WO 2006/101452 PCT/SG2005/000099 GROUP III NITRIDE WHITE
LIGHT EMITTING DIODE Field of the Invention [0001] The invention
relates to optoelectronic devices and fabrication methods, particularly to
wowtitadight emitting diodes. Background [0002] Light emittingcliogamooss
(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
display.f () Paeklighting,\prifpperiankaoahierwaie lH3ldds (o
increase the luminosity level to allow replacement of incandescent lamps,
because LEDs are smaller, have higher efficiency, and have about a 50
Fielfes lengerrlfespanas compared to conventional light bulbs. (00037
ventignal white LEDs are usually fabricated according to two, .
{?Cn%%' ]Odsﬁ?)leonénnﬁrg I%()Jb‘?r%hré[ee %ae%%%ate? EEIS‘%%SSE ea?%re%%fé:seg ha©°
and sin§ikERabody wheed hogel, chipar blgegreeén chipcand bfife chig ght
emi@gm@nggg'@i_ons 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
Backlyesurddowever the use of fluorescent material introduces reliability
ms.and energy.| sf c i0 b (o] -
[%%%vlfl pﬁlé]fg%ls? A?s%%ttﬁzggacégg}%%gste% I:\fbsegzo rl;:é:e%cr:‘gggrl&fo%rI prrlgsd%%inbn
opteenbistendy i Hieeolor chitadtbfistic dnidftislity of #RYED. [66O5PAS.
conk@RYERtionalapnigagh 49 Produging white fight- @mitting diggeshasbeas

explored by Chen et al. (U,S. .
of whgte Lé%s ?ncludé instrument panels of motor wvehicles

and ligquid crystal display {(LCD) backlighting. An impocrtant
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.

[0003] Conventional white LEDs are usually 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—brighﬁ blue or UV GaN-based LED
chip that has been coated with phosphors or organic dyesf
However the use of fluorescent material introduces
reliability preblems and energy losses from the conversiocon
of blue photons to yvellow photons. Also, the packaging step
becomes critical for producing_'consistency in the color
characteristic and quality of the LED.

[0005] A conventional approach to producing white light-
emitting diodes has been explored 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
WORHKAYESS in the structure of the LED. However, this tecEBISEY067IpG8Es
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.
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theusé auspeoific afavélengiiDof kighte(esy:, 3701-50CErhm td seYvens A base.
mu1£0990) Adelated.artieshnologyfer progucing enhanced, LEDs hasheen

proposed by Chua et al. (U.S. Patent 6,645,885), which pertains to_
Chepyr@ingdhdiuRPARrideeiR Y EnEFtitim Y aliftfn GREaRY ant Rt
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antisurfactant during MOCVD _growth, and the photolumjnescence

Lig{aveténgiir#om thBER HotsHangel3rofPASt it to 5504, Corftrollddf™
comaimeuhts of TMirs and/or other Indema preecyrsots araigeportant specific
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(998 Gttivelayesrsdrluctditd §reEnelogy for producing enhanced

LEDs has been proposed by Chua et al. (U.3. Patent
6,645,885), which pertains to forming indium nitride (InN)
and indium gallium nitride (InGaN) guantum dots grown by
metal-organic vapor ?hase epitaxy. This patent describes
indium nitride (InN) and indiuvm-rich indium gallium nitride
{InGaN) quantum dots embedded in single and multiple In,Ga;-
«H/In,Gay.,N gquantum wells {(QWs) formed by using at least one
of trimethylindium (TMIn) triethylindium {TEIn) and
ethyldimethylindium (EDMIn) as an antisurfactant during
MOCVD growth, and the photoluninescence wavelength from
these dots ranges from 480 nm to 530 nm. Controlled 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 dicdes (LEDs). However, this technology

fails to produce a dicde that gensrates 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 a
diode 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 2 range of 480 nm to 530 nm and could not be used to
ranggendrai® Owhite tights fQ00H] Accordingly; madernsemieanductoeapdate
whi display; technology requires new white light-emitting diodes that are easy
"7 to construct, have high luminosity and have the necessary reliability to
[0&Eé in‘exaetifig applicatiotosuch aaight SotrsesTor liguid crystalay
techeisplay,devices -SUMMARY, OF THEHONAQ008] Agcordingly, that are
embodiments of the invention are diregted to producing a white .
=25 Yightentitting diote (LEDY tHat ShEStantiafly 9bdiates ondor more  he
neceprebigmssdue ta limiyationssand disadvantageishof theorelatediart.{0008h
as 1EgRodiments of the invention proyide anLED that incorporates all
emissions into one chip. [0010] According to a first aspect of the invention,
there is provided a diode for emitting white-light, the diode comprising: a
sumvEsh strateEa hofiEriyer formed over the substrate, the buffer layer being
ivided into a first section and a second section; and at least ane
[Oglejfagrj\]?ur% C\:/\?e?lréf?a g?fé co%%%r?s?ﬁ"gl gnr%osdiffé% Ir%ajx%?n@%ﬁfyl\iare
diregtigstuic wellbaniersilagerthat éncorpasses i and indiofrrichED)
thatInGahguantug dots Jormed overthe figst seetion of the 1hufter layer, -
. wherein the modifiedgguantum well structure . exk%i}gits a

Hm R ot miReScance ‘

LG SinTuitansousTy Toverig the primary

[08dBlirs of-bidengreen and etk [001E0 tkhe embiodimentszof thED that
incolRvenfion. the quaptumi ons into one chip.

[0010] According to a first aspect of the inventicn, there
1s provided a diode for emitting white-light, the diode
comprising: a substrate; a buffer layer formed over <the
substrate,' the buffer laver being divided intc a first
section and a second section; and at least one guantum well
structure comprising a modified InGa;-.N/In,Ga-,N gquantum
well/barrier bilayer that encompasses InN and indium-rich
InGaN guantum dots, formed over the first section of the
buffer layer, wherein the modified gquantum well structure
exhibits a photoluminescence spectrum simultaneously
covering the primary ceclours of blue, green and red.

[00111 In the embodiments of the invention, the quantum
dots are formed by first flowing at lszast one of TMIn, TEIn
or EDMIn at a first flow rate and a first time to form
nuclel, and then flowing at least cone of TMIn, TEIn or EDMIn
with TMG and ammonia at a second flow rate to make the
nucleil grow and be capped in the guantum wells. There can

be between about 1 to 30 of



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 lea#CY8G2005/000099

of TMIn, TEIn or EDMIn with TMG and ammonia at a second flow Reived 8 June 2607
make the nuclei grow and be capped in the quantum wells. There can be
betWESHRBRUt A tdBO ShIPCASGRO05I800999; Recaiyer 8.Jwip 2007

thickmexs ofithe InyGal_yN quantum barrier layer is about 5 to 30 nm,

andJ@xpyzQ 9ryZ0. The substrate may be sapphire, sic or ZnO. At least
one of bisé{y%loper?t%d%]erﬁw mé%ﬁe§ifﬁﬁ,¥lifi*éﬂ1y¥‘%}hé36r Sitand hay beic

usé€d aéHopafits. Frestiogeemey hebseacnbotalainesoence: SRESIHIM
covErng v wavelength 1agge afabout 400.nm to, 750 nm. Agcording to a
seqand agpect of the ir}\x/etntilon,,tgere s provide %p%no@dc’lfied%c%ﬁa Well
structure that emits White GHL WRIGH COmpriRRECARIR, GEP Y Freantem
well2TR/&RI0R &ragadiimabieh inG¥Nmguanturacets.embedded in the |

In,Gal_Wequaning welblayes.and-adayGat yN auaquim, barrier layer
ovggtq%gyﬁggngd%sdalgget e quantum well la er,_w%ereln the™ "~ .
modified quantum well stricfur it slphStbirimescered spattum o
sinitifthhe ddsit covidkititheimarycoloursiof biyaNgreenane ram 11 '
Acoryding 1o thirdl aspeckotthe inention, therg, is provided g process
fortﬁgmggggglgigd%&%gmittw?%lw ite, light, the process comprising tﬁé |
steps of, providing a-substrate: forfing’a Bifferfayehimdt averttiwe ?
SUBETFART tHE Brkfer Tayertbeirmdivideddnte: afitstaectonang,a.second

seltior; andvferming atﬂﬂast modified quantum well structure
-exhibits a‘ photoluminescence spectrum  simultaneocusly
covering the primary colours of blue, green and red.

. According to a third aspect of the invention,fthére-
is provided a process for forming-a-diode fof emitting
white light, the process -comprising -the steps of: §
‘Providing a substrate; forming a buffer layer formed over | ;
the substrate, the buffer layer being divided into. a
first section and a second secﬁion; and forming at‘léast
one gquantum well structure comprising a modified In.Ga,.
XN/InyGabyN gquantum well/barrier bilayer that encompasses |
InN. and indium-rich InGaN quantum dots, formed over the
first section of the buffer layer, wherein‘the modified
quaptum well structure exhipits & photoluminescence
spectrum simultaneocusly éovering the priméry colours of

blue; green and red.
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one quantum well structure comprising a modified In.Gal_" ,;N/InyGagd¥MG2005/600099
quantum well/barrier bilayer that encompasses InN, and indiumgiigkived 23 October 2006 -

" InGaN %ntugg] é“ %tgmfo e ed Vel the, fl@g SGC&IO%O]‘ tlt“@ bugfgég%ye&f

Whereln dantum well structure exhi
p%@mme%ehees%p@eﬁumfsumﬁan%y eBVERHGthé pritnaty = st
colours ok daluengreetand redm=4 tAMEND ED-SHEEMN:dIPENAhg at
PQT302005/000099, Regelved 23, Qeiabe: 2008, The quaplyimdots.may
Formegrk‘) the steps of flowing at least one of In TEIn. or EDMIn at
a ﬁrs‘fe‘%RiW‘ r§t3é3’é{naa&'fﬁrs§‘%lrﬁ‘é]‘f% fokfh ﬁBEPe?laﬁé‘%V\ﬁH@ & | SRR of
TMin, TN ofuERNMI With TMG ansbamiaonia:aina secord flawdatedo
make the nuclei grow and be capped in the quantum wells. Also, different
flow rates of 4a Amended Sheet REAM TMIn, TEIn or EDMIn may
produce quantum wells of different sizes. Additional features and
advantages of the invention will be set forth in the description which
follows, and .in part will be apparent from the description, or may be
learned by practice of the invention. Example embodiments and other
advantages of the invention will be realized and attained by the structure
particularly pointed out in the written descrlptlon and clalms hereof as well
~ as the appended drawings. ‘
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It is to be understood that both the foregoing general description and the
following detailed description of the invention are exemplary and
explanatory and are intended to provide further explanation of the
invention as claijmed. BRI SCRIPTION OF THE DRAWINGS The
acoompaiiii crésings, Wit ard HOUGRIES Sroviie stuhens o
uritiekSearrfitig ©f 2ké invention and are incorporated in and constitute a
part of tﬁi@qﬁ@ﬁﬂ@@ﬂo&ﬂw@e@mb@%l@g@%@éth_@sinﬁ/@@ti?ﬁr@@m
together with the description serve to explain the principle of the )
o N FE oS L SRONE R dktiatt or s white LED Hiting
QD: cappedMQWesaktiie agtive Tayer imhaccsreanicebwith, ther imgention;
Fig<2 shows thereem temperatdre; pheteluninesgense. spestism.of &
white LED in accordance with %heﬁinvention‘;&and F&g.l3 sgows a giazqeram
of & whité LED having QD> cappea MOWS at thé attive 1ayer i ==
acewrdantewith dry embotliriert oftheanventionr WO 2066/ 101452
PGCHESE2005/000099- DETANEDR RESCRIRTION [Q022] Reference will
no%/}/]ge maggdin dd%tgéjll th thg preferred embodiments of the invention,
exampl%%pof which” aré ifidtrated in the accompanying drawings. [0023]
The invehtion fabticates a'dideeausing ephtakialetedhnidgues IThedmventive
diede atilizes quantym dotsto praduce glectrgluminesegnce feam the PN
junction havinga . . . .
descriptl of the nventlion are exempiary  and
explanatory and are intended to provide further

explanation of the invention as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are included o
provide a further understanding of the invention and are
incorporated iIn and constitute & part  of this
application, illustrate embodiments of the invention and
together with the description serve to explain the
principle of the inventiocn.

In the drawings:

Fig. 1 shows a diagram of & white LED having {D-
capped MQWs at the active layer 1n acceordance 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 QD-
capped MQWs at the active laver in accordance with an

embodiment of the invention.



broad peak from 400 nm to 750 nm. [0024] Quantum dots can be defined
as a particle of matter so small that the addition or removal of an electron
changes its properties in some useful way. Alternately, quantum dots can

WOFe0giedy+as very small devices that confine, i.e., cage, a sraalbaetotyenes
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. [0025]
Using epitaxial growth processes, quantum dots can be grown with

DET&gg%eggg&g&g@ggg in all three dimensions by a high bandgap in the
~In lithographically defined quantum dots, a quantum
[O@212 proviiea @ordining botentiad aldwg the growtin direetied lwhile arthe

pre%l@ﬂ@tagﬁﬁ%ﬁ}w Q?fenﬁiﬁébﬁiﬂgérpé oyides the lateral P?J}finﬁmeéﬂ-
[0026] The epitaxial growth of thin films or quantum dots of nitrides or
areoits sc?a??B@%c]d&rrgaf’sk%%cﬁgl%‘méféﬂo%‘f&n&%mical vapor

[dgp%itiorrIQMOBMBjxtJ‘_dd@C\ﬁBMSESa&earrier gﬁ@d@m%@inﬁp@&ﬁlﬂﬁ

cechlXie Of metgl orggnic, precursgrs, fhe gas, muxiyre flows info g reactpr,
chamber at 50-500 torr where substrates are at 500-120(_)C for .

pr O@Bﬁ@erﬁibﬁﬁF@ﬁ’éHmﬂ@\? weateHald FARMmHA (?\N—|31) CHRHE Bsdth H e 2

broBHrqgensewkse fosdorningnitrides.such as GaN or 6 WO 2006/101452

T/SG2005/000099 Galn. The reactiye gases decompose a ddﬁf‘posit
GG ORaT A BPHE Storiah (N oA R TRCSRE o
mat from adewnrdnontdtets tda fewdnictons thickeasvadquindd.an electron

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

F00251 Using epitaxial growth processes, qguantum dots c¢an
be grown with confinement provided in all three dimensions
by a high Dbandgap in the surrounding material. In
lithographically defined quantum dots, a gquantum well
provides a confining potential along the growth direction
while an electrostatically induced potential  barrier
provides the lateral confinement.

[0026] The epitaxial greowth 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 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
.conventional Group III-V materials. Ammonia (NH3;} can be used

as the nitrogen source for forming nitrides such as GaN or
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[0027] Figure 1 is a diagram showing a white light emitting diode in
accordance with the invention. [0028] Figure | shows a substrate 1 which
can be sapphire, silicon carbide (SiC), zinc oxide (ZnO) or other
WOSEIPA#e%. Buffer layer 2 is the low-temperature GaN bUff&r/Saaehidpers
is formed from undoped GaN or Si-doped GaN grown at around 1000C.
Layer 4 is a GaN or InGaN barrier layer. After the barrier layer 4 is grown,
TMIn and ammonia were flowed to form a "seed" for the growth of indium
GaInich QD3e Layesbtis$wequantws welklaving $igh dndiumiepptent, overin
. which is another. G GaN barrier .layer,7. Layer 8.is farm 0
= S St 4 aroud TB6E e Me b TN gronias
InGgdmperature rapge of disoutBTraetsp<T. tthedirdteledticdea is-forfiied
as padhedtep of the p-type GaN or p-type InGaN layer B. A second electrode

9b2is formed over the n-type GaN, Ia\%/,?r 3. [002%] In Figure 1, layer 1 may
L9224y mAtsHH Suithblé Sorthe YroAERDr RIS 40 a8 safiphire, Sieght
emi ZnDoGdicald iother altedaatiee s Lidyet 25 theniowm témperature buffer,

[ 684 iSO e the.multi-layered AnGaN/GaN puffer. Layeliean beay  pe
undoped GaN, Si doped GaN, or Mg doped GaN. Layers 4 and 7 can be

SaPRRGERY with fo\w fidiGiredftentiPstdad FFaaN oyl d f6the Migh other
subdempesature grewrr Mg doped:Gai ok Mg-deped: dnGabluss Z-depedcan
bt 3N 0L Z1-doped InGall. (90301 The relatively rough sufface offe, .,
S teiperatite (LT) GAN of IRGANTAYEr (VErEn Fig™L) “Could hef
GaN kegptive imnpingingpindliubl @i0Ms, whictyeome frara the Gedltking InGaN
bar£48¢0MRYSition) oFthe TMID eryrsqr, §??’eJPrlQe{§ He.SUrfa6Rs y and
thereby increasing the indium 7 WO 2006/101452 PCTISG2005/000099
ammonia were flowed to form a "seed" for the growth of
indium rich QDs 5. Layer 6 is a quantum well having high
indium content, over which is another GaN or InGaN barrier
layer 7. Layer 8 is formed from Mg-doped GaN grown at

around 1000°C or Mg-doped InGalN grown in a temperature range
of zbout 750 °C * 100 °C. The first electrode %a is formed
on the top of the p-type GaN or p-type InGaN layer B. A
second electrode 9b is formed over the n-type GaN laver 3.

[06029] in Figure 1, layer 1 may be any material suitable
for the growth of GaN, such as sapphire, $iC, 2ZnO, GaN and
other alternatives. Layer 2, the low temperature buffer, can
also be the multi-layered AlGaN/GaN buffer. Laver 3 can be
undoped GaN, Si doped GaN, or Mg doped GaN. Layers 4 and 7
can be InGaWN with low indium content instead of GaN. Layer
8 is the high temperature grown Mg doped GaN or Mg-doped
InGaN, or Zn-deped GaN or Zn-doped InGaN.

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

longer on the surface, thereby increasing the indium
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incorporation, which will also result in the red-shift in the-emission. [0031]
Although trimethyl indium (TMIn) is frequently used as the precursor,
other indium organometallic compounds can be used, such as
WOgBtHPRHZIium (TEIn) and ethyldimethylindium (EDMIn). TRES&2005/060699
organometallic compounds can be used singly or in mixtures. [0032] One
of the aspects of the inventive technology is referred to as In burst. In the
invention, In burst forms indium-rich QDs (quantum dots) capped in

incdiyoahxdsaNorn daxGal.IN/Hngsalryblsingleror sndtiple guanium  in
the Welllsé%/\irggh normally emit long wavelength light (yellow and red). The
(st are induced by flowing TMIn (trimethyl indium) or other indium
[Hrégdrsorslabing hs uclee Thelwhitecdmissidiiéan) beisbtafiteiibgnt ly

useyapdng e wavalength, and fe infansity, ot e eonissiRMmdistributiohunds
which can be achieved by adjusting the epitaxial growth parameters, such

|
€an o5 Bsmpelitire, reatttrpresddre, NH3$ yﬁfé‘fﬁlﬂﬂk and"§&Mtion 274
et hylitingetheyhilburistandihBiInGaN gohastuno weingrewth. IHat qsndpounds

can WRLYINgJhe P ametgrs, quantum,dats of varying indium content and size

can be formed.[0033] Two considerations are of interest when forming
[QAdRA riCR DD, FiRkgt, MEP&MbtineEf TRfin ABHRG BSY AubRtRMHPHE 15
refdéiration of the TMInclleware imporaat. T Aichflow wilbareate Nskiu
., droplets, which compete, with formation of, Indium:rich QDs. Th
i cHRom R ZRuR: k2 D& eHAS o Sdort e L Ve By
In.Gaighl [Umiféseghces efficiencyat rooht iohperanaatSaconglilte which

no rrstPsE ARt flovs-ef TMI IMGanand: gmmopia aie,alsa yery.- Japortanfe

for the formation of QDs and the quantum well with the QDs capped in it.

QDs Lf‘éifall&nﬁlrécafjovﬁﬁ SEJO%‘fd'B% TMIn (trimethyl indium} or other

indium precursors acting as nuclei. The white emission can
be obtained by wvarying the wavelength and the intensity of
the emission distribution, which <can be achieved by
adjusting the epitaxial growth parameters, such as
temperature, reactor pressure, NHy flux, the In flux and
duration during the In burst and the InGaN quantum well
growth. That is, by varying the parameters, guantum dots of
varying indium content and size can be formed.

[0033] Two considerations are of interest when forming
Indium 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 guantum confinement
effect of the ODs is the reascon why QDs have very high
luminescence efficiency at room temperature. Second, the
subsequent flows 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.



conducted with a. high partial pressure of ammonia. 8 WO 2006/101452
PCTISG2005/000099 [0034] Figure 3 shows another preferred
embodiment of the invention. [0035] In Figure 3, layer 10 shows a
WO3MtPate2 which is preferably sapphire, SiC or ZnO. LayBF POGI0E5BRe9
temperature buffer grown at about 450 C to 600 C. Layer 30 can be
undoped GaN or Si-doped GaN, grown at around 1030 C. Layer40is a
GaN or InGaN grown at the same temperature as the barrier and well.
[d@yer 50is gdpyGal_ybharden whkereir arprefernbiyrangesonn@.Ghto
.19rown at about 700 C to 800 C. After the growth of layer 5, indium

.0
Ve Qf)'s 60 are formed using In bursts. Over the QDs is formed layer 70,
[@RA83h,Gal n NFqyamtamdwellavisere lWissdreaterahanys Lagére S0vksiabother

pre#RYGRL YN batrier typically;gimilr toglayer S0. 1layar 90 is apsGaN argy -
p-InGaN cap grown at temperatures in the rabge of between 700 C and
a

CenpERRFEL f0036] 1R EIGHR™E 185ePR6 Hiay BE arfy fiatdiidl siitabté ¥oF tid

can grewtihobGalN,@uchas sdpphise SIG N Q rand otheraatbermative3with .
thickpess of a 200 00.pin. Layet.,20, 0

Lay%ﬂffheg w Slcr?islagag%u?rzo&?r%t%%sl § eﬂﬁn m %)i/ic&,}gcean% s%) \é%eé%{yrg g I%%‘Iig%/%reéds

the AoanN/GaNpéfferl Layep 38cay béurtddpeeRGal, vt Siidoped TR i

y pifk CONOBNYation2% 1844 CHY 63 ta § %1918 i3, ¢ Mpdopeddsait: tea
concentration of 5 x 1017 CM -3 to 3 x 1020 CM-3 , and its thickness
800 hgesiiforit ShFoIG BT 14y etHFEan be GARInES OPB\T’Gﬁ are

formgrdwnsatithe sambuemperatueyas thenbargies anel Welkwith altackness of

the POWLR N 19,30 M, Lavers ,pQ apd.70;canbe Gal instegd of InG:
® Layeraéo’i thté%io nm to 1000 nm thick cép, r::%%n also be AIGaI\?. %Ner
80 is another In,Ga,. N barrier typically similar to layer 50.

Layer 90 is a p-GaN or p-InGaN cap grown at temperatures in
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, 2Zn0, and other

alternatives with thickness of about 200 pm to 300 um. Layer
20, the low temperature buffer which is about 20 nm te 100
nm 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 10* em™ to 9 x 10*® cm™, or Mg doped GaN

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

thickness ranges from 1 pm to 10 pm. Layer 40 can be GalN;
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. Layer 90, the 10 nm
to 1000 nm thick cap, can also be AlGaNl.

[0037] The insertion of the layer 40 in Figure 3 1is
important to extend the luminescence range. Without being
bound by any theory of the invention, it is thought that the
low temperature GaN layér (layer 40 in Figure 3} partially -



[0037] The insertion of the layer 40 in Figure 3 is important to extend the
luminescence range. Without being bound by any theory of the invention,
it is thought that the low temperature GaN layer (layer 40 in Figure 3)

WO HR6(IAY529 WO 2006/101452 PCTISG2005/000099 relaX€edf{&005/000099
compressive strain between the InGaN well and barrier. This relaxation of
compressive strain can result in a phase shift in the luminescence.
Relaxation of the compressive strain can also enhance the InGaN phase

relaSRRANRLRN eagrdingstoKapreysiMRs3 dntesnet ditrides Semicond. Res-
3, 16 (1998)) theory, in which compressive strain can suppress the InGaN

barrjfetse LBparation® TEO3ETIRE réigtvERTOLGR st o AE IGRS Lt 1P

a feayeratiref(t T) GaN tayer (layermdS ireRigure 3rcbalckhélpn keep thehe

comp!PIYRGING indium afoms.which come fram.the, cracking of JMID - phase

precursor, on the surface for a longer time, thereby increasing the indium

SeP iR bisEratitfFRART Wil tRso IR N PhASE Shifing DFIRE lurhindseands,
semil@939] Amsethod forigrowingea whitedight-gmitiing WEDcRCccasdingtasave
surRigfaITed.embodiment of the dnyention wil be. described below. [0040]
First 2 low Fepmperature buﬁer and then a ﬁféﬁ temperature n-type GaN
[ORSR} arelfrown it E §agphire raulbtrate wHilie tife |atedr peffemedlow-

rempdédiyrat abgut 40Q0E, Jhe temprrature isnexd ipwareghtoahod H0G,
to 800C to grow the GaN or InGaN barrier layer. A low temperature
keeDy, i bufflF I He8ded W ey S owr Bh S safBRfe shbeharthe

cracl0Ddd 1 Aftertthengrowthcoftherbarder layer, ansappreprifiteranaouhbofer
timeTN@ﬂé¥éHQeGEEW£Q§¥QQ”9HE“§W81um 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 will be
described below.

[0040] First, a low temperature buffer and then a high
temperature n-type GaN layer are gfown over a sapphire
substrate, with the latter perfermed wusually at about
1000°C. The temperature is next lowered to 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.

[0041] After the growth of the barrier layer, an
appropriate amount of TMIn or other indium organometallic
precursor(s}; is fleowed 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.

[C042] 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; (ammonia) as precursors. For this
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precursor(s) is 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 subsequent growth of QDs.

WO 1% preferred embodiment of the invention, one \WHiTESCREYSH(8E92
grown by MOCVD on (0001) sapphire substrates. MOCVD was
performed using TMG (trimethyl gallium), TMIn (trimethyl indium) and
NH3 (ammonia) as precursors. For this 10 WO 2006/101452

whi ECHB632005/000099, white, LED, &2 B thickcindoped bulkGahwag- on
first grown on the 25 nm thick GaN buffer Iaxer. The growth temperatures

the o s i BoCand -G8 TE6E, rkapREtivel Forthe™ BEaNT SIS 4T bk
are layep After the growthaof the GSaN bulkolayer, fag geawthterperatire was

lowered down t out 700C 50C for the deposition of a GaN or InGaN
GaN RS A LA JE T EE i LSRG A bl oAt Dol oLk
laydess thar thatinwthie wstinpdter the growdh ofithed@aN otdr@aN bardenut
: dpri ta. the growth of high indium content , TMIn was.flowed for a
700§€ 95 92 ?Og' ﬁ%?n %e[ggo 1gzon op a §$M8% nlngat\;. g{lae:aréﬁr

ort time, varying S S6Eonds with th flow switc
and This procels we ¥éferftoagiiubursbr8uatta buarst vl dredad’ sbedy for

is fhegrowthokinGaN QDs withavaryingzsizes-and indjum, cCoMposHianse
The burst duration can be varied for forming the seeds in each layer. The

or JRfitfickiess fhs abbtit PRAPTTHE grblith GFEURbatherhtEIn brfdpm
con@antkthesNGaNwell werefepeatedtree neorerimesmP043% Fhens st

> £ &3 e performed.for any appropuate, time vagying from Oﬂﬁ%condosctosls
minute or more. however, to5 secongs are preferred for the Irﬁjgurs@t
is ypferxastefarable flow ks of thé vefaroniatalic indidd compoandeeds

for the growth of InGaN 0bs with varying sizesz 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.

f{0043] The In burst can be performed for any appropriate
time varying from 8.5 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 pmol/min during the In burst. The well
thickness can be about 1-10 nm, preferably 2-4 nm and most
preferably about 3 nm

00441 Then, a high temperature Mg doped GalN layer was
grown on the top of four periods of In,Ga;.,N/GaN MQOW. The
carrier gas was H; and Ny respectively for the growth of GaN
and InGaN. Finally, a first electrode is formed on the
p-type semiconductcr, and a second electrode is formed on a
section of the 81 doped GaN layer.

[0045] Different organometalllic materials can be used for

doping different structures of the invention.
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is less than 100 Wnol/min during the In burst. The well thickness can be
about 1-10 nm, preferably 2-4 nm and most preferably about 3 nm [0044]
Then, a high temperature Mg doped GaN layer was grown on the top of
WOrdHEBEYSHs of In,Gal_,N/GaN NOW. The carrier gas waSHB&ANp0099
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 section of the Si doped GaN layer. [0045] Different organometallic

1 sEAedgls-can he fx qgglmplv@@ﬁwtr%wr%oﬁg&alw&r@%d&ée
WO 2006/101452 T/SC%2005/000099 Biscyclopentaldienyl magqnesmm

Mo -fepofgT Tan Bl udSF tPFBtRILe: MgtiBped GaN ih* ¥ exdmple, TaF&-s
1. ortayart®in Eigure 1DBEMethylzinc @EZn)can adsal be dsed: torpravides dar
exafigd@Ple. f1g p;dapingIp layer,8, Jlane canglso he used aalss% dopaqt, gr

example, to form SI- doped GaN in layer 3. [0046] The example of the
as pretepaitembobifsatussd féar Tidhtai WeRtruetites? HbWE R any
EW@GQDfimﬂumbﬁﬁpﬂequﬁﬂtdﬁhwﬁﬂeﬁf@ﬁwas@@ﬂd@ﬁxﬂéﬁd. Reasticgly;

ua ntum well structuresf{can‘pgrused Preferab RF}/ 1 1 to 303q<'{11rnn used
2 f?fd‘ I%e mvenCtlon the thickness of the Pﬁ BRI guantum welfﬁcayer

qua@mhméhgeﬂ@ft@@swa@ reaankds Lmeférablmat@tlt@:ﬁmyrhelthi@kné&

quaREthe InvGaLlyN bagrers lver can hedr the mnge oh319 60 nw and isre
preferably 5 to 30 nm. In a preferred embodiment of the invention, the

,Gal_,N quantum well layer has a larger composition than the
[0Gal yMbarnier lageestdlthat dhe x thi z@oras= 0f0048] Figuea2 N

qua PS8 PhRIQPINESCRCE RREGIWNOTAE 0.5 to 20 nm and is

preferably 1 to 10 nm. The thickness of the InyGa;-yN barrier

use

layer can be in the range of 2 to 60 nm and is preferably 5
to 30 nm. In a preferred embodiment of the invention, the
IngGai-zN quantum well layer has a larger composition than the
InyGa;-yN barrier layer such that 1 > x > y >0 or y = 0.

[0048] Figure 2 shows the photoluminescence spectrum of a
white LED formed according to a preferred embodiment of the
invention, Figure 2 shows a wavelength range of emission
that is from 400 nm to 750 nm, which covers the primary
colors of blue, green and rsd. As a result, the diode
produces white light.

{00491 That is, the inventive dicde can radiate white
light ranging from about 400 nm to 750 nm by adjusting the
In burst parameters such as the amount of 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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white LED formed according to a preferred embodiment of the invention.
Figure 2 shows a wavelength range of emission that is from 400 nm to
750 nm, which covers the primary colors of blue, green and red. As a
WO 288¢{K0 113 diode produces white light. [0049] That is, theARVEGR(RSEGeRS
can radiate white light ranging from about 400 nm to 750 nm by adjusting
the In burst parameters such as the amount of In precursors, the burst
duration and the temperature. The white LED radiates white light by itself
{ Gowkqoesmotyequisatbe combinatienabseparata LEDS:ar alleraateles
o the u{gjlization of atwhite llight-e;cmitting fluoresceglt material. The irg]ve tive
VELEDTE thi8Theaper Fiore TohveRient to 1abricite: fifore stibie™ind "RAE
sin@lengeriifétime. 1:22WE 20064 01462 PGTASG20054060098n[0050]yAs e
oot 425l 1B IRGEION AlietGleaL a0¥RNIAGEs QYer He COMENUORY AL s on

_emitting devices, which have single emitting centers so that white light
US1ngn GnlyRHe SBitaired by Combiing 2&veraldicéS BF By Blor Rbhverbsn
quansiing aiphespher. tn costrast, theiipyention uitizasi quastte €lots afolor

. differ izes tq yield different colgr_lights that combine on a single chi
11 giierent 9 :
0 TR e st S b EreliF ofis ba oy 2 g
The effigiegay L fiminbBRy afeitiow edstepos51Fwwilbaapparert 16 thdsacy,

1umSkiled: iy theart dhat yarous modifications and variations can be made in
the_liquid crystal display device usin%)gual light unjts of the invention

[Q0dut dbpartihgfrohf (HPESFERF sdohe DIIRE ifiverdsT THUs Hifs 2+t

thatnteadéedubatthdiibeationrcovers! the medificatons:antdevanadionsrof this
liqu@rEWsQwid&qsplay device using dual light units of the
invention without departing from the spirit or scope of the
invention. Thus, it is intended that the invention covers
the modifications and variations of this invention provided
they come within the scope of the appended claims and their

equivalents.
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they come within the scope of the appended claims and their equivalpptg/sc2005/090099
13 PCT/SG2005/000099 Received 23 October 2006 What Is Claingekis?3 Qctober 2006

1. A diodg, fer gmitting yhite-light, the diode comprising: a substrate; a

~ buffer layer formed over the substrate, the buffer layer being divided into
a first section and a second section; and at least one quantum well

© structurelcompiisitigedemddifie ceirix® ang NAnyGail M guantun diode
'Wegjé%g_rjiesrilgi@yer that encompasses InN and indium-rich InGaN
guantum dots, formed over the first section of the buffer layer, ‘wherein
the modified qﬁaﬁﬂ%’rﬁt\%ﬁ%’tructure exhibits a photoluminescence
spectrum simudtahettisly cemeringrthensrimasy calowrsobbtue tgreerhand
red2+<Lhe diode of,claim 1y wherein the guantim. dots, fare farmed by

- first flowing at'least one of TMIn, TEIn or, EDMIn at a first. flow rate and a
- first¥rRE oot MiclBiand then flowing at least one of TMIn, TEIn'or

. EDMIn with TM& drdsmmoniarata-second flovtfatetarmakenthe miclei
grow i becappedn thequantum wells. 3, The-dinde of claiml., .,
wherein there are between &about 2.to 30 of the quantum well structures.
4. TR JIBURBPERATE1 e S dRNtRAESESr HER RN Yaifbi
welllayed is @about Itioel 0Omimsand sedhickness of the InyGai=iIN quaatym

'ba{{ﬂ%';:@{?r,iﬁx@_b%@f%go %ntuﬁ well st_ru,cture exhibits a

photoluminescence spectrum simultaneously covering the

,primary' colours of blue, green and red.

2. The diode of claim 1, wherein the quantum dots
--'afe formed by first flowing at least oné 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 ammoniz at a second flow rate to make

the nuclel grow and be capped in the guantum wells,

3. The  diode of c¢laim 1, wherein there are between

about 1 to 30 of' the quantum well structures. -

4 The diode of claim 1, wherein = thickness of
‘the IngGa:-N quantum well laye;: is about 1 to 10 nm and a -
thickness of the InyGa;-ylN cjuantum barrier layer is about 5

to ‘ 30 ‘ nm.
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- ammonia, &t second flow. Jalg fgmake g nuclghgrow and be.ganpedin

14 Amended Sheet . JPEA/AU PCT/SG20051000u99 Received 8 FénSG20U5/U00035
2007 5: The diode of claim 1, wherein i>x>y>0 or y=0. 6. The dioddigteived 8 June 2007
claim 1, wherein the substrate is sapphire, SiC or ZnO. 7. The diode of .
claim 1, whereirris l@askiens ok hiseyclppemntadionyl raagnesitmy-eiethyl
zinc or silane are used as dopants. 8. The diode of claim 1, wherein the
photoluminescence spectrum covers a wavelength range of about 400
nm to 750°nm. 9.TRMBHREd tiaftarfwell streerite thAE efiils SRR fdht,
whichsesmpesesiandaxézal, ,,N.quantum well layer; InN and indium7rich

InGaN quantum dots embedded in the In.Gaz_"N quantum well layer; and

an InyGai_yN quantum barrier layer over the quantum dots and the
quantum Well 1aJ&¢ Whersinthe moditict qiaRtsTwal steriire*agnhidits
a phsitelimpineserRCE «fpeCHbgh stniaANe LSy, Coyenagdhesplimaryare ;
co*Iot%gé)f o] green and red. 10. The qu‘antum \{vell structure of claim 7, | E
wherein tﬁe guantum 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 flowingré leastone of TYIn, TEEiar EDMIn withekMGrandthe

the quantum wells. .
about 400 nm to 750 nm.

5. A modified guantwn well structure that emits

white light, which comprises:
. an InGag 48 quanﬁum,well layer;
InN and indium-rich InGaN guantum dots embedded in
“the EnxGaLmN quantum well layer; and
an InyGa;.,l quantum barrier layer over the quantum
dots and the quantunx'well‘ layer, wherein the modified
quantuﬁ‘ well structure exhibits é photdluminescenge
spectrum simultaneously covering the primary celours of

blue, green and red. ' E

10. The qﬁan#um well structuﬁe of olaim 7, wherein %
the quantum dots are formed by first flowing at least one |
of TMIn, TEIn or EDMIn &t a first flew rate and a first
time to form nuclei; and thern flowing at leaét one of
TMIn, TEIn or EDMIn with TMG and ammonia at & secend flow
rate to make theinucléirgrow and be capped In the guantum

wells.

11. The quantum well structure of claim 7, wherein
a thickness af the IngGa;. N guantum well layer is about 1 ' é
tc 10 nm. and a thickness of the InyGa;-yN guantum barrier - f

layer is. about . 5 ~to 30 nm.
16
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11. The quantum well structure of claim 7, wherein . a thickness of tRECT/SG2005/600099
In,Gal_"N quantum well layer is about | to 10 nm and a thicknegeediiled 23 October 2006

InyGal_yN quaniinybartier layer isabout:510 30 nm. 4o AMENDED,
SHEET IPE.NAU OPCT/SGZOOS/OOOOQQ .? . Received 23 October 2006
127 Fh&E quihtum el structure of claim 7, wherein I>x>y>0 or y=0. 13. A
- process for forming a diode for emitting white light, the process

comprisipg the steps.el RroViding-a sybsteatesforaing.a Aufferlayer e
formed over the substrate the buffer. Iayer being. divided into a first

settigRand ¥ sBES se&"-"é[ﬁ) LARATrig %t9BSsP bhe quantum well
structure comprisirigiinmadifiedsty&ed ;,M/InyGat_yN quantum

well/barrier bilayerthat encompasses Inbla%g indiymzggh 18GaN 4y
quantum dots, formed over the first section of the buffer layer, the,

m@dﬁﬁgaraﬁﬁhtunl? el BthG&turé ¥zhibingPa Sﬁgiﬂﬁﬁlﬁé‘g@enceflr st
speetruisiAitan emslydcevetipgrthezpdimary colours of blue, green and

red.” 14. The prosgss.of glaim d2:.wherein the quantup; dots.areformed
by the steps of: flowihg at least one of TMIn b‘%f or "EDMIn at a first

|
floﬁ/“j?g)[“’:l 485 firsttime W?&ﬁﬁeﬁjclel ﬁh%aLﬂ i g?xl*é’gst on&“ 8P N,
TEtRGr/ EWWWWTM}@QMWW&@M Hov rate tormekethe

. nuglel grow,andkecapned ndbe QUANUMWEHS s+ section of the
buffer layer,' the modeled. quantmn well structure
exhibiting & photcluminescence spectrum -simultaneously

covering the primary colours of blue, green and red..

14, The process of claim 13, wherein the guantum
dots'are'forﬁed by -the steps of:

flowing at’ ieast ona of TMIn, TEIn or BEDMIn at a
flrst Flow rate and a flrst time to.form nuclez.r and

flowzng at leasc one of TMIn, TEIn or EDMIn w1th TMGE
and ammonia at a second flow_rate‘to make the nucle¢ grow

and be capped in the quantum wells.

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

different silzes..
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15. The process.of "claim 14, wherein different flow rates of TMIn, TEIn or

EDMIn. produce quantum wells of different sizes. 16 Amended Sheet

IPEA/AU WO 2006/101452 PCT/SG2005/000099 16. The diode of claim
WO 1@siitiedin there are between about 1 to 30 of the quarROTEEEIbS/060099

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 barrier layer is about 5 to 30 nm. 18. The diode of

claig, 13rwhbereind=xa>0akYn0. 19, Thediads ot glaim 13, whereindhg
bosgbitrate 53 sapphire, SIC or ZnO. 20. The diode of claim 13, wherein at
aLoRLst dife Dls&felSpEnEiRHy I T dSiesit i Hth§FJinc or silane are used

asldoparitgseldiode of claim 13, wherein a thickness of the
IneGaixN quantum well layer is about 1 to 10 nm and a
thickness of the In,Ga;.,N quantum barrier layer is about 5 to

30 nm.
18. The diode of claim 13, wherein 1>x>y>0 or y=0.

19. The diode c¢f claim 13, wherein the substrate is

sapphire, SiC or ZnO.
20. The diode of ¢laim 313, wherein at 1least one

biscyclopentadienyl magnesium, diethyl zinc or silane are

used as dopants.
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