blitein an

ht emttin structure and a ont
nngiTHoRt % Of SHnaAbTENY e, Wih U BrA% i gvellow light

emtindNMQWeirutfe BObied bmthd thlge hYiterhitti@htMQW $itudhgre MOV
structure; and wherein the red/yellow |ight emtting

MW structure is capable of emtting red/yellow Iight
16.bas¢isk ﬁghtadaﬁ'mi’ng dlode atrublucee at icifihed lin asy @nefafaiaimbel3 to 15,

furtgnlrenpg?rllwhggégg . S UCK%Q{ ?aé(epgqtr%gklrbglgleca:ﬁgl éénge;gt fto a n* layer
undgrag¢ath thS rd:djyallbw hghe esiitting led ddyplighd elrragxleg M@wmtrumgres and
resgla&{v nb yﬁgnl:c%{éés 'S u@itl&'%se qutg?éq éh th&?ﬁe%lyglﬁovsl 'hglw%rpitting MQw
strygtererand] Bet blugshghmwméhg QWY Stfkﬁé@s tiogt pttm@e capigich gtructures

eac}l‘?‘bfﬁ‘bpﬁsﬁn@%hrgl &dtRRdoiBLkiRg TR%SE BHALP- t@w@ta? ARED 1ay&P formed

em |ode striucture as clainmed 1n any one
OnBTe@P%IF%b@Qk"P@'aYQF wherei n the quantum dot
nanostructures conprise IndiumGlliumN tride (InGN)

quantumdots. 21. A |ight emtting diode structure,
171 heThs gt e@?ﬂ*?‘?lq@e&tw&"@@ﬁ&lﬁ"ﬂ?g inelai? i 2itHghe comiprising
r edary alwmvcbmtgbtt lapén fof hiagtingLdlédtit cabmot tdm Yﬁ‘ldye( ViMrneath

thesl@d? y%h %Wtqeqaggﬂlpq}g%?@gﬁrHﬁ%ngé [t)\?p%tréjogﬂ? structure formed on the
blue light emitting MQW structure, for activating the blue light emitting MQW
structure; and

wherein the red/yellow light emitting MQW structure is capable of emitting
red/yellow light based on absorption of blue light emission from the blue light
emitting MQW structure.

18.  The light emitting diode structure as claimed in any one of claims 13 to 17,

wherein the capping layer comprises aluminium nitride (AIN) material.

19.  The light emitting diode structure as claimed in any one of claims 13 to 18,

wherein a thickness of the capping layer is maintained at a maximum of about 3nm.



10

15

20

25

30

a barrier layer; and a well |ayer having quantum dot
nanostructures enbedded therein fornmed on the barrier
wo ag0e4842he barrier and the well [ayer conpri sP@yS@2007/000350
first metalnitride based material; wherein at |east
one of the quantum wel|l structures of the red/yellow
[ight emtting MW further %prrpri ses a capping |ayer
formed on the well |ayer, e capping | ayer conpri sing
20.a sEoolightreptitiingrdiede gsudiaseas nlaineed @l amavne @f glaims 13 to 19,
eg
whgnjg[r?; ﬁ{en n% rﬁ%ﬁnatjé é?g&%@ng{lcggr%gfﬁnygteQnﬁFﬁ ﬁaﬁ@bﬂw Nltrlde (InGaN)
quamimsiotaict ure; and a green light emitting MW
structure; wherein the blue light emtting MMV
structure and the %reen light emtting MW structure,
21.ar A fightrasttingtcieieas T%tlwatﬁet"ﬁ@t enaingedipdrstryciie comprising
em 4 trbageMIVIGAE cRilithg | ﬂﬁgltlgﬁa' b@alhthﬂ)h‘{/veﬂlrmmestmcﬁme each

emtting diode structure ht enmitfing di ode
quaélt‘n”ﬂd"fq}rséfuﬁ@f% A ST %ﬁ%eﬂm”%(g? W GPRRYIsing:

red/ yel I;pwémbglaye,eahatl ng MW structure is fornmed on

t he queI| ttin structure and the green .

[ ght. o ey SR bt o) hethritins Snpeddea therein
forrded @@ tﬁérhacmerrlayasthé barnied ahd tied aletidayr lcoaipridihg a first metal-

further i sing an n-type contact |ayer for making

n'tréerbastig%ﬁ?e 6H’nt act to a n+ | ayer underneath the
red/ yeI | velvereingdit leasti driel cofghe Wuaetum gletl stuicturesngf tnedred/yellow

o Fob MG P PARpR. S oty % ] LR Bver. e
capping tayey comwising @csenopdametal-hitridsr based inglariad ﬂnnavmragdifferent
mek%%eﬂernlt' E&H Sred(t9 rthe%ﬁr%‘t ?ﬁ@tdl-'?lﬁné{: Ba@d%a dight em tting

sructuean green t emt |ngI\/QN
st r@bh’@r"@%%@ﬁ@&ﬁ"%?fﬂmw@e?ﬂ the p-type contact

st réj Felélhq hp@ﬁntr@]qngwgﬁ &lreel ectron bl ocking | ayer
: iaematI -nltrlgle Ir\%er formed on the

a -
eI e‘ef'ﬂ?réiﬁ‘ %’Po‘é‘k? dight gEting MRS vrdyre it g]eng:qu,a@ light emitting
MQWCgtbL%idr@Vérél f@hﬁe&ﬂﬂltbgﬂaﬂg WitH tHE sy dipwe Agabémitiig MQW for

et BT Bl e DAt srtiting /Boge ghyeare. P! o of brue

22. The light emitting diode structure as claimed in claim 21, wherein the

red/yellow light emitting MQW structure is formed on the blue light emitting MQW
structure and the green light emitting MQW structure.

23. The light emitting diode structure as claimed in claims 21 or 22, further
comprising

~an n-type contact layer for making electrical contact to a n* layer underneath
the redfyellow light emitting, blue light emitting and green light emitting MQW
structures; and

respective p-type contact structures formed on the blue light emitting MQW

structure and the green light emitting MQW structure, for activating the blue light
emitting MQW structure and the green light emitting MQW structure respectively;
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emtting MW structure, green light em ssion fromthe
green light emtting MQWstructure or both. 24. The

wo e@bo4sari tting di ode structure as cl ai med i n BCHSGLO7/000350
of claims 2 1 to 23, wherein the capping |ayer
conprises alumniumnitride (AIN material. 25. The
light emtting diode structyre as clainmed in any one
of claims 2 1 to 24, wherein a thickness of the
Cap@icngin| tay g-tybe coritadt adtnetlired eachecompise ofn aleotrion Juienking

26. The ligh itti di ' -
ayek i Ae-br S g 4d R 8t B bt G doa BREHRY cafbr and
furtinern ogieraic t thee sedgetiomi dight reshnitiimp Gatriigture: N t gaipable( Ioh GaINitting
uant u. 7. . ' N [k 0 .
e YR S8 oS Sy clyd B! e Bl e 1o
emittingddQW retrunkrdiogreenfight emiggiort Gemi the erepn Jioht pijitipg MQW

Strugmggpg&wsl | structures, each quantumwel| structure
conprising: a barrier layer; and a well |ayer having

guant um dot nanostructures enbedded therein forned on

24t herfRafdh @mitify Hiodd HRARErdsLlaimitd Inyeid of aipls 21 to 23,
conprising a first nmetalnitride base((;lﬁé“}at erl,aL; and

wherginihe gapRIng BySF CYRRNISHS AlYaInHIA RTULR maigigtt ures to
further conprise a capping |ayer on the well |ayer,

t he_cappi ng | ayer conprisin second netal -pitrid
25.pacH Hakt EPYIERO iAo S Urt e T FaRethit 2P @f%RbRpmS 21 to 24,
whéremathasknbes bftRe bhpisihg Eeals-maihtdintkel dtasedximamneni adaut 3nm.

28. A nethod of fabricating a light emtting diode

structure, the nmethod conprising formng a red/yell ow

26.1 i gir‘]ﬁe Rghit teintittigg rdidde prectapeaast dainvesl in Qe of claimsu2é to 25,
eac uantum wel | str : 1 ant
wheTR S eg Rinsds®, SR LM Bl (nean
quanhyerdotsavi ng quantum dot nanostructures enbedded
therein formed on the barrier |ayer, the barrier and

the well layer conprising a first nmetalnitride .
27. A method of fabricating a mulfiple quantum well (MQW) structure for a light

emitting diode, the method comprising, _
forming a plurality of quantum well structures, each quantum well structure
comprising:
a barrier layer; and
a well layer having quantum dot nanostructures embedded therein
formed on the barrier layer, the barrier and the well layer comprising a first metal-
nitride based material; and
forming at least one of the quantum well structures to further comprise a
capping layer on the well layer, the capping layer comprising a second metal-nitride
based material having a different metal element compared to the first metal-nitride
based material.

28. A method of fabricating a light emitting diode structure, the method
comprising

forming a red/yellow light emitting multiple quantum well (MQW) structure,
each quantum well structure of the red/yellow light emitting MQW comprising:
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based material; formng at |east one of the quantum
wel |l structures of the red/yellow light emtting MQW
W eoobougsber conprise a capping | ayer on the wePCT/B@y®r/000350
t he capping | ayer conprising a second netal -nitride
based material having a different netal el enent
conpared to the first metah‘I nitride based materi al;
and formng a blue light e Ttti ng MQWstructure

i nt egr ah yrridr idyef: tghdr ed/ yel l ow |i ght emtting MM for
emtting white'light fromthe |i mttln
struct uf é"’e'b@yeﬁ'\%ﬁmoﬂu%‘fwma%?t %ﬁqs clyres %ﬂ?be%ged therein
form%H‘ & tHeObaHiedRiyst, b6 bafréar dridethemidioidyeoogamprsing a first metal-
/yellow light emtting nmultiple quantum

n ed
”'tr'%'P?SeF%m?”@'t ructure, each quantumwell structure of
t heorirlf ¥ ldastvohe giftthe muahiung Walletoetpes ifrige rad/yellow light

emifiSh e, iier TRl e prphd iR HrLiCUER sl e capping

layel ayenprisingea bsercone rmetabinitrite hesdd Inwmyesial cliaving s @‘e@nt metal

eIenﬁént%%?ﬁB?Le% @'tﬁékg?n%ﬁ%ri?@ %é@ln'atér%r thn@g at | east

um we ures o e red/yel |l ow

| i frmiregna btuaig;hwe;wtﬂ@g MaWesuchuerstearalhawitla s rﬁgi/yeﬂywlght
|
e S G R R e S e

netal el enent conpared to the first netal-nitride

29. ba%eqn@ﬁtn&rbialfabﬁdértlﬂbng gt emnittihghdiogd tuidtdreMMé method

structure integrally wth the red/yellow |ight
COMPRENGi ng MOW and forming a green light emitting MOW

st Ffdta&?#mﬁ Q #e@ﬁ/y%‘llb@' llg\ht\&nhﬁrnlt; haulkisl/ gelitaw welp (MQwW) structure,
em I N

each ayaamwsa'hgtrvmw@@qﬂh%md 'B&Wlehbemﬁf‘m ﬁg%ﬁyb%@tszai
st r uct Udarrier layer; and
a well layer having quantum dot nanostructures embedded therein

formed on the barrier layer, the barrier and the well layer comprising a first metal-
nitride based material;

forming at least one of the quantum well structures of the red/yellow light
emitting MQW to further comprise a capping layer on the well layer, the capping
layer comprising a second metal-nitride based material having a different metal
element compared to the first metal-nitride based material;

forming a blue light emitting MQW structure integrally with the red/yellow light
emitting MQW, and

forming a green light emitting MQW structure integrally with the red/yellow
light emitting MQW and the blue light emitting MQW structure for emitting white light
from the light emitting diode structure.



