WO 2006/101452 PCTISG2005/000099 GROUP Il NITRIDE WHITE
LIGHT EMITTING DIODE Field of the Invention [0001] The invention
relates to optoelectronic devices and fabrication methods, particularly to
WOovhdEUIgFe emitting diodes. Background [0002] Light emitirgjsdingesccoss
(LEDs) are widely used in optical displays, traffic lights, data storage,
communications and medial applications. Current applications of white
LEDs include instrument panels of motor vehicles and liquid crystal
displaydhé&dd) BasklightienneinRer taricaeariormwhiis LERDIS to
increase the luminosity level to allow replacement of incandescent lamps,
because LEDs are smaller, have higher efficiency, and have about a 50
Fiefldest|origer idespaieas compared to conventional light bulbs. [0003]
(ggyentiofal whils LS are Al Jatald BEUANO I Mooy ces

met ods. In one method, three separate LED ‘chips are enclosed in a
andsinglaA B HoRPWhBRERYEE chipP A BREFer chifs and “HIGE chipioht
emi€@MiNQ eRssions to yield white light. [0004] Another widely used

method of producing white LEDs entails using a single high-bright blue or

UV GaN-based LED chip that has been coated with phosphors or organic
Baclgaouitbwever the use of fluorescent material introduces reliability

rBERRI¢Ms pndhenergy 10sses fromdhe canyaysion .eEblys pboonaded in
yellow photons. Also, the packaging step becomes critical for producing

th&Gﬁé‘lStEﬂ&f'ﬁFﬂ’i@’é@bf chafdctefistic ahti%Udity of tHE TED. [0903] %ge'
comfQnvesitaral ﬁpemaa@hem produaing wdhiteokght- emittiagddiages has thicens

&%yyedfglCh%%g éulnstrument panels of motor vehicles

and liguid crystal display (LCD) backlighting. An important
goal for white LEDs is to increase the luminosity level to
allow replacement of incandescent lamps, because LEDs are
smaller, have higher efficiency, and have about a 50 times
longer life span as compared to conventional light bulbs.

[GGG3] Conventional white LEDs are ugsually fabricated
according to two methods. in one method, three separate LED
chips are enclosed 'in a single LED body where a red chip, a
blue-green chip and a blue chip combine emissions to yield
white light.

[0004] Another widely used method of producing white LEDs
entails using a single high~bright blue or UV GaN-based LED
chip that has been coated with phosphors or organic dyesf
However the use of fluorescent material introduces
reliability problems and energy losses from the conversion
of blue photons to vellow photons. Also, the packaging step
becomes critical for producing consistency in the color
characteristic and gquality of the LED,

[0005] A conventional approach to producing white light-
emitting diodes has been explcred by Chen et al. (U.S.
Patent 6,163,038). This patent describes a white LED and a
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Patent 6,163,038). This patent describes a white LED and a 1 WO
2006/101452 PCT/SG2005/000099 method of fabricating the white LED
that can radiate white light itself by possessing at least two energy
WORHRAELS3 in the structure of the LED. However, this tecREBISGY00HMPAI8RS
Multiple Quantum Wells (MQW) to get the white emission. Chen et al.
only mentions growing the MQWs emitting light with different colors by
adjusting growth parameters, not specifying how to achieve it. Chen et al.

metfails ta praduse; MW enntlingHight coxeringnalt theavisibleyange. Thate

. IS, Chen et al, merely uses a single LED ship to produce light at plural .
165t kS P SOt AR ard el HomEHEd, SHRES St e R EEary 18

theusé auspiecific aofavslengiibof Hghiefesy.; 3701+-60EmMddsEyveasa bass
Mu1£3006] &QI@Q:@”VF%&H@‘“OQXSEW prgguc%g;en{@@c%i_@s_mgg%_

proposed by Chua et al. (U.S. Patent 6,645,885), which pertains to_
Chefbrﬁﬁngaii"ldiuﬁi‘ﬁﬁrid’@ﬁﬁkﬁ“ﬁncﬁﬁﬂf&ﬁggamﬁn e Gﬁ%&%%aﬁ&ﬁﬁt
witHots prownshy metaborgapic vapesphase epitaxyhl hisapaiest describest

indium nitride (InN) and indium-tich indium gallium nitride (InGaN
S e oo 1t e At ge o e e
MOWgu Lt edls {OQV1S) ferriedingusidd atieast el bieriméthyfindiurdhat
is, (Tidin triathylindiupa £EE{n) @ads ethyldimegthylingism {EBMIRh a8 auce

antisurfactant during MOCVD _growth, and the photolumjnescence

119 aveéiéngBtHoRT the&8 FotsTangeiSrofPEST At to 5884, Coiftrol g™

comaimeunts of Tidirs ar!d;i(jr oth_ler Irude.iaums,mrewrsots aresgmporsantspecific
wav%lri%%%r{@xg Hie farmation oL dislagagion-ige QRS ag aé%d:tt}% subsequent

ows of ammonia and TMin This method can'be used for the growth of

[9R8 GLtivedlay&rsorsluedid §rgmology for producing enhanced

LEDs has bheen proposed by Chua et al. {U.sS. Patent
¢,645,88%), which pertains to feorming indium nitride (InN)
and indium gallium nitride (InGaN) quantum dots grown by
metal~organic vapor ﬁhase epitaxy. This patent describes
indium nitride (InN} and indium-rich indium gallium nitride
{InGaN} guantum dots embedded in single and multiple In.Ga:-
N/In,Ga;-yN quantum wells (QWs) formed by using at least one
of trimethylindium {TMIn} triethylindium (TEIn) and
ethyldimethylindium (EDMIn) as an antisurfactant during
MOCVD growth, and the photoluminescence wavelength from
these dots ranges from 480 nm to 530 nm. Contreolled amounts
of TMIn and/or other Indium precursors are important in
triggering the formation of dislocation-free QDs, as are the
subsequent flows of ammonia and TMIn. This method can be
used for the growth of the active layers of blue and green
light emitting diodes (LEDs). However, this technology

fails to produce a dicde that generates white light. White
light requires a range of 400 to 750 nm. However, the

technology of Chua et al. only covered the lesser wavelength



light emitting diodes (LEDs). However, this technology fails to produce@r/sG205/006095
diode that generates white light. White light requires a range of £RdRed 23 October 2006
750 nrarideweverd #lde rtechinology ofLhuaiet-ah 0nlyeevered the lesser
d/g@g@g@gt@h%feC'EI%CEgQOS/OOOOQS Received 23 October 200b range of

480 nm to 530 nm and could not be used to generate white light.

Accortfitglydiistiern sericbiductosainticdisplast dechnelogy regitiespew

subie Johirpritine diodesdhat, are £apy R caniudl,have bigh luminosity

a%nd have ttge necessary reliability to serve in exacting-applications™ stich
s liGRCorRe§ FOPIGIE ery SR Bidbtal dEVRiBe SSEMMAR Y O THE

NINVE N O NrAddaidinglyy a whitedight-emittingLiedg{LER) hat.+ ; o, ¢

sibstantially obvjates one or more problems due to, limitations and A d'.a
of uLSavaiiéjgej of file ?gut?é%rartllggé icspc oxé\éséf% T 1Rt idBisGates
all emissions into one chip. may be provided. According to a first aspect of

the inyeiany thereris praviggs@giode for emitting white-light, the diode
comp}{isin%%su strate; a buffer Tayer formed over the substrate, the
buffer fayer beldg divided s a Fitsh isedtibhtang addestind(&6&tort e at
slgast oneiquagtunebwel ssteucture:comprising @ medifiedns  due  to
1 pxGal ;N/InyGaj yN, quantum well/barrier bilayer that encompasses InN
and_indium-rich InGaN quantum dots, formetd Gver-the*fifst séction F the
dhafée FRfer, wherein the modified quantum

An LED that incorpcrates all emissions into one chip

may be provided.

According to a first aspect of the invention, there
is provided a dipde for emitting white-light, the diode
comprising a substrate; a buffer layer formed over .the
substrate, the buffer layer being divided into a first
~sectlon and a second section; and at least one quantum
well structure comprising a modified In,Gay «N/In,Ga;. N
quantum well/barrier bilayer that encompasses InN and
indium-rich InGaN quantum dots, fofmed over the first
section of the buffer layer, wherein the modified quantum
well structure exhibits a photoluminescence spectrum
simultaneously covering the primary colours of blue,
green and red.

The gquantum dots may be formed by first flowing at
least one of TMIn, TEIn or EDMIn at a first flow rate and
a first time to form nuclei, and then flowing at least
one of TMIn, TEIn or EDMIn with TMG and ammonia at &
second flow rate to make the nuclei grow and be capped in
the quantum wells. There may be between about 1 to 30 of
the quantum well structures. Also, a thickness of the
IngGa;¥ quantum well layer may be about 1 to 10 nm and a
thickness of the InyGa; N guantum barrier layer is about 5

te 30 nm,
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ibi [ imultaneously :
well structure exhibits a photoluminescence spectrum simu Sly
covering the primary colours of blue, green and red. The quantum J§E¥/SG2005/660609%

may be formed by first flowing ‘at least one of TMIn, TEIn or EDHIrReeeived 8 June 2007
first flow rate and a first time to form nuclei, an_d then flowing at least one

of TN TEFF o‘?fElﬁT’Wln%&?ﬂﬁ%ﬁ@tammam@aralsmmbﬂemt@t%to

make thé mmclei grow and be capped in the quantum wells. There may be

tures. Also, a thickness of
bet makout Lto 30 wft‘he antum well struc , at .
the#l?f,3 a L‘agNy qbua%%urbg well Iaquég'r r%‘%/sﬁjé%od’f@’t&io $HRRHGe Sic

5 rdpe: t5enyi ‘ Sk 6L, 3
thickne&&'of t%ln%@aﬂ_yﬂ‘maﬁfurﬁm@rdﬁyetwamm mby )
Anérried Sheietd PEARURC RISE 2805000099 Received 8,Jun g 2007
thiglapess,gf.the.1n,Gal yN %ggt%rgegarner layer is ab_ouéStoS nm,a »
and 1>x>y>0 or y=0. %he SUbSIFAf may be s%%%ﬁr%‘;“ﬁ?@ BYZHOT At ;
Ieagf%%seea%%c%‘?@ﬁeﬁ%(ﬁ%ﬁ% ndd§nesitm, “diethyd.zinc or silane may

be used aswopnts. Ihexdindermayshave Q,@h%%lugqllpggf%’e E%%t?rum
cog@ri@g@,m&elgn%}liﬂgg of %%%l&n 48@ rrl1_m to 750 rim. Accor ﬁgp?ﬁ %(zl a”
second aspect of the inventlon,qt%gre s Brovid8a= frddmietidta e
strijcture tHal8inits “Rhfe li@ﬁ%‘}ﬁﬁhﬁﬂﬁco@npr@e@mﬁG%m&qua@m
welkYayer: InN and indi:mmm:h&HC@%Q&&W&%QQ&?&e&%kEgdgﬁgéQdé@elin . |
InxGal s guantypayelllayer and aninvGal yi auanum barrier laye
over the cfuantﬁm ots and the quantum’ wéft yS82-y ‘

‘Barrier layer over the quantum déts and the quantum well

layer, wherein the modified guantum well structure
- exhibits a photélumineséenca spectrum simultanecusly'
covering the primary colours of blue, green and red. 7 ' i

According to a third aspect of the invention, there .

is provided a process for forming -2 dicde for gmitting ‘

white. 1light, the process - comprising :the steps of:

rroviding a substrate; ferming a buffer layer formed over

the substrate, the buffer Ilayer being divided izito. a
first section and a secend secfion; and forming at. least
one quantum well structure comprising a modified In.Gay. |
N/InyGa; N quantum well/barrier bilayer that encompasses
InN. and indium~rich InGaN gquantum dots, formed over the -
first section of the buffer léyer, wherein'the modified I
guantum well structure exhiﬁits a photoluminescence‘
specﬁtrum simultanecusly dovering the pr:i.méry coclours of

b}_ue,' green and red.
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layer, wherein the modified quantum well structure exhibits a PCT/SGZO0S/000693
_ photoluminescence spectrum simultaneously covering the primRggeived 23 October 2006 -

colours ef blug, green.ang:#ed. yagcasding o third aspeet ofthes  of

invention, there _is provided aﬁ)rocess for forming a diode for emlttln%é:

wtﬁ@wﬂﬁ‘ﬁt fife pRECEs BEmphising-the Staps ot~ providing & stibs

forhing saseffenthyerforsied over thefsubstratel dhe boflef laysirigeiag
dividedintg.a firsheactionand a-seeqnd S@fﬁgnm@dam%@h@a&
one guantum well structure comprising a madified InGal . xN/,In

QUG TGPty (TELBr DA 1ARPS TS ERER e
InGaN geantoradots, feehbsl.ovaitke fidstiseation ofﬂhewbuﬂet@yepr
wherein the modified quantum well structure exhibits a
photoluminescence spectrum simultaneously covering the prlmary
colours of blue, green and red. 4 AMENDED SHEET PPEVAU :
rcT/SG2005/000099 Received 23 October 2006. The quantum dots may
be formed by the steps of flowing at least one of TMIn, TEIn or EDMIn at a
first flow rate and a first time to form nuclei; and flowing at least one of
TMIn, TEIn or EDMIn with TMG and ammonia at asecond flow rate to
make the nuclei grow and be capped in the quantum wells. Also, dlfferent .

' ~ flow rates of 4a Amended Sheet IPEA/AU
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PCT/SG2005/000099 Received 23 October 2006 TMiIn, TEIn or EDMAT/SG2005/0060099
may produce quantum wells of different sizes. Additional featureBeg¢ived 23 October 2006
advantagés of thEinventiGH Wil basset fortiitrthetestrimionsitieh of

dolfrws.cand sipzpart will be apparent from the description, or may be

Iearne]gl dlg% Eiracti e fthte invention. The obgectives and other advantages

of the ivention will b FealiZ8d ARd ATNRBGANT theStrlbtire pRritAaHy

wpoidted out it theo mitteimdeseriptiencanic tlaimswhareiof asvielhas the.q
sepended.drawings.JLis:in.be undsrstond thatbothe foregoing, general

description and the following detailed descriptio the tAvention
B@mstary and- éxplditately Ahd are Tktehte to proviee fartheres and
explanadiensofithesinverttionsas clairaed iBRIER DESCRIRTION QF THE
a[gRQVMISI\CIiGtS}_TQ% accom an)éing dﬂra\évings,qwhich are included to provide
Grther understanding of the Snv&htior andkare Feddrpttateth intand he
wgoistitute depart of thisn applitatiory ilustraterembodinents of the  the
Ejgﬁ@g@g@ ang., fogether with the description serve to explain the principle
of the invention. In"the drawings: Fig. 1 shows a diagram of a white LED
havind ©D! tapped MQWadR thberdiveayer ihzdeortamcefwithdheng
davention; Fige2shqws the roemdemperature photeliminescence ; 1 .4
ds&)e(%&u of a Whitfe LE[%in accordance with the invention; and
ption Q the invention are exemplary and
explanatory and are intended to ©provide further

explanation of the invention as claimed.

BRIEF DESCRIPTICN OF THE DRAWINGS

The .aécompanying drawings, which are includeﬁ to
provide a further understanding of the invention and are
incorporated in and constitute a part of this
application, illustrate embodiments of the invention and
together with the description serve to explain the
principle of the invention.

In the drawings:

Fig. 1 shows a diagram of a white LED having QOD-
capped MQWs at the active layer in accordance with the
invention;

Fig.‘2 shows the room temperature photoluminescence
spectrum of a white LED in accordance with the invention;
and

Fig. 3 shows a diagram of a white LED having QbD-
capped MQWs at the active layer in accordance with an

embodiment of the invention.

Amended Sheet
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Fig. 3 shows a diagram of a white LED having QD- capped MQWs at the
active layer in accordance with an embodiment of the invention. 5
Amended Sheet IPEA/AU WO 2006/101452 PCTISG2005/000099
WOREYAN*ED DESCRIPTION [0022] Reference will now be thEdEHHERIM 0

the preferred embodiments of the invention, examples of which are
illustrated in the accompanying drawings. [0023] The invention fabricates
a diode using epitaxial technigues. The inventive diode utilizes quantum
dots to produce electroluminescence from the PN junction having a

pETRIe2E PeRKIaB4QNm to 750 nm. [0024] Quantum dots can be defined
as a particle of matter so small that the addition or removal of an electron

[¥2hdes RETFGFERs idometREfuPRay™ARErnatRly, “Gaartum tts &
prebentew asmieryisnealt devidesithat comfieet: i, pagmam;ﬁma[l mfmbefi(e]s
are Q¥ ARANCLALTER elifCUODS. QUANMALAAISypically have dimensions on

he order of nanometers. That Is, quantum dots can have a size range of
F%R5200 ARE with 28O beRigiedics irm&iy GpphieaiiensSidzsyal
techiSing epitaxialgrowivRioEEsseSd bidatunt doiszean desgrown wWiths to
onfinement pravided in all three dimensions a high bandgap in.the
Pro ARG AL T TEH50 agr iy (el qud s dota 2 4
broggelperévidesna d6Afimmgtpotéhflanalong the growth direction while an
[ foeqtostayically,jrduged poteptial parrigr prawides the latera| confingmey.

matter so =small that the addition or removal of an electron

changes 1ts properties in some useful way. Alternately,
guantum dots can be view as very small devices that confine,
i.e., cage, a small number ({as few as one} of free
electrons. Quantum dots typically have dimensions on the
order of nanometers. That is, quantum dots can have a size
range of 5 to 200 nm, with 20-80 nm being typical in many
applications.

[0028] Using epitaxial growth processes, guantum dots can
be grown with confinement provided in all three dimensions
by & high bandgap in the surrcunding material, In
lithographically defined quantum dots, a guantum well
provides a confining potential along the growth direction
while an electrostatically induced potential barrier
provides the lateral confinement.

f0026] The epitaxial growth of thin f£ilms or quantum dots
of nitrides or oxides can ke accomplished‘using metalorganic
chemical vapor deposition (MOCVD). MOCVD uses a carrier gas
flow containing a dilute mixture of metal organic
precursors. The gas mixture flows into a reactor chamber at
50-500 torr where substrates are at 500~1200°C for
.conventicnal Group III-V materials. Ammonia (NH;) can be used

as the nitrogen source for forming nitrides such as GalN or

]



[0026] The epitaxial growth of thin films or quantum dots of nitrides or
oxides can be accomplished using metalorganic chemical vapor
deposition (MOCVD). MOCVD uses a carrier gas flow containing a dilute
WORr{94{1Pa+8% metal organic precursors. The gas mixture floR/S e PE84%Y
chamber at 50-500 torr where substrates are at 500-1200C for
conventional Group I1I-V materials. Ammonia (NH3) can be used as the
nitrogen source for forming nitrides such as GaN or 6 WO 2006/101452
GaIPCT/SG20695/0800%39 vEalgaFles reaktivengases decoinpdseantitdepdsin
ep: 10 Spiaxig)darers of Wy malerials (2 90 AlGaY, InGalohy, InGadk i)

from a few nanometers to a few microns thick, as requwed [0027] Figure
InGaNs afhiagrant ERBwihg™E WHIRARGHE tEmting didAESH aBicHRRte Wit the
as ﬂ’létg_l’ttlf)@d [0020] Figure 1 shows a substrate 1 which can be sapphire,

g;? |deI(S|C)L zinc OXIde ZnO a?r oth rwsubstrates %li@%rl %;%
€ low- te(rjnperature GaN “buffé dnlayer 313 6rméd from undope

eml’G:a}N@r Siatbped GaNgréwrat apo‘uhd:meogewa*y@om is a GaN or

(deal batigrlayer; Afterdhg bagrierdayes4isgrown, TMieand can  be
ammonia were flowed to form a "seed" for the growth of indium rich QDs

saPRI} FRer 6 1d ATRTantITPRER havmy high iRGiuficitedEdver RhicRiES®
subanothersGaN oplitGaN baayerr layer 7sLayéw8 id forrtethfronz Mg-eopealN

N grown t und 100 g d ro(\%ﬁeln temperaiure
bUf%ﬁée ovéabgu 7§O§C 1% 9§:8r{<ﬁ'§'ﬂ%° c‘%ﬁ)g’d%ag IS forme% o%lthe op
GaN ofthewityps Garesr-typdMhGaN lajersrA $edchd leEiBdegh i§nGal

parfouRed gygrthe adype Gal layen3H029¢dp Figure Ldayer, 1 1eay.bend
ammgﬁggrug%g%ls%%ﬁﬂgd to form a "seed" for the growth of
indium rich ©Ds 5. Layer 6 is a quantum well having high
indium content, over which is ancther GaN or InGaN barrier
layer 7. Layer 8 is formed from Mg-doped GalN grown at
around 1000°C or Mg-doped InGaN grown in a temperature range
of about 750 °C % 100 °C. The first electrocde 9%a is formed
on the top of the p-type GaN or p-type InGaN layer 8. A
second electrode 8b is formed over the n-type GaN laver 3.

[0029] In Figure 1, layer 1 may be any material suitable
for the growth of GaN, such as sapphire, S$iC, Zn0O, GaN and
other alternatives. Layer 2, the low temperature buffer, can
also be the multi-layered AlGaN/GaN buffer. Layer 3 can be
undoped GaN, Si doped GaN, or Mg doped GaN. Layers 4 and 7
can be InGaN with low indium content instead of GaN. Layer
8 is the high temperature grown Mg doped GaN or Mg-doped
InGaN, or Zn-doped GaN or Zn-doped InGaN.

{0030} The relatively rough surface of the
low-temperature (LT) GaN or InGaN layer (layer 4 in Fig.1)
could help keep the impinging indium atoms, which come Zrom
the cracking (decomposition) of the TMIn precursor, stay

longer on the surface, thereby increasing the indium

o



for the growth of GaN, such as sapphire, SiC, ZnO, GaN and other

alternatives. Layer 2, the low temperature buffer, can also be the

multi-layered AlGaN/GaN buffer. Layer 3 can be undoped GaN, Si doped
WO aMAR[1%8# g doped GaN. Layers 4 and 7 can be InGaN WiARSAPASERAT?

content instead of GaN. Layer 8 is the high temperature grown Mg doped

GaN or Mg-doped InGaN, or Zn-doped GaN or Zn-doped InGaN. [00307

The relatively rough surface of the low-temperature (LT) GaN or InGaN
incdayerr#@yerd in#Hdgd) ceultlhedp keep-tmaiimpinging: rdiure dtems £ whith
the COME from the cracking (decomposition) of the TMIn precursor, stay

longer on the surface, therebg increasing the indium 7 WO 2006/101452
[PEFIS G Fo081086b99" frichtpordtion: WAHER will"RISE Festif in #€ ig3RiY

usedn dbewBissir: Q@3] Athadgh trnethy| sdidavildED) s drespeptiinds

n usedeas th&%r cursar, olj[lher indium grgan%mlft%lgc compo can baen d
usela, suchas ﬁethy?lnalum (ﬁ'\siln) an eett ¥ |me%hu3l/?indiu Min).

ethyinkiseedigahomdtatic EMpounds Téwsbe esedrsingyeadrlihamixtameeunds

can [8@32k@ReLftheaspects of the iventive technology is referred to as In
burst. In the invention, In burst forms indium-rich QDs (quantum_ dots)

Ekpld i Gt XN MNRTCRTGaT NifhyBEERN Shoté SPeditigie S
refquatumowells, Whichurmrmally 2mitlend svevetength light retlow adms

1nafGHL,4RG QRsarg H&%%%‘%anyd%%‘g‘?g IQ/%BéH imethylingiym),of aRer o -
Indium precursors a%% as nuclei. The white emission can be obtained

InxGhy-vilfyiRgCre Wave bt afd thBudfekizity ofIuid ERfissimdidtribtioreh
normdnich canbe achiryvedbys adiystingitherapitaxial geawth pararaaters, sHeh

QDszﬁge induced by flowing TMIn (trimethyl indium) or other
indium precursors acting as nuclei. The white emission can
be obtained by varying the wavelength and the intensity of
the emission distribution, which can be achieved by
adjusting the epitaxial growth parameters, such as
temperature, reactor pressure, NHsy flux, the In flux and
duration during the In burst and the InGaN gquantum well
growth. That is, by varying the parameters, quantum dots of
varying indium content and size can be formed,

[G033] Two considerations are of interest when forming
Indium rich {bs. First, the amount of TMIn acting as
nucleus and the duration of the TMIn flow are important. Too
much flow will create indium droplets, which compete with
the formation of Indium-rich QDs. The quantum confinement
effect of the (QDs is the reason why ¢Ds have wvery high
luminescence efficiency at room temperature. Second, the
subsequent floews of TMIn, TMGa and ammonia are also very
important for the formation of QDs and the quantum well with
the QDs capped in it. Usually, the growth should be

conducted with a. high partial pressure ¢of ammonia.



temperature, reactor pressure, NH3 flux, the In flux and duration during
the In burst and the InGaN quantum well growth. That is, by varying the
parameters, quantum dots of varying indium content and size can be
WOHHEH430033] Two considerations are of interest when f@f&A{RG2AARPPS
rich QDs. First, the amount of TMIn acting as nucleus and the duration of
the TMIn flow are important. Too much flow will create indium droplets,
which compete with the formation of Indium-rich QDs. The quantum

{mopdinemendeféect of e QR s therreaseonawhy  Rsbhasenvery high the

inv Iurpir%%scence efficiency at room temperature. Second, the subsequent
Flows of TMIn, TMGa and ammonia are also very important for the

[¥B8ARAtiontof D3 the daairum-Well hetts the OIS EApPHEd ivitich is

pre £&suallyy the grawth-shoulglibe gendygted withias Jigh pagtiak pressureaf-
ammonia. 8 WQ 2006/101452 PCT/SG2005/Q00099 ﬁ(oosgt Fi%ure 3

MRS AR othT Dr&feet EmBbdfRENTOftRE ifvehtioR° tbo3s] IHFGare'3,

can |ayerud@ishewsGaubstraieé ~vbiehlisGpreferatilysapphize o8iCi o ZHO.°C.

LayddVEh 20ds 2 low temperature buiter orown aLARIEA50.6,10.800,Cc a5
Layer 30 can be undoped GaN or Si-doped GaN, grown at around 1030

the 2 rpiRF 4811 F'SAN- oFRISAN Ytoh at therSametdrperatdre ¥&aRein
v phardesand walhdsyer Bfhise nyGal_yNibatriginwhereiboypreterably to

ranges.from 0.01 to 0.1 grown at about 700 G to, 800 C,A}ftg he growth
500y oP S I TICH GRS B0 e e s i Buisis OVBF (e 0D
forngdforpmidiyén7Quthecn'Galow guahtinRiell whefe xis greagrthanly.,
the LAYSL. SOMS anQarinyaal_yNdarrigr typically simijariplayer 50. pLgyer
90 is a p-GaN or p-InGaN cap grown at temperatures in
80 is another InyGa,.yN barrier typically similar to layer S0.
Layer 80 is a p-GaN or p-InGaN cap grown at temperatures in
the range of between 700 °C and 1100 °C.
{6036] In Figure 3, layer 10 may be any material suitable

for the growth of Gal, such as sapphire, 35iC, Zn0, and other

alternatives with thickness of about 200 um to 500 um. Layer
20, the low temperature buffer which is about 20 nm to 100
nm thick, can also be z multi-layered AlGaN/GaN buffer.
Layver 30 can be un-doped GaN, or Si-doped GaN to a

concentration 2 x 10Y7 cm™ to 9 x 10 em™, or Mg doped GaN

to a concentration of 5 x 10* cm™ to 3 x 10%° com™, and its

thickness ranges from 1 pum to 10 pm. Layer 40 can be GaN,
InGaN or AlGaN grown at the same temperature as the barrier
and well with a thickness of about 5 nm to 30 nm. Layers
50 and 70 can be GaN instead of InGaN. Layver 90, the 10 nm
to 1000 nm thick cap, can also be AlGaN.

[0037] The insertion of the layer 40 in FPigure 3 is
important to extend the luminescence range. Withcut being
bound by any theory of the invention, it 1s thought that the

low temperature GaN layer (layer 40 in Figure 3) partially -



the range of between 700 C and 1100 C. (0036] In Figure 3, layer 10 may
be any material suitable for the growth of GaN, such as sapphire, SiC,
ZnO, and other alternatives with thickness of about 200 pm to 500 W.
WO p6dPI3 the low temperature buffer which is about 20 AR H§ G5/ pIPo9
thick, can also be a multi-layered AlGaN/GaN buffer. Layer 30 can be
un-doped GaN, or Si-doped GaN to a concentration 2 x 1017 CM -1t0 9
x 1018 cm 3, or Mg doped GaN to a concentration of 5 x 1017 CM -3to 3

rewkégmﬁé\/l éo@%%ﬂh@k@%&%mgs&mﬁl niie 1G paxn-ayen 40 ean
InGaN or AlGaN grown at the same tem erature as the bgrrler

barrd‘r‘?cf v?eTl%ﬁh Bt ikh s R b Ab ot BT S 3G nin- Layers B0 &F¢ 70 can
a fiw6aN sistéad oftnGahk Layem90gteifaun ReIG0G:hrvthiclodap, dan

compSQ L6, 81GaN [0037] ZQ% insgition of.the,layer 40.nFiguiecd hase

important to extend the luminescence ran%R Without being bound by any

SePaFRbHDf tRETAVERTGh, iR themgitthat thERRHw temhpersthre Galtiader®
semi(tayer.40Restigure 3) partindly 89 W@20061,10145 PG TS GRAQ5/068098

s - (SR, copIessive siain peleen te [1GaNwgll and barrer. This

relaxation of compressive strain can result in a phase shift in the

[oRPShescEite. RetbxhiiBR-bf theTeBfpressiteisiasin catfalsd-BRhant'he
temp@ﬁ%%mma(o‘@y separation,accordingeto Kapsay'ssdRee!ntarnebd Nitriger p
cond. Res. 3, 16 (199(38)21 theor in whic é;'}"i' rgpresswe sgaln can
‘eepsuyg%}eéssltﬁlgjlﬁ@%ﬁ\?phage seBaraEf 0038 HE relsBTSly rSGGR surfite
cracofithe |ovf- teMperaturediii@aN lyert(eyesdd frErgyurea3) could drefrer
inekCERUIRINPIGING chup atams; wich come kpaLe: SiAaRgAT 44N

precursor, on the surface for a longer
alse result in phase shifting of the luminescence.

(00393 A method for growing a white light-emitting LED
acceording to a preferred embodiment o¢f the invention will be
described below.

[0040] First, a LlLow temperature buffer and then a high
temperature n-type GaN layer are gfown over a sapphire
substrate, with the latter performed usually at about
1000°C, The temperature is next lowered tc about 700°C to
800°C to grow the GaN or InGaN barrier layer. A low
temperature grown buffer is needed when they are grown on a
sapphire substrate.

{G041] After the growth of the Dbarrier layer, an
appropriate amount of TMIn or other indium organometallic
precursor{s) 1is flowed into the reaction chamber in the
presence of ammonia,. Indium atoms from TMIn aggregate at the
atomic surface of the InGaN barriers to form the "seeds" for
the subseguent growth of QDs.

(00421 In a preferred embodiment of the invention, one
white LED was grown by MOCVD on (0001} sapphire substrates.
MOCVD was performed using TMG - (trimethyl gallium), TMIn

{trimethyl indium) and NH; {(ammconia) as precursors. For this

10



time, thereby increasing the indium incorporation which will also result in
phase shifting of the luminescence. (0039) A method for growing a white
light-emitting LED according to a preferred embodiment of the invention

WOGIBE 1 $scribed below. [0040] First, a low temperature RSP EHO5IPRIAR

high temperature n-type GaN layer are grown over a sapphire substrate,
with the latter performed usually at about 1000C. The temperature is next
lowered to about 700C to 800C to grow the GaN or InGaN batrrier layer. A

whi o fempesarggrewnbufien ispegded whetkthey are giowR 0dwn on

sapphire substrate, %Oﬁ%ALter the growth of the barrier Ia¥er, an
the,, S OB o bur Bl TRHA ot IR B Ao REHA THESHabHES
arelis flpyver iptosthecreastomasanberdin the cpresengaotammenia.dpdiunhe
atoms. from TMI regate at atomic surface of the InGaN barriers.to
e T e e oy Bhitn BFO (oot 36 n Achrant
layembodinsent ob tHehinvemion; atier evhite: £ ED evasrgrdwady- M QCVroout

: €@001) sapphire substrates. MOCVD was perf d_ usi trimethyl
700 g%?liﬁmieﬂg\?/lln%%trir%zlt%yﬁ%a ﬁjsn%)gér?él N?—% (%m%r%%ﬁiéﬁrasq%r%%%u?séﬁslf %o% :
andthig 107RAD 20061101052 ROTSG2005/080093 nwhiteLEDGaX mahicker

is Yedepedhule GaN was: fisst.grawn ons the 25418 thick&aN beffer laygry
The growth temperatures are 530C 30C and 1050C 50C, respectively,
°F HPEE CaNTfifer ahBbuREiAEr. After i PSRBT thE G%W%ull%ﬂ%é‘ﬁ

conthe growth jempératueeswasdewereibdownstiocabout 1980 C vaQe fagtherom
2 +8epogiion.of a Gal of InGaharper and.ap InGaN. well. The indium, .o
content in Irtlhe InGaN barrier

is referred to as In burst. Such a burst will create seeds
for the growth of InGaN QDs with varying sizes and indium
compositions. The burst duration can be varied for forming
the seeds in each layer. The well thickness was about 3 nm.
The growth of GaN barrier, the In burst and the InGaN well
were repeated three more times.

[0043] The In burst can be performed for any appropriate
time varying from 0.5 seconds to 1 minute or more. However,

2 to 5 seconds are preferred for the In burst time. A

preferable flow rate of the organometallic indium compound

is less than 100 umol/min during the In burst. The well
thickness can be about 1-10 nm, preferably 2Z-4 nm and most
preferably abcut 3 nm

[C044] Then, a high temperature Mg doped GaN layer was
grown on the top of four periods of InsGa;-xN/GaN MQW. The
carrier gas was H: and N; respectively for the growth of GaN
and InGaN. Finally, a first electrode is formed on the
p-type semiconductor, and a second electrode is formed on a
secticn of the 3i doped GaN layer.

[0045] Different organcmetallic materials can be used for

doping different structures of the invention.
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is iess than that in the well. After the growth of the GaN or InGaN barrier,
and prior to the growth of high indium content well, TMIn was flowed for a
short time, varying from 2 to 5 seconds with the TMGa flow switched off.
WOrRE/MYcéss is referred to as in burst. Such a burst will FEAREIEEHDOHE?
the growth of InGaN QDs with varying sizes and indium compositions.
The burst duration can be varied for forming the seeds in each layer. The
well thickness was about 3 nm. The growth of GaN barrier, the In burst

51 s80¢ 1hg dnGahiwel, werg sersaied thipampre.imes. [0943] The da bunste

can be performed fgr any appropriate time varying from 0.5 seconds to 1
MI-HfiRGE Ftlore! HoWever* TR selHES are (referfafor the th Bmdtre
1. tinetempriferdble flopErate ofthe arjanometalliedndition qoropduied isfor

exalfisdnan 400 molimin dhring the Jo,pugst. T e IgkNEsSEan B, o
about 1-10 nm, preferably 2-4 nm and most preferably about 3 nm [0044]
as FheaparHigh fempetatré Mg tdperrBaRi nePih<CHfowm it #fdFtod of
t bareperiods ©f dx4aal o NdGabhM QWY Ther earrienigesiwas t2:aad N2our
wafgSpectively for the growth of Galand InGaN. Finally, 8 frst clegirade is,
Memmed 6 thé p-ltlype serriicon(?ucf‘ator, And"a Secbhd electrode Is formed
quaphyn seetién stthecShdeped BaNpiayersgd045] DifferamzcrganometadlictV

quaMalerigisicansbe used-for dapingditferent straclrgs of the invention. bl
WO 2006/101452 PCTISG2005/000099 Hiscyclopentaldienyl magnesium

usefep2Mg) can be used to produce Mg-doped GaN in, for example, layer 3
[o0&Rker 81n Figuee inRiethydzinc{bBEZnh tahmdsebe Gisedto piovitie,-fdr

quagégmplﬁeyﬂe Eé@%@ng‘én '%e%ﬁeSi@hegSa%%'se% qﬁ?d20 nm and is
preferably 1 to 10 nm. The thickness of the In,Gai-yN barrier
layer can be in the range of 2 to 60 nm and is prefefably 5
to 30 nm. In a preferred embodiment of the iavention, the
InyGai-xN quantum well layer has a larger composition than the
InyGay-yN barrier layer such that 1 > x > y >0 or y = 0.

[00487 Figure 2 shows the photoluminescence spectrum of a
white LED formed according to a prefsrred embodiment of the
invention. Figure 2 shows a wavelength range of emission
that is from 4060 nm to 750 nm, which covers the primary
colors of blue, green and red. As & result, the diocde
produces white light.

[0048] That is, the inventive diode can radiate white
light ranging from about 400 nm to 750 nm by adjusting the
In burst parameters such as the amount 0f In precursors, the
burst duration and the temperature. The white LED radiates
white light by itself and does not require the combination
of separate LEDs or, alternately, the utilization of a white
light-emitting fluorescent material. The inventive LED is
thus cheaper, more conﬁenient to fabricate, more stable and

has a longer lifetime,
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as a dopant, for example, to form Si-doped GaN in layer 3. [0046] The
example of the preferred embodiment used four quantum well structures.
However, any appropriate number of quantum well structures can be
WO gUi 0B ctically, 1 to 60 quantum well structures can b GEEF2 I8y
1to 30 are used. [0047] In the invention, the thickness of the In,Gal_,NL
quantum well layer is in the range of 0.5 to 20 nm and is preferably 1 to
10 nm. The thickness of the InyGal_yN barrier layer can be in the range
[adsotp 60pmaane:isuprsfeatly nier01un. i prefesreshembodiment b
the invention, the _In,Gal ,N quantum well layer has a larger,composition
OV nart o, (VAT YN Boarer (br SR THACE 5 £ 8% y 20 oA =
sin@FgureRishowsthephotsluminesgdride sphéttem bi ahwhite i ERrfoimere
obt 2050HIRG e gy efegd ambediment of the IBveRHON:FIGHIe; 2 SHOMS 8n
. wavelength range of emission that is from 400 nm to 750 nm, which

usingyets tREPFRRY" colord’of GRIES §RS& antftRd. HE'EFESGR, tHE-dibtie®s
quampragucesthite fighti fie4enthas isz ¢lse inventive diodeidHre radiate yetiiter
11 g0t tanging from, aout 400 nim.tg 7501 by adiunting,thgn in buret o«
parameters such as the amount of In precursors, the burst duration and
The the pinpeidtire. Fife WL EDfEBREes SWHIRS FGRESY itseR BhtcdGeS ot
1umigguire yhece@mhination+of separate LEDs or, alternately, the utilization of

(RLLLe gh-emying fuorescent material e Invenive bEDIs s ...
cneaper, more convenient to fabficate, more %fab e an asa longer
thatifetbnéot2 WO2006E10 0452 KET/862005/00603%1(0050tsAs aresolte

1-quQéi®é%FE@§1°fE?Jf§§i%§f Q@(ﬁ@@g%ssing dual light units of the
invention without departing from the spirit or scope cf the
invention. Thus, it is intended that the invention covers
the meodifications and variations of this invention provided
they come within the scope of the appended claims and their

equivalents.
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over the conventional art emitting devices, which have single emitting PCT/SG
centers so that white light can only be obtained by combining se\ﬁral. 2005/060092
eceived 23 October 200¢

deviceg,gr by colgr.gonversion using a phosphor. In contrast, the
invention utilizes quantum dots of different sizes to yield different color

lights that combine on a single chip to yield white light. The invention

therefore offgrs epsapactngss, gfficiency, lymipgsity and low cost. [0051]
It will be apparent to those skilled in thegart f? gfgvgﬁ a&% fnoéi%%ati%h%dﬁnd

Varations can be made in the liquid crystal display device using dual light
units of the dnventioraitput departing from the spirit or scope of the

invention. Thus,,it-s iptended that the invention covers the modifications
and variations of this invengoﬁ p%ﬁ’é‘% RS comné withiethierscope-be

BRELSSpehtidticldifinandiheideduivalents: 18RGT/S&2005/000009 4
sReocaived=23 Qctobgr 2006 What Is Claimed Is: 1. A diode for emitting

white-light, tahce iode_comprising: a substrate; a buffer layer formed over
the substrate: the Butfel MyeFhfidBIViGed imbmufifstsectiomanisang

Aseuhiof sectiorm.and-al lsastans quaniumurel strugiiire comprising a_
tmadified In,Gal, xN/ N quantum well/barrier bilayer that
encompasses InN an%%ft?ﬁ?ré-r%%ﬁ“aﬁﬁ%&ﬂﬁ?%@??Bﬁﬁ’éd‘Ef\“/*é?rthe

LRt CtiORest thelbufféiager, svwriim the inodified quaritsm welkey

wBtrnetiire exBibiS@i fied quantum well structure exhibits a
photoluminescence spectrum simultaneously covering the

primary colours of blue, green and red,

2. The diode of claim 1, wherein the guantum dots
are formed by first flowing at least one of T™™In, TEIn or
EDMIn at a first flow rate and a first time to form
nuclei, and then flowing at least one of TMIn, TEIn or
EDMIn with TMG and ammonia at a second flow rate to make

the nuclei grow and be capped in the guantum wells.

3. The diode of claim 1, wherein there are between

about 1 to 30 of the guantum well structures.

4, The diode of claim 1, wherein a thickness of
the InyGa;-«N gquantum well layer is about 1 to 10 nm and a
thickness of the InyGa;yN quantum barrier layer is about 5

to 30 nm.
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I photoluminescence spectrum simultaneously covering the primary pCT/SG2005/060099
colours of blue, green and red. 2. The diode of claim 1, wherein the Received 8 June 2007

guantum dots are formed by first flowing at least one of TMIn, TEIn or
EDMIn at.a firgtfiow rate-and a-fiestiime tgyfaym ; quglel, and then flowing
at least one of TMin, TEIn or EDMIn with TMG and ammbnia &t a'second
flow rate to make the nuclei grow and be capped in the quantum wells. 3.
The diode of cldihe 1dwhéreimthere afe betweepe ahout, 1 ta 300t the .

quappsmmell structures 4. The diode of claim 1, wherein a thickness of -
the In,Gal ,N quantum well layer is about | to 10 nm and a thickness of

the InyGal_yN quantum barrier layer is about 5 to 30 nm. 14 Amended

Sheet IPEA/ANPGE/SG2005/000099 Reqgived 8,June 2007 5. The
dﬁ)q%%% L}alré‘ln ,a\ggggely 1>x>y>(Q or y=0. 6. The diode of clain 1,
wherein the substrate 15" sapphiie’ &l sHATbY?. Thedicde of biaim 2re

wWHSIeirt &t femne- of biscyclopentadienyl magnesium, diethyl zinc or
silane are used as dopants. 8. The diode of claim 1, wherein the

photoluminescence spectrum, covers a wavelength range of about 400
hm to 750 Nt A mdHmisd qu&idtum wed structute thatwemits iwhite fight,

whichcdomprisesence spectrum covers a wavelength range of
about 400 nm to 750 nm.

g, & modified quantum well structure that emits
white light, which comprises:

an InyGa;-wN quantum well layer;

InN and indium-rich InGaN quantum dots embedded in
the In,Ga;..N guantum well layer; and

an InyGa;-yN quantum barrier layer over the quantum
dots and the quantum well layer, wherein the modified
quantum well structure exhibits a photoluminescence
spectrgm simultaneously covering the primary colours of

bilue, green and red.

10. The quantum well structure of claim 7, whersin
the gquantum dots are formed by first flowing at least one
of TMIn, TEIn or EDMIn at a first flow rate and a first
time to form nuclei, and then flowing at least one of
IMIn, TEIn or EDMIn with TMG and ammonia at a second flow
rate to make the nuclei grow and be capped in the gquantum

wells.,

11. The quantum well structure of claim 7, wherein
a thickness of the In,Gas; N quantum well layer is about 1
to 10 nm and a thickness of the InyGa,_yN guantum barrier

layer is about 5 to 30 nm
15
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an In,Gal_,N quantum well layer; InN and indium-rich InGaN quantum PCT/SG2005/660099
dots embedded in the In.Gal_"N quantum well layer; and an INnGRa..¥N 23 October 2006

quantum.barie layesoven tla;%ﬂya%mc@&&%a%‘%;h&%%n%n well layer,

yherein the modified quantum well structure exhibits a
photoluminescence spectrum simultaneously covering the primary

colours of blue, green and red. 10. The quantum well structure of claim 7,
whereiry _the quantugdets arg formed by first flowing at least one of
l'l'.rl\%jn, TEH] or EDMIn at a first_c% c_)w?gteaar?l 3% st HimETS Forhhutidice
and tHen- AGWIHG SE Rt ShrdF 1M Ik "EE btepEDMIn with TMG and

ammonia at@rsedaenchfow sateiq make the nuclei grow and be capped in
W%”Sn. 11. The guantum well structure of claim 7, wherein a

the quantum: w I g
thickness of the In,Gai_ N quéﬁﬁﬁ‘?welil%}y%lf is dsGEER to $0amm anblea
SRRKriesssof thé fnyGH fyN qleytumibarrigr kayerdsabouts tq,3¢:nm,, 15

BMENPED SHEEIL-BRINALLPCT/SG2005/000099 Received 23 October
2006 12. The quantum well structuré of claim 7, wherein 1>x>y>0 or y=0.

13. A proce$8 f8rfffmifily a tiéaé foremitting mihite light] the pracess «
- coompiisimg the steps ofiqarowidiag a SHP,%@EE&M@E%%\PUHHJ&% -
._@rm%9¥§gth% SinStrat% the buffer Iayerlbelng dividetf into a*tirst
well/ I bilayer that encompasses InN and indium-rich
InGalN gquantum dots, formed over the first section of the
buffer layer, the modified Quantum well structure
exhibiting a photoluminescence spectrum simultaneously

covering the primary colours of blue, green and red.

14. The process of claim 13, wherein the guantum
dots are formed by the steps of:

flowing at least one of TMIn, TEIn or EDMIn at a
first flow rate and a first time to form nuclei; ang

flowing at least cne of TMIn, TEIn or EDMIn with TMo
and ammonia at a second flow rate to make the nuclei grow

and be capped in the gquantum wells,

15. The process of claim 14, wherein different flow
rates of TMIn, TEIn or EDMIn produce quantum wells of

different sizes.
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section and a second section; and forming at least one quantum well
structure comprising a modified InxGal_xN/InyGal_yN quantum
well/barrier bilayer that encompasses InN and indium-rich InGaN
WO gwaftl#hzdots, formed over the first section of the bufferB&F&IGIS/060099
modified quantum well structure exhibiting a photoluminescence
spectrum simultaneously covering the primary colours of blue, green and
red. 14. The process of claim 13, wherein the quantum dots are formed
byithe steps ofiflovéng at least ana of TharEE amebMIn at a irslBew
rate and rst to form_ nuclei; and flowing at least one of TMIn, TEIn
abo % ElDﬁ/ﬁn vféth ER/% an amgmonla gtq'a seconglﬁow Prate to make the
nubVel grébe apddse cagped nithelguantberwalis. 4 5t Thekmresess 6f the
znxé%l%m 14hersin %@Q@mlflﬂ)@rratﬁ oL, FMkR, TEInQr EBMInprodyce 5
uantum wells of different sizes. 16 Amended Sheet IPEA/A] WO
S A5 BCTI 005 /BBBD5E™ 182 Fhe Fode ¥F Elah @%ﬁer%uﬁo
30 shere are between about 1 to 30 of the quantum well structures. 17. The
diode of claim 13, wherein a thickness of the In,Gal_"N quantum well
layer is about 1 to 10 nm and a thickness of the InyGal_yN quantum

batfier |8t i€ 5BERt Stoc3BiHm 138, Thetfidde b ERIMCLYBWHERIN

1>x>y>0 or y=0. 19. The diode of claim 13, wherein the substrate is

hir iC or.Zn
Saﬂf. e’%H:OdEg e of c¢laim 13, wherein the substrate is
sapphire, SiC or ZnO.

20. The diode of c¢laim 13, wherein at least one

biscyclopentadienyl magnesium, diethyl =zinc or silane are

used as dopants.
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20. The diode of claim 13, wherein at least one biscyclopentadienyl
magnesium, diethyl zinc or silane are used as dopants. 17 WO
2006/101452 PCT/SG2005/000099 1/2 Electrode (9a) P-GaN or p-InGaN

wo(R@yaas¥sGaN or InGaN banmr (1-ayer 7) InGaN well (6dntdcancs/006099
HigMnGaN Electrode ODs Layer (5) (9b) GaN or InGaN barrier (Layer 4)
GaN Layer (3) Buffer Layer (2) Slifstrate (1) FIG.1 9.21.0 ai 0.8 0.6 ¢
0.4 Jn 0.2 0.0 300400 500 600 700 800 Wavelength (nm)

Electrode {9a} T

P.GaN or p-InGaM
(Layer 8}

GaN or InGai
barrier (Laysr 7}

InGaN well {6}

inN and High-inGalN Ei%gg?“
QDs Layer (5)  ~TOOANNNNANAN
GaiN or InGaN _+ | é H
barrier {Layer 4)

GaN Layer (3} 4
Buffer Layer (2) < T

Subsirate (1} —
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FIG.2 WO 2006/101452 PCTtSG2005/000099 2/2 FIG. GaN cap 90
InyGai-yN barrier 80 In.Gai.,N well 70 QDs 60 InyGai-yN barrier 50 LT

GaN or InGaN layer 40 GaN layer 30 Buffer layer 20 Substrate 10
WO 2066/101452 PCTISG2005/000099

2/2
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