GROUP Il NITRIDE WHI TE LI GHT EM TTI NG DI ODE Fi el d of
the I nvention [0001] The invention relates to
wopioeabrEst roni ¢ devi ces and fabricati on net hodBCT/SG2005/000099
particularly to white light emtting diodes.
Background [0002] Light emtting diodes (LEDs) are
w dely used in optical displays, traffic |ights, data
storage, comuni cati ons and nedi al applications.
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panel s of nmotor vehicles and liquid crystal display
(LCD) backlighting. An inportant goal for white LEDs
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nmet hod, three separate LED chips are enclosed in a
single LED body where a red chip, a blue-green chip
Ba$¥§§&5$aue chip conbine emssions to yield white
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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-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 yellow 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



di odes has been explored by Chen et al. (U S. Patent

6,163,038). This patent describes a white LED and
weewshodsp f fabricating the white LED that capCT/aQr@s/@00099

white light itself b y possessing at |east two energy

bandgaps in the structure o f the LED. However, this

technol ogy only uses Multiple QuantumWells (MW t o
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met hod can b e used for the growth o f the active '
metyleprganic prapoan®hgeeerepitaxy. This patent describes

indium nitride (InN) and indium-rich indium gallium nitride
(InGaN) quantum dots embedded in single and multiple InsGa;-
«N/InyGa,-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. 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 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



light emtting diodes (LEDs). However, this technol ogy
fails t o produce a diode that generates white |ight.
woBIba0l45ght requires a range o f 400 t o 750 POT/SG2005/000099
However, the technology o f Chua et al. only covered
the | esser wavel engt hrange of 480 nra to 530 nm and
coul d not be used to generate white light. [0007]
Accordi ngly, nodern sem conductor and displ ay
rartgechnbl 89 nequor 630new whidt edulghtnanile i wgedi bdegenerate
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WhitR & A necessary reliability to serve in exac?ing
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the invention is tq provjde an LED.that incor.porates
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part, pertains to a white-light enmtting diode,
conprising a substrate; a buffer layer formed over the
SUMMARY (QFf CHE HANVENEION | ayer being divided into a first
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[0010] The invention, in part, pertains to a white-light
emitting diode, comprising a substrate; a buffer layer
formed over the substrate, the buffer layer being divided
into a first section and a second section; at least one
quantum well structure comprising a InyGa;-xN/InyGa;-yN quantum
well/barrier bilayer that encompasses InN and indium-rich
InGaN gquantum dots, formed over the first section of the
buffer layer; a p-type semiconductor formed over the at
least one gquantum well structufe; a first electrode formed
over the p-type semiconductor; and a second electrode formed
over at least a portion of the second section of the buffer
layer.

[0011] In the invention, the quantum 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 TMIn, TEIn or EDMIn with TMG and ammonia at
a second flow rate to make the nuclei grow and be capped in

the quantum wells. There can be between about 1 to 30 of
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[0011] In the invention, the quantum dots are forned
by first flowng at |east one of TMn, TEIn or EDMn
wa@vtooa/16i455t flow rate and a first tine to fornPOosGHEI05/000099
and then flowing at | east one of TMn, TEIn or EDMn
with TMG and ammoni a at a second flow rate to nmake the
nucl ei grow and be capped in the quantumwells. There
can be between about 1 to 30 ofthe quantum wel |
theét gUehvtRs weAllsost Budbieksess of A, nxGaihixMNngsantafn the
wel |l layer can be_about 1 to 10 nm and _a _t hi ckness of
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sapphir Si C or "Zn At" | east one of
30 bimcyehdpéntaddénydr nyfhesi Tire divstsitylats eamrbei papehire,

S1G T Oh ZPH e AngE Bt cbto B0D R b B0 acet ob1 a7 7R om

u
didthENt iRimc | opardilgpes t @dams be augeant as webpants. The
. structure that emts white |ight, which conprises an
inyepicare x\i gdaneimtiel 11 Iy et? ~ Pndidias | @ Fheufy 208" nm to
75@uUgnt um dot s enbedded in the InxGal-J N quantum wel |

| ayer; and an InyGai-yN quantum barrier |ayer over the
[POL2]um Boe sianent henguant parhel berbgens FO0a3puFpagum well
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quantSibské Bl elaferm ngdaubutien ITapanN foraredimvést s hembedded
substrate, the buffer |ayer being divided into a fir

, st
in sEkei bRxGhidth 98EBRATSEEL Lol AYSrnidY af | é8sPape quantum
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I -yN quantum wel | /barrier bilayer that enconpasses
layemN and indiumrich I nGN quantum dots, formed over

AL S S ord R | BB LB Bcens cor
fom@ldg stauciHiee-flogAtng edriftitisly eldicidende which comprises
providing a substrate; forming a buffer layer formed over
the substrate, the buffer layer being divided into a first
section and a second section; forming at least one quantum
well structure comprising a InkGa;-xN/InyGai-yN quantum
well/barrier bilayer that encompasses InN and indium-rich
InGaN quantum dots, formed over the first section of the
buffer layer; forming a p-type semiconductor over the at
least one quantum weli structure; forming a first electrode
over the p-type semiconductor; and forming a second
electrode over at least a portion of the second section of
the buffer layer.

[0014] In the invention, the quantum dots can 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 a second flow rate to make the nuclei grow and be

capped in the quantum wells. Also, different flow rates of
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over the p-type sem conductor; and form ng a second
el ectrode over at |l east a portion of the second
weewbiionsopf the buffer [ayer. [0014] In the i nRENSGEN5/000099
t he quantum dots can be fornmed by the steps of flow ng
at | east one of TMn, TEIn or EDMn at a first flow
rate and a first tine to formnuclei; and flow ng at
| east one of TMn, TEIn or EDMn with TMG and anmoni a
TM®Rt, a TeIeondrf | PDMIAt eptodueke dudanthuc| eleldrsowodnddbéferent
. capped in the quantumwells. Also, different flow
Sl?ﬁﬁes of TMn, TEIn or EDM n produce quantum wel | s of
@o1sar enhagi €88nal [ O0ASd ikl ti ol f @ak4n@agRRd  of  the
advant ages of the invention will be set forth in the
invkrgcirdrpt ivoinl Whikesh 98t owortdnd im pere wieépcpeption which
pparent_from the, descri ptia Y I n Coys
o R P T Frv ERdtone Hhedsierrias 68 a8t ption,
or ageant ageslehrhba ibyenpiodcndd | dfe réal | Zedeandon. The

attained by the structure particularly pointed, out Lq
obj}art ifes t BRAde¥dts pt PIN2RRAIEFai s RBPeotNYRNWEPT &g 11 be

regﬁg%equegtégﬁ%&ggy- QO rdde i F&P@ié@ﬁ&fﬁ%oﬁginted

that both the foregoing general description and the

outf oln ovhegwdet behededesdpkponoandf clliagmsmeneadn &g ewell as
exenpl a and expl anatory and are intended to provide

th%tﬁéﬁ%ﬂdegqﬁ} % of the invention as clained. BRI EF
(Be3ER PTIHONiGF J&EHIRAMMNEGSs £ OO 7l hEle lasERMaY i Bgregoing
dramﬁngs, which are included to provide a further L,

genaiddr sE€Qper At 59Nt Rad nvldit fehlandndr €9tiddrgsbr deggriRtion
and constLiut g,a t ' PRIHLakkRA 5l rakg

e i e L G i S s e e S

intdestad pto oproeide forekprkaempiheapibnciofl eefsf imeention as

claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The accompanying drawings, which are included 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.

[0018] In the drawings:

{0019] Fig. 1 shows a diagram of a white LED having QD-
capped MQWs at the active layer in accordance with the
invention;

[0020] Fig. 2 shows the room temperature
photoluminescence spectrum of a white LED in accordance with
the invention; and

[0021] 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.



invention. [0018] In the drawings: [0019] Fig. 1 shows

a diagramof a white LED havi ng QDcapped MM at the
wa@edosuerdsayer in accordance with the inventi onpCT/80205/000099

Fig. 2 shows the roomtenperature photol unm nescence

spectrumof a white LED in accordance with the

i nvention; and [0021] Fig. 3 shows a diagramof a

white LED having QDcapped MM at the active layer in

accordance wi th an enbodi nent of the

vent i DESCRI PTI ON [ 0022] Reference w ||
DE&%T%[ %&fg‘%w ugfail to the preferred enbodi nents of

fov22nvert F@Pen€Xanpl B8 afowhiveh aiaeid | linst tatadli Nto  the
t he acconpanyi ng draw ngs. [0023] The invention

prefyhiecht esbaddneaks usiingtbpi tiaviedt idehnega@BleThef which
[ NV [ ' il i nt. : produce
SR e s e R A e
0028] pedkef iovedB®@onm fiabrAxhtren § 0024HeQuamingn dptisaxial

an be defined as a particle of tter so small tha
v B HRA 11 off 6 TRREVG] B 34081 Lt 7 EhaflgBL hle tots o
prdRREr £l 86t LDl GRAMBeYSEhEE Vibm ALhEr Nat ef Yncguant taving a
dots can be view as very small devices that confine,

brqad peadadeomy alnm Agnfe0 (&s few as one) of free
tir 0 ]&J@gt t pi,eal | Si gA$+6R1 £
@hogq!c}r dggu% nanolar?etssgrga hgt8 i%%(fggiﬁt SérﬁTg%tsgcaﬁq ©°
mathae so ssmell ahget o£h® tdd200onmorninema2@18C hnaeehgctron

typical in man plicati . [0025] Usi ' i al
ch g nbF odUutRs iR Um TS BARTEE gTbhn w EhCFRately,
quaridnd NRIENtcAH Od deth @l de # I §fa T NBES1 €8S that confine,

i.e., cage, a small number (as few as one) of free

(w)

electrons. Quantum dots typically have dimensions on the
order of nanometers. That 1is, 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 confinement provided in all three dimensions
by a high bandgap in the surrounding material. In
lithographically defined quantum dots, a quantum well
provides a confining potential along the growth direction
while an electrostatically induced potential barrier
provides the lateral confinement.

[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 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



by a high bandgap in the surrounding material. In
I'ithographically defined quantum dots, a quantum wel |
w@e@vitaas2 a confining potential along the growedr/sG2005/000099
direction while an electrostatically induced potentia
barrier provides the lateral confinenent. [0026] The
epitaxial growh of thin filnms or quantum dots of
nitrides or oxides can be acconplished using
Galret al orBawi creaenical gapes deposhpeo® (a@QVDﬁepOWDCVDthin

uses, rrier con ai_ni di | ut ur
ep#ﬁﬁ%ﬂéﬁarggxﬁﬁsp 3§u££€rs ! %ﬁglagg 3FX§UVe%%ﬂ%%% EpgaInN
InGaN castol) clizphera atewOnHOSndOEFs Waer & Sfc&nstrﬁmﬂsn@r €hick,
at 500- 1200 OC for conventional Goup Il1-V materi al s.

aS/ﬁﬁﬁHﬁ%ﬁ?h&B) can be used as the nitrogen source for
(299 pigpLdes such as G@N QLG Ly, Ul% eaCt | ¥€te 1light

gases deconpose and deposit thin epitaxi 'ayers of
emidding r‘daitcate alrs qacqrdanieGan,thl reGe nMVdﬂtGaJN, etc.)

W nanome ters to a few mcrons thick, as
'id’é)%]r ed: 1?5637 Fi 55?351 fs &9 }gtlﬁ;{rﬁ E]ovm"i%l% whf@g be
sappiiite enti1iBgndicadeie a@q@ydan@ﬁqw bhitBe (zmegntéONother
[0028] Figure 1 shows a substrate 1 which can be

subgdpptfia®e, si Buéérrcatdyde (%ﬂ(%s Aihec é@Mdée@ZﬁGPtéFe GaN
buq)fte!}er §H¢§)S§L E?Séa%u% rr!l@é/ef]ég'ﬁn %n‘iﬂ% ed aN od Fl doped

vvtenpera ayer or me rom
GaNundeped GalN atoShddopsEih @&N grmwemt 4armmda 1089 @G . InGaN
Layer 4 is a GaN or InGaN barrier |layer. After the
baxgles e yer AEGeE JrRuP AT abRlY 1% GEPWN(|BVER and

amﬂd?nfaor %@’e 'Seedwed Ot d heogho h mafe dardi BBy M i Qg ovth of
Layer I's a quantum wel | having hi gh indi um content,

indvar mhq:kchQDs énot hbay&aN6oris n@amubatumemelléyéramng high
incg3Hb GeobEmhey H5Ed THHGN ot ooC TR PaNperat e agsrter
layer 7. Layer 8 is formed from Mg-doped GaN grown at
around 1000°C or Mg-doped InGaN grown in a temperature range
of about 750 °C = 100 °C. The first electrode 9a is formed
on the top of the p-type GaN or p-type InGaN layer 8. A
second electrode 9b is formed over the n-type GaN layer 3.

[0029] In Figure 1, layer 1 may be any material suitable
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 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 from
the cracking (decomposition) of the TMIn precursor, stay

longer on the surface, thereby increasing the indium
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of about 750 OC 100 OC . The first electrode 9a is
formed on the top of the p-type GaN or p-type I nGaN

wo a00en0@s52 A second el ectrode 9b is fornmed ovepCt/b€2005/000099
n-type GaN layer 3 . [0029] In Figure 1 , layer 1 may
be any material suitable for the growth of GN, such
as sapphire, SiC, ZnO, GaN and other alternatives.

Layer 2 , the |low tenperature buffer, can also be the
inaaddd rd aiyer,edwAl CANWGAN bafder rekayer ih caheberamdipeft in
GN,, Si, doped GaN, or My doped GaN. Layers 4 and 7 can

the,emiF&h¢Ti t h | ow i ndi um content instead of GaN. Layer
o3t heahi by I\ﬁﬁrm@fﬁwmy]gr G M dqmnﬁangr frequently
My- doped | nGa or Zn-doped GaN or Zn-doped | nGaN.
usqct)(ﬁﬁ)]t%epr%@aﬁscwél yO‘ﬁ}@@ghl@@ltﬂrac@r@@n@rn@tall1c compounds
re ( rol yer
CarLl g. e) couﬁaédéj’hel p eep t % |rr€|9%€l|djﬁ yj%%l ur?n é)ffEm) and
ethMmdﬂmanhyiﬁhdnnmiKEDMIhﬂGrmﬂ%d@@oop@&mbm@ﬂélbicthempounds

T ecursor, stay. longer on the surface, thereby

ca :ﬂﬁégsﬁqw Il HEgﬁLb‘&feétlon which will also
foos2t I@né hefr Qﬂesﬁﬂsfp%c*t@ 0re a8 s wht {R03ddchnology is
Al t hough trimethyl indium (TMn) is frequently used as

refierrqsh deuradr Inotwesti-ndi Litn bhgadovensibne denpoursis forms
se su ¥ in TE )
ln&t%ﬁnylbrg'clﬁ t% P ngél?%?nﬁ%%M%{tg ggggggr %non@?‘glallixg/GaN or
InXGa[q;Nwmd§G£1a§N bes ingdet sbmglyubtipre mgdamtesn WeQ32] which
of the aspects of fhe inv ve fec oIo
nORBdRY T L J0TEn BRYSISAT 1 BT hv el oW | AhBurige) - The
oDd OB Adhh ey rb9hf@Q§lﬁgum&Hm @Qﬁ%t@@ﬂpeididﬂlm or other
| nxGai - xN GaN or I nxGai-xN In yGai-yN single or

mdmrrtumteemqmm@rramwg aghire e Jreolr rraTh9 ehiltel ggission can
be\%%%% Sb%i%%ﬁﬁé%$”éﬁ%f%§% f%?qtthSdCQ%e I ﬁﬁﬁsity of

duce MHN T(tr I'um)”or o
theJ Nokermis $f @C Ur 8ass rabtitignas mmdjoeu dae wbet e agihissicah by
can
adjusting the epitaxial growth parameters, such as

temperature, reactor pressure, NHsz flux, the In flux and
duration during the In burst and the InGaN gquantum well
growth. That 1is, by varying the parameters, quantum 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 gquantum confinement
effect of the QDs is the reason 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.



be obtai ned by varying the wavel ength and the

intensity of the em ssion distribution, which can be
wa@edvsavas2 by adj usting the epitaxial growth paperyBGEINS000099

such as tenperature, reactor pressure, NH3 flux, the

In flux and duration during the In burst and the I nGN

guantum wel | growth. That is, by varying the

paranmeters, quantum dots of varying indium content and

[©oza jcanr bgufOr pesho 083t Hawo Soase tesdt émnsdanenof of the

interest when formng Indiumrich Qbs. First, the
invapfdmt-of TM n acting as nucl eus and the duration of

fdbgsw nzrﬁlﬁ GEé Brrp%yeet 10TQ N fd@ysidde Crepien is
|un1drop whi ch conpete with the formation of

prefredialmhyr i @hp@b@reTheSannounwbmhf|neﬁ@m@refﬁ@ttléf fthelow-

oA oy ST oo U Ehper o e Gefond. ¥ nboRunSaquaes 30

car‘f Ixavsurfoped rGaN Mz aﬂdd@s@@n@war@r@d:maveayound 1030 °C.
important for the formation of and the quantum
Layga 14Gth @ neakpercappel omorp. e \Sae L RPRGE HEUTE as

thél%%lyrqeqeggﬁn%(‘ltled Wi @ ohisgh ap@ht ('55‘{ t@r1§§§k'i§r0f wherein

amoni a. [ 0034] Fi gure "3 shows anoth pfeferred
y pﬂdﬁﬁhah&ﬁ nmhgebeﬁrwwe@tmant0[00359rbwnFagua®OEt 700 °C to

ood 3T, A0 0IRR SO T S SBITEILY ops 60 aze

forbd@‘d‘ 8fis HPWInabuakew!, 456veE taeb6QbNCGs kayaed30lppr 70,
be undoped GaN or Si-doped GaN, grown at around 1030

thep@n«Ceaydr Q@ nitsing v@r\l HheFGaN gFodReaterhéheamy . Layer
80|€%H§§§i%%Eg§%§ éry 5££§£ragg?¥§éil Laygefi20 t?rfﬁyer 50.

erein erabl y ranges
Lay@r0Bd oid.d prGsN afr @bdu’GaNO@:a@Cgtr@v&ﬂ(htOO:emp&ét@tures in

the growt h of |ayer 5 i ndi u ch, QDs 60 are forned
theusriaﬁ’g?el RIpteseeno/O0 thed Eﬁsﬂébf&med | ayer 70, the

Eﬁ%ﬁﬁ"XfBQWﬁ@&H§1@E|iay@ﬁrEOXmé§ 198 e PrmaPAPi Y1 - suitable
ayer
for the growth of GaN, such as sapphire, SiC, ZnO, and other

alternatives with thickness of about 200 pm to 500 pm. Layer
20, the low temperature buffer which is about 20 nm to 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 107 em™ to 9 x 10*® cm™, or Mg doped GaN

to a concentration of 5 x 107 cm™ to 3 x 10%° cm™3, and its

thickness ranges from 1 um 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. Layer 90, the 10 nm
to 1000 nm thick cap, can also be AlGaN.

[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) partially



80 is another InyGai-yN barrier typically simlar to
| ayer 50. Layer 90 is a p-GN or p-1nGaN cap grown at

w0 esvpro@sures in the range of between 700 0C ardir/ddfi0s/000099
OC. [0036] In Figure 3, layer 10 may be any nateri al
suitable for the gromh of GaN, such as sapphire, SiC,
ZnO, and other alternatives with thickness of about
200 mMmto 500 nm . Layer 20, the | ow tenperature

relifder MO eBnbsca8RYE 20 FHR A 0pdB0eBM tdHeCkinCan ale3Q and
be a nmulti-layered Al GaN GaN buffer. Layer 30 can be

banyiegopdd iGaNe laxagiioopdd Cmpies sl orideimatfyn pegult in
a é;%@ecm itfq:g ¥h 1%0 in%é'cé\(g:éj.()p %EPOI@ of the

oncentration of 5 X 1017 cm3 to 3 x 1020 cm 3 , and
conigre ddiivek nestsraangesahr omllsorm ¢mhdficem theaydmGEN caphase

be GaN, I n&GN qr Al N own at t t t s
SRR AE AR LOF AR Vi | RARERYE St iR e o o kR ide
Serli@ o .NNkedaysrs 58 andogl)camhdra-yGaNihnsirgath ofompressive

InGaN. Layer 90, the 10 nmto 1000 nmthick cap, can
strgigo @ AuEPNeSEoGEE Inkel R8st 68P8FatheN-ayer 40 in

Roddhe 3plsS | r : e t Lhescance low-

O A out e ng “bdund By ny Themt3” of e e Tov
temiprrertuiren, (LT iGaN Heyght tlwatert P |iow Risgpes ad ureoGadl help

| ayer_ (layer, 40 in Eigure 3 artiallyrelaxes th
kee@onﬁheessiwl_éjt%gn Héf%élé% _t%te&isrfeal\‘i’%qt} a%%fn%ar%%r?. the
crabNihid ebaxatuan EEe@:QB"_BbQ$SIM€ il Bugdaceesidt lan Bonger
_ phase shift in the |um nescence. Relaxation of the _
timepnpthessibre ingnaas icwn s ol hinih cn e P At phgakch will

SRS L PR B P U e

[c039]essh veeshpdi faangsoppngss theitaGiNghtasmitting LED
e PSR 90 H O e sl s lvely (ol SHlage of A1) e
destqult el Jseep the inpinging indium atons, which cone

[B%%@frm%irst, a low 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 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 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 subsequent growth of QDs.

[0042] 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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cracking of TMn precursor, on the surface for a
| onger tinme, thereby increasing the indium

w0 peonpasat i on which will also result in phasepchsGriosgooos9
of the | um nescence. [0039] A nethod for growing a
white light-emtting LED according to a preferred
enbodi nent of the invention wll be described bel ow.
[0040] First, a |low tenperature buffer and then a high

whfﬁgwﬁﬁ@tuée2nvﬁyEﬁlgﬁNuhaﬁﬁéda%%ﬁywﬁﬂN(%6§ #i S#PPHEESn on
substrate h the latter performed usually at about

thel026 OB . tlThektéﬁ‘iierbaIfuﬁeef |say1@m Tower@abtd abemperaoures

0C to0,800 C to grow the GaN o pGaN barrier |ayer
arq opsfPefmpér atlire grdwd VBGF Fert | %0 n%edé&sﬁﬁéﬁlf’ﬁéy'ar%or the

Gaﬁ”5W$E§% Qn&aﬂﬁbkrfa§épStQ§E§r E%Q4Hrdwﬂﬁﬂbﬂ'Eh@r@ﬁﬁhbulk

arrier layer, an appropriate anount of TMn or
lawsither thedi gnoot garemgeddtiurer gasr sbowgsydi Sidwrow@@ about
nto the reaction chamber in the fpresence of anmoni a
a

7009 Himo8t B oy GrRTNARP AT Rt & fata ¢ RaN 4L IGHN { Qagrier
an&ﬁ%sh?nbﬁﬁaueqqrﬂfﬂésfﬁhl&?n%égfen§e§qs é”IﬁéEN barrier

equent growt h a preferred
is edoxli ieant Ofiat héni hkenwedh,. odd twhi ttdhe EXrovetsh grdwphe GaN

or YD 00 (0001}, £3p00L L ibPLL S0, HOUD YRS snaium

cor{ttdritBidw, |TMMd”Wa§”EﬂdW$ﬁ(ﬁﬁﬁﬂﬁﬂéﬂoﬁﬁ PIREUr $8F $ing from
For thiswhite LED, a mm t hi ck undoped bul k GaN was-

2 49 ri:,tsegﬁcmﬁ Ot tth et 15 %4 hf E&v GaINL Bee@rofhyefhighprocess
is gfé)f\é &' aLuigs L‘R{I%a 3%1%9& §Onggg%n% :ELQSO&eaB(?é: seeds
y buffe

respec |ve , for the r an al K ayer. After
fort hehgr gwbltaf dfhelfBdW bQDk |vaydr , véaheigyowtibes and indium
erature was | owered down, to about 700 OC 5

te 0C \
comps itHeepos! 1¢ oAU HF L adBARELPR | FEENPSarta e hntPhnforming
thd n@MNMel] e 1AM cad gid11 ek hekdd@N Darsb&it 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 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

[0044] 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 1is formed on the
p-type semiconductor, and a second electrode is formed on a
section of the Si doped GaN layer.

[0045] Different organometallic materials can be used for

doping different structures of the invention.
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is less than that in the well. After the growth of the
&GN or InGN barrier, and prior to the gromh of high

w0 pebsam4sont ent well, TMn was flowed for a sheet/sCroEp00099
varying from2 to 5 seconds with the TMza fl ow
switched off. This process is referred to as In burst.
Such a burst will create seeds for the growh of InGN
CLB MAth varying sizes and indium conpositions. The

StoiH a1 & RAN g neariigd (ce,mE9r BhAInEhessgeds pBoduce
each Iayer The “wel | thlckness wasS about 3 nm The

Mg-gtamstch @3N GaN, bdiori examie, | nldngst 3 and tlﬁe/elrn&r\mveﬂgure

were e ated hr re ti [ Q04 e.ln
gt o T T
exdhfl secotids poeddpimquir Qaysdre. H®uEwere ar CaBso be used

seconds are preferred for the In

as g &ohaitie §9%¢ 38R Sof %é%ﬂg%ﬁ@ﬁ&# :Gé‘ . ﬁaﬁ daver 3.

undris kgasptibap rl1QPeMPld N Hirdiod ifedt) used four
urst. The well Fhlckness can be about 1-10 nm

quasytefne rveebl thwmmﬂj rrdéQW?J‘f%lfer%ﬂbeamé‘aPrBaﬁ‘m number of
qua[nOch}nA']wérfJ? st?ugkgge%e%ﬁr%ur é\@ doe,% c@@ﬁ}%&er Mes, 60
he top o 4

rown on our “periods of |nx
qua'Fi’tﬂmcarerJlJersigzasthaSed—&aancbd\l usass:pectPnefeyrilmlytheto 30 are
gromh of GaN and InGaN. Finally, a first electrode is
US§%rmed on the p-type semi conductor, and a second

@oastyr oden i S HOr MRFEe QP &n Se@z@i‘eontl@{ckrh@s@ oFopesle GalN,Ga-_xN
Iayer [0045] Different organonetalllc material s can

quamc,tunrseﬂeibr lawprrngsmnm cflepit rapgactafr € Dftehd0 nm and is
preb Vr%rﬂat &Prh %os Qrpen l t%qgakﬁ'&%n%?o%me(% %’Q ﬁ Barrler

e used to pro uce 6ped rexanp
lay®rcdrayes 8ni heéi gangelof etoh)ﬂo mnncar(dDEJZﬂ)pcaﬁerably 5

al so be used to provide, th
to |3 efmg | Ig I%n@rﬁgﬁrﬁ?goeﬁé g%’@a 55 of otgﬁignjcn ion, the
]kh@éﬁﬂﬁl%uah@u%o%gi§'1g9@9dh§§“b'mak@¥@rc§mp051tlon than the
In,Ga;-yN barrier layer such that 1 > x >y >0 or y = O.

[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 1is from 400 nm to 750 nm, which covers the primary
colors of blue, green and red. As a result, the diode
produces white light.

[0049] That 1is, 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 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 1is
thus cheaper, more convenient to fabricate, more stable and

has a longer lifetime.
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[0046] The exanple of the preferred enbodi nent used
four quantum wel | structures. However, any appropriate
wootbao146f quant um wel | structures can be usedpCT/SG2005/000099
Practically, 1 to 60 quantum well structures can be
used. Preferably 1 to 30 are used. [0047] In the
i nvention, the thickness of the |InxGi _xN quantum wel |
layer is in the range of 0.5 to 20 nmand is
ooy abhy 3 tesk@tnmehédhentbhekpassrabrkhelkbayGadviNtages
barrier layer can be in the range of 2 to 60 nmand is
Ovey eftdtablGPTY 4 IMaIm At a ePiéfdNPed dENB&§Sment'hdFh  have
- [ Is I X a 41 e a
e Lot han e Ty oK barerer T ayer Y be
obtaigied Hay tombininy s@veral deicef0048byFicglipe gonversion
shows the photal um nescence spectr of .a_white LED, ...
USRS e RECBRRCRG (o B pral Br iRt entialfl iRy O ioRe Stilizes
qudrimant dels Fbgurd fZeskows &i wayeltengihelangs fiferent color
~emssion that is from400 nmto 750 nm which covers_,
lighHes pehatr GOBBEBES OBf Bl B9 He eBR1BNG T etiieldl swhite light.

ThéesfﬁiﬁnﬁfﬁhdiQggr@fgggceéffgfée EBQ&ECtEQP§9] g@@ﬁciency,
Is, the inventive diode can radiate white [1ght
Llumiangg ingy farain laboutost00 nmto 750 nm by adj usting the
rst_paraneters such as the unt of . .
(el SorB T i RBRRr SR o Cadd G e Shipopd: de the art
thalthey ¥ d6s Lkl 1 adiad @sn Ve vd8dt Pynd t sghfrandadeesn the

_not require the conbination of separate LEDs or,
liguikbremaretyl dhspley| fedirenusing whiale Jigitt -writsiaf the

. r €SC erj T ' nti.ye 1 ED.i.S
£f th
indd G ORILL I SULL e THE, ERUEDLHNC L JiiSiare g e
inveast isorl .onQRasl i fiet | ie. [(0@B0HeA stlaat eshlet ,intention covers
invention offers clear advantages over

the . .
th%xﬁﬁ@ﬁf+%ﬁ%}o%§ta8ﬁiW?Fﬁ@taEV?cégi bt £ hLRESRE PR gPEovided
th&M L4hd 9w EERL KT $h80skRBE Wi @ d | ekt 0N ¥iR€ and their

equivalents.

j\)]

P
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obt ai ned by conbi ning several devices or by col or
conversion using a phosphor. In contrast, the

WO pwenbdisen utilizes quantum dots of different BCESG2008000099
yield different color lights that conbine on a single
chip to yield white Iight. The invention therefore
of fers conpact ness, efficiency, lumnosity and | ow
cost. [0051] It will be apparent to those skilled in

whalthg saich alibdl 4ari ous nodifications and variations can
—Pbemade rmthe 1iquid crystal display device using

dual light units of the invention w thout departing

f th of th : '
Bended FRAFCAIIF R, BE:SinEogs L nERBELFIESE ons ©

and var hatudBs rafet;hi s i nvention provided they cone
within the scope of the ag pended cl ai ns_and tEeir

equi val &nt SUPRSE | 52 X85 ed . oyer AthfiguppgRate, the

buf?@rt iR ARy CARRHe NGt A SUstdrat& e Wl a second
| 'ayer fornmed over the substrate, the buffer |ayer

sedféiong d|V|ded into a first section and a second

secti on; east e m T
compr P WA A ety AR VAN SEEHELUEE, camprising o
In.bh] @yeInjdigt rencogpaases | nNeld/Bendiien ri cblnagem that

guant um dot s forned qver the first section of. th

encealp@élseﬁaf&N ang_ {AcE W Con Gt AG7 BTGt rheformed

ove%tth%a§Er9@es@%@@bﬁ”b%ekhesbﬁEQEHr@ayérf'rSt el ectrode
formed over the p-type sem conductor; and a second

el ect rode Horymel oeddicandnessr a£pmad 0AVEE tHe s@onkeast
oneS%%gh okeﬁﬁesggﬁ %Grl§yer
a first electrode formed over the p-type
semiconductor; and
a second electrode formed over at least a portion

of the second section of the buffer layer.

2. The diode of claim 1, wherein the quantum 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 TMIn, TEIn or EDMIn with TMG
and ammonia at a second flow rate to make the nuclei grow

and be capped in the quantum wells.

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

about 1 to 30 of the gquantum well structures.

4, The diode of claim 1, wherein a thickness of the
InyGa;-xN quantum 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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2 . The diode of claim1l , wherein the quantum dots

are fornmed by first flowing at | east one of TMn, TElIn
woeroEDM4s2 at a first flow rate and a first tineCt/eGi05/m00099

nuclei, and then flowing at | east one of TMn, TEIn or

EDM n with TMG and ammonia at a second flowrate to

make the nuclei grow and be capped in the quantum

wells. 3 . The diode of claiml1l , wherein there are

betsveen @howi cid @ 3@ 1efint N QuaHaIM IBl> yStor Wwat y=es.

4 . The diode of claiml1l , wherein a thickness of the

I nxGai _xN quantum wel | layer is about 1 to 10 nmand a
t higckness nyGai ; ugnt {Illerthgayﬁgbétsr £
abo6ﬁt 5 trgﬂéohq%d% .o%hgx %@dg‘ o%?ﬁ%m 1, wherein ate is

sapgphdne0 i y20.2r®.. The diode of claim1 , wherein the
substrate is sapphire, SiC or ZnO 7 . The di ode of
claim1 , wherein at |east one of biscyclopentadienyl

magﬁesi uRe dugbB¥! &f Nelelinsi L Anerd e iusedraslglopantche of
. The diode of claim1l , wherein the diode enmts
blaqmonwteadfwgfel ofagRBEiU@e0 MRty 7561RMm @r . sglane are

us<SHay Wy éygq_l structure that emts white [ight, which
conpri ses an | nxGai-xN quantum wel | |ayer;

| nd| umrich | nGaN quant um dots enbedded in the

i gt vell L on, A AN e Ve

11@/@3 lid %vecrangleo o fTR®ctanioeMine o FtsiuekUr € of cl aim?7
wherein the quantum dots are formed by first flow ng

at | east one.of TMn TEIn or EDMn at a first flow
ra%ﬁ anQ\aq&éﬁéﬁmthgﬁlt%tructure that emits white 1light,

which comprises:

an InyGa;-xN quantum well layer;

indium-rich InGaN -quantum dots embedded in the InyGa;-xN
quantum well layer; and

an InyGa;-,N quantum barrier layer over the quantum dots

and the quantum well layer.

10. The quantum well structure of claim 7, wherein the
quantum 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 TMIn, TEIn or
EDMIn with TMG and ammonia at a second flow rate to make the

nuclei grow and be capped in the quantum wells.

11. The quantum well structure of claim 7, wherein a
thickness of the In,Ga;-xN quantum well layer is about 1 to 10
nm and a thickness of the InyGa;-yN quantum barrier layer 1is

about 5 to 30 nm.
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formnuclei, and then flow ng at | east one of TMn,
TEIn or EDMn with TMG and ammoni a at a second fl ow
Wwo ad0e/1baszrake t he nucl ei grow and be capped i nP¢18G2005/000099
quantum wel I's. 11. The quantum wel| structure of claim
7 , wherein a thickness of the InxGai-xN quantum wel |
| ayer is about 1 to 10 nmand a thickness of the
I nyGai -yN quantum barrier layer is about 5 to 30

nmi2. T quaRhsmnelit]l st rdctubdtund elfai s1dim wher @herein

| >x>y>0 or 0. 13. A process for formng white-Iight
1>>é?£f>t(¥|chlg Yﬁ%d conprising: providing a substrate;

formng a buf f er | ayer forned over the substrate, the

buffer |ayer being divided into a first section and a

sechd Begticagss of o noamihgasthioree ldugnit uemineting diode,

structure conprising a InxGai-xNIn yGi-yN quantum
CompEtSHFTier bilayer that enconpasses |nN and

i ndi um rg v 1 RN Huaissurdaed;s, formed over the first
section of the buffer layer; formng a p-ty
semi condtREBINGvar PREECHT Lp¥SSt fd??é“e(ﬂja?ﬂ'%ﬁn RE?I substrate,

thSt bHEEULE: f 5§?§bf85§£d§&eqHﬁQgQa0¥§EsEh%é%ﬁﬂ§¢ and a
r, an 0

sem conduct rmng a second el ectrode over at
sedaadtsectpiorii on of the second section of the buffer

| ayer. 4 The progcess of . claim 13 erein t
quant um SIS 6 Ror miGo5) 1 R8Ss: BT {1 Bt hg SETUCtuTe

com@@isd i refeaof Trlkn. NTEhGHL. EDNLAn&UmA WéIBib{toMer abglayer
and a first time to form nucl el; and flow ng at | east
thaghe eHCOTRRSSSPEl ANBr OV ANGLER-TiEh InGaN ™ quantum dots,

formed over the first section of the buffer layer:
forming a p-type semiconductor over the at least
one quantum well structure;
forming a first electrode over the p-type
semiconductor; and
forming a second electrode over at least a portion

of the second section of the buffer layer.

14. The process of claim 13, wherein the quantum 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; and

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 quantum 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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and anmonia at a second flow rate to nmake the nucl ei

grow and be capped in the quantumwel I s. 15. The
we@r@cassspf claim 14, wherein different flow redESGEN5/000099

TMn, TEIn or EDM n produce quantumwel I s of different

sizes. 16. The diode of claim 13, wherein there are

bet ween about 1 to 30 of the quantum well structures.

17. The di ode of claim 13, wherein a thickness of the

| NxTAi - xtheudhbdm wel | clairer 1Bs atheuteib ttthdifk narantexween

t hj ckness_of the InyGai-yN ntum barrier layer is
ab%‘b‘buf 'Sot%)(?%é n'i('eﬁ]el LR BFERF T3, wherei n

| >xpy>0 Phe YaPode18s Thaidi ade Qfh&dBimMm 43t hWORAEEY of the

the substrate is sapphire, Si C or ZnO. 20. The di ode

Ingfaieiai AHBLUBheYel h dtavedast sonebepscykl digentfdiepyland a
th TBANES W AEYIcZ! RE Rlanth@B8 318 rU58¢e3s 14083 LE 5 to

30 nm.

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

19. The diode of claim 13, wherein the substrate is

sapphire, SiC or ZnO.

20. The diode of claim 13, wherein at least one
biscyclopentadienyl magnesium, diethyl =zinc or silane are

used as dopants.
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