DESCRI PTI ON GROUP |11 N TRIDE WHI TE LI GHT MJTI NG DI ODE Technical Field
[ 0001] The invention relates to optoel ectronic devices and fabrication

5nmet hods WO 20088038871 ces, particularly to white |ight enmPCTIIRZPIGIBIAHS.
Background Art [0002] Light emtting diodes (LEDs) are widely used in
optical displays, traffic lights, data storage, comrunications,

i1 lum nations and nedi cal applications. Current applications of white LEDs

i nclude instrument 10 panels of notor vehicles and |liquid crystal display
(LCD) backlighting. An inmportant goal for white LEDs is to increase the
luminosity level to allow repl aceﬂ’@ﬁcmlﬂmmmscent | anps, because LEDs

are small er, have_higher _efficiency, a about a 50 tines_longer life
Span. compar ed | RGBS SRR WERIRLRS Bl Baabr Pest DiOBEa i t e
LEDs are us&ally,faﬁrl, ated according to two nethods. In one nethod, three
separate LE Qﬂhﬁﬁa Fieldncl osed in a si ngl e LED body where a red chip, a

bl ue- green i a.bl ue. chi onbi ne em ssions to.yield j t.e |.ight.

Anot hor v dd0PORE ekheinvRicn TRl e Mt GReEoPRDSeTides: mad JabHgatiod ng o
hi gh-bri ght bl ye or 20 GaN- based .LED chi p.t hat  has. hbeen,.ceated with

f1 uordscent rﬂﬁﬁ@rq%a‘?#}/le Hcea%p&ﬁ%‘blﬁﬁystoawgltSH%ieén g digfieS-se of the
fl uorescent ]gateri al %Xroduces reliability problens and energy | osses from
t he conversi %01681"{5{}‘ rﬁl ue photons to yell ow or | onger-wavel ength

protons. 3 Gorh EiBRCAARIAG, o3Bs EFRITBeE A hob i PRREFUeyo0s)
conventi onaly.gippr Hgﬁ{é, tfut rs?&é%%?%oﬁﬂhﬁﬁiéaitﬂ)%; ﬂﬁ&tiﬁé}gons and medical
applications. Cuurrent applications of white LEDs include‘ instrument’

10 panels of motor vehicles and liquid crystal display (LCD) backlighting. .
An importaht goal for white LEDs is to increase thel luminosity level to
allow replacément of incandescent lamps, because LEDs are smaller,
have higher efficiency, and have. about a 50 times longer life span,
conipqred to conventional light bulbs.

15 [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. Ancﬁ:her widely used method of
producing white LEDs entails using a single high—bright blue or UV

20 'GaN—based LED chip that has been coated with fluorescent materials,
such as phosphors and organic dyes. The use of 'the fluorescent
material introduces reliability problems and energy losses from the
conversion of UV or blue photons to yellow or longer-wavelength
photons. Also, the packaging step becomes critical for producing

25 consistency in the color characteristic and quality of the LED.

[0004] A conventional approach to producing white light-emitting



di odes has been explored by Chen et al. (U S. Patent 6,163,038). This
patent describes a white LED and a nethod of fabricating the white LED that
can radi WO 20#8/a3844171i ght itsel f by possessing at |east tROTIREOGFINENAgaps
in the structure of the LED. However, this technology only 5 uses Miltiple
Quantum Wl ls (MW to get the white emission. Chen et al. only nmentions
growing the MM emtting light with different colors by adjusting growh
paranmeters, not specifying howto achieve it. Chen et al. fails to produce

Gron ot ai - HeserBas BoRL ekporeaf EhenPons sUiS Batsat ol 63,088 ot Thiar al
oo a opeci Bl yAcEbsSna it oL ani8 Tpfiod syotabcatines By VRS 5 base.
poosed by ATl WSVl BNTRBRAL o stie
B i A e AL I
olofI sw;]nbeddlé‘ggus M‘QABF%‘%W W‘?Cﬂé |@§@@%ﬁ r%@h‘%/l\}’vhﬂgn%ﬁ}#% s (V)
(TEImy and Gore & alpFonlyo Berllorsd erbiviEE "ild MOKTS! dafifitng Tt Witoovp

growt h, and eagﬁg% from
480 nmto SP%HE@%%#BP?e ano @W?@f‘%ﬂfgﬁ biflgggﬁ%r ﬁ%&ﬁﬁwag?oecur sors
are i nportagthidvet rit. 9qChéM9 et hgl T ton ISl ronzfn u m
25dots (QDs), aéglearlg %élguggeﬁhegtéﬁl (lt)ﬂlspg(}d%erﬁsmm Vg%de%ﬁﬁl.gq'rﬁgéynet hod
can be used chatinhbaslgr @M all Be a5éib¥erd @ee.r ' t 40 i ght
emtting di c():desm( LE,SDlg’) . m%gr . ?ﬁ?slb%/egf:h ol ozgﬁ tai:gl’ ;@}e%n%r%dﬁrgégey di ode
t hatl Ogener auses whiifiglel LB S}é'?hﬂ-dﬁrddlﬁ:ﬁtligmﬂ plesalPpdAR0st e gt /50 NM
However, the technol ogy of ua et al. only covered the Tesser wavel ength
range of 488vhicht are>¥emrecanbireelil dThas, $ds usestarydenensd & WpkkHid | ght .

[ 0006] Accordingly, nodern sem conductor and display technol ogy requires
new whi te | vghvelemgthtofiigldi (edes370at500 andas)scive aoaHiasect , have high

| umi nosity and col or rendering properties, and have the necessary '
reliability[0@0EsAatdlatet appeciuailogyfos peddusingigittansed TcEDsflels been
illumnpation . » ‘ !

proposed by Chua et al. (U.S. Patent 6,645,885), which pertains to

15 forming indium nitride (InN) and indium gallium nitride ‘(I'nGaN)
quantum dots grown by metal-organic vapor f)hase epitaxy:  This
patent describes indium nitride (InN) and indium-rich indium gallium
nitride (InGaN) quantum dots embedded in single.and multipie InxGal-
xN/InyGal-yN quantum .Wélls (QWs) formed 1by using at least one of -

20 '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 quantum

25 dots (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



10and liquid crystal display devices. D sclosure of Invention [0007]
Accordingly, the invention is ained to producing a white light-emtting

di ode (LB®P 2008435€i@bst anti ally obvi ates one or nore prolPCEIB2096/319826
limtations and di sadvantages of the related art. 15[0008] An object of the
invention is to provide an LED that incorporates all visible em ssions into
one chip. [0009] According to one aspect of the present invention, a
white-light emtting di ode conprises an n-type sem conductor |ayer, one or
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[0006] Accordingly, modern semiconductor and display technology
requires new white light-emitting diodes that are easy to construct, have
high luminosity and cdlér renderiné properties, and have ;che necessary
reliability to establish applications such as light s‘ources for illumination -

10 and liquid érystal display devices.

Discloéure of Invention
[0007] Accdrdingly, the invention is aimed to producing a white light-
emitting diode (LED) that subs‘tanfially obviates one or more problems
due to 1irﬁitations and disadvantagés of the related art.

| 15 -[0008] An object of the invention is to provide an LED that
incorporates alll visible emissions into one chip.
[0009] Accordiﬁg to one aspect of the present invention, a white-light
emitting diode cofnprises an n-type semiconductor layer, one or more
quantum well structures, a p-type semiconductor layer, a first electrode;

20 and a second electrode. Each quantum well structure comprises an
In,Ga; N quantﬁm well layer and an In/Ga;,N barrier layer, where
x>0.3 or x=0.3, and x>y, and encompasses In,Ga;,N quantum dots
where x<z<l1. The quantum well structures are formed over the n-type
semiconductor layer. The p-type semiconductor layer is formed over

25 the quantum well structures. The first electrode is formed over the p-

type semiconductor. The second electrode is formed over at least a



portion of a surface of the n-type sem conductor |ayer. [0010] According to
anot her aspect of the present invention, a white-light emtting diode
conpri seswanoes/3ypEe sem conductor | ayer, one or nore qURETUR20AEB19396
structures, a p-type sem conductor layer, a first electrode and a second

el ectrode. Each quantum wel | structure conprises an InxGi, N quantum wel |

| ayer and an InyGai.yN barrier |ayer, where x>y, and enconpasses

InzGi ., I N quantum dots, where x<z<l. The well layer In.Gi.xN contains
p-type dopant.  The quantum wel| structures aje foyned over the n-type
seni conduct dertiewy ef a sugta therytwa s %IFIaIY%—er is forned over the
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silane is use opants. A ligh tting diode emits light in a range of

about 400 nmiRuA%S. NMhe ANt@E&rodd Reforgfedbveette p-ayps ssmisondgutot.ant for
t he em ssion range extension to the |onger wavel ength.” Wth higher x in

I nxGai . "N qua{ sevonel letipde is Eofned overay Rlaghgtgortishefidssiidacoofdie
wavel ength. When x is equal to or nore than 0.3, range of the em ssion

spectrumfr@m}gjﬁmmmtaﬂayeﬁxtends to 600 nmor |onger. Incorporation
of Zn or Zn and Si. into the In"Gai.xN 10quantum wel |l layer is inportant for

the increasq0011] e ¢ sHode aeeeding to the above aspects, the In,GaixN

15 quantum well layer contains p-type dopant and n-type dopaht, and
x>0.3 or x=0.3. Each quanttim well structﬁre has a continuous
émission spect;'lgm ranging from 420nm to 750nm.  The quantum dots
are formed by first flowing at least one of TMIn,. TEIn or EDMIn at a
first flow rate and a first 'tir.ne to form nuclei, and then flowing at least -

20 one of TMIn, TEIn or EDMIn with TMG and ammonia at a second flow
rate to make the‘nuc'lei' grow and I)e capped in the quantum well layer.
The number of the quantum well structures is between about 1 to 30.
A thickness of the In,Ga; ;N 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.

25 The relationship, 1>x>y>0 or y=0, can be satisfied. The n-type

semiconductor layer is formed on a substrate and the substrate is made



fromthe MQNstructure, especially for |onger wavel ength range. [0012]
According to still another aspect of the present invention, a quantum well
st ni ct ur evORas/8M4rs white |ight. The quantum wel | stru@Clde200608BIEes: an
In"Gai, N quantumwel | layer; indiumrich 15 InGN quantum dots enbedded in
the InxGai."N quantumwel | | ayer, where x>0.3 or x=0.3; and an InyGai.yN
quantum barrier |ayer over the quantumdots and the quantumwel | | ayer.

[ 0013] According to still another aspect of the present invention, a
quantum wel | structure that emts white light. The quantumwell 20
structure c®fpronrgesofinsapridie, xNiGuatalin wedl Zaer ;| Afdileastriane | akaN
quant um dot s .enbedded- i p the I nxGaj.xN quantum yel | |ayer, aﬁg an lnyGi.yN
guant um bar rhl&&yqlap@ﬁtadmyltﬁ@%mmd&mkl n lﬁﬂé’lq@bﬁﬁ UREEN) er. The

indiumrich [nGN quantum dots ar oped with p:type dopant 25[0014] In the
above aspectSslangs uSﬁ%@ﬂnéﬁEﬁwﬁm &ﬁgﬁt syuiting diggsbemifs bt ¥ p&aa8Bant .
The I nGaN quant.um | ayer .js, doped . w.th p-type .. dopant n-type
dopant. The ﬁﬁmﬂhblmmsm chsﬁh i sl om‘ﬁ%ﬁ)%?t’ém © IWSﬂ?ldaé’Sﬁt%H%ousl y
rangies;g from 420 nrp 0 (50 nm .The gquant um dot s a(rsﬁpflor med b fli rst flow ng
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written desctiption an ai ns her eof "as wel'l as the appén aw ngs. 15

[0016] It i%ﬁtﬂ%Mﬁ@aﬁré, eEPinyO§ ohgéﬁ%@%r%%ﬁ%ﬁ edescription

and the foll ow ng _ ed description the~inventiorn are exenplary and
expl anat ory S[OO@Z?%S%M%HE@QG 5911 PaRythede dspebhesf eied!presdntohwintidit a

invention as cla o
quantum well ‘structure that emits white light. The quantum well
, strucmré comprises: an InsGa; N .quantum well layer; indium-rich
| 15 InGaN quantum dots embedded in the In,Ga; N quantum well layer,
where x>0.3 or x=0.3; and an InQGal_yN quantum barrier layer-over the
qﬁantum dots and the quantum well layer.
[0013] According to still another aspect of fhe pi‘esent invention, a
quantum well structure that emits white light. The quantum well -
20 structure comprises an InGa;,N quantum well layer, indium-rich
InGaN quantum dots embedded in the In,Ga; N quantum well layer,
and an In,Ga;yN quantum barrier layer over the quantum dots and the
quantum well layer. The indium-rich InGaN quantum dots are doped
with p-type dopant
25 [0014] In the above aspects, the InGaN quantum well layer is doped
with p-type dopant. The InGaN quantum well layer is dopéd with p-type



Brief Description of Drawings 20[0017] The acconpanyi ng draw ngs, which are
I ncl uded to provide a further understanding of the invention and are

i ncor por WOQR0M3IA constitute a part of this applicati @aT/JIPRI06/3198%At e
enbodi ments of the invention and together with the description serve to
explain the principle of the invention. 25In the drawngs: Fig. 1 shows a
di agram of a white LED having QDs capped by an In"Gai,N well layer, where
x>0.3 or x=0.3, at the active layer in accordance with the invention; Fig.

2 shows a di ra n vveII structur haV|n Q@D cap d,by the
wel | |ayer o@%@d‘ H%;{p ﬂﬁ S FvRIvL g‘ﬁi t@ig. 3
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rate to make the nuclei grow and be capped in the quantum wells. A
thickness of the In,Ga;.xN quantum well layer is about 1 to 10 nm and a
thickness of the Iny,Ga; N quantuh’q barrier layer is about 5 to 30 nm. ,
[0015] Additional features and advaritages of the invention will be set

10 forth in the description which follows, and in part will be apparent from
the déscripﬁon, or may be learned by practice of 1;he invention. .The
objectives and other advantages of the invention will be realized and
attained by the “structure partiéularly pointed out in the written
deséription and claims hereof as well as the appeﬁded drawings.

| 15 - [0016] 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 pr0V1de further explanation of the
invention as clalmed
Brief Description of Drawings

20 [0017] The accompanying drawings, which are included to provide a
further understaﬁdirig 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.

25 In the drawings:
Fig. 1 shows a diagram of a white LED having QDs capped by an



enbodi nents of the invention, exanples of which are illustrated in the
acconpanyi ng drawi ngs. [0019] The invention fabricates a di ode using

epi t axi alwoeaIisgues. The inventive diode utilizes quanPaRIJEINE/3(9Ws) t o
produce 20el ectrol um nescence fromthe PN junction having a broad

conti nuous peak ranging at |east from420 nmto 750 nm [0020] QDs can be
defined as a particle of matter so small that the addition or renoval of an
el ectron changes its properties in some useful may Al ternately, quantum
dots can be viewed as v ry smal I, devic 25i that confine a
smal | numberlnx&@: 58 vl dﬁé!er,owhqr@@c%ﬁécproﬁg ?Lﬁﬁ. § la%ee in

di mensi ons on th order nanoneters. That is, MD 20081035447PCT/J
P2006/ 31 939§xﬁﬁ @ﬁQﬁﬁMﬂ CIRYCREPR; a si ze range from1 r|n1to 200 urn. In

many appl i A ONR hows hYBiagiamof Guadiin  wel (W) Muctute having QD

capped by the well layer doped With,Zn and Si, in accordance with the

5 invention;
Fig. 3 shows the room temperature electroluminescence spectrum of a
white LED in accordance with the invention;
Fig. 4 shows the roorrl temperafure photoluminescence spectrum of a
multi-quantum “well - structure, with® well layer doped with- Zn, in-
10 accordance with the invention; and
Fig. 5 shows the room temperature 'photoluminescénce spectrum of a
multi- quantum structure, with well layer doped with Zn and Si, in
accordance w11:h the 1nvent10n
Best Mode Carrying Out the Invention
| 15 [0018] Reference will now be made in detail to the preferred
embodiments of the invention, examples of whidh are illustrated in the
ar:companying drawings.
[0019] The inverltiqn fabricates a diode using epitaxial techniques.
The inventive diode utiiizes qua:rltum dots (QDs) to produce -
20 electrolummescence from the PN junction having a broad continuous
peak ranging at least from 420 nm to 750 nm.
[0020] QDs 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 be viewed as very small devices,
25 i.e., cage, that confine a small number, as few as one, of free electrons.

QDs typically have dimensions on the order of nanométers. That is,



[ 0021] Using epitaxial growth processes, quantum dots can be grown with
confinenent, in many cases, in all thee dinensions in the surrounding

mat er i al .wOr0s/@3kagr aphi cal |y defined QDs, a quant um welPCTEPWOH/ABSIGE
confining potential along the gromh direction while an electrostatically
I nduced potential barrier provides the lateral confinenent. [0022] The
epitaxial growth of thin films or QDs of nitrides or oxides 10 can be
acconpl i shed using netal organi ¢ chem cal vapor deposition (MOCVD). MOCVD

uses a carrier gas flow containing a dilute mxture o tal corganic
pr ecur sor s. QUHEUFH S04 yealr BAYE SwS4CniBIES %@é’&tﬁmﬁgnégae :&Pe e
ranging from50 Torr to 75Q Tor.r where substrate .t eratures range from
500C to 1208RPHGHINSthe BRIGR) Sl%%ra@%ﬁom ?b\mﬂitf’eqag%mnat erials Anmmoni a
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terrperature?legi%é%glc%ggoc%%%g ?bgg% e opedr- \Ert%' S to get good n-type
conduction. . \\ 20031035447PCT/ J P2006/ 31 9396

[0022] The epitaxial growth of thin films or QDs of nitrides or oxides -

10 can be accdmplished using metalorganic chemical vapor deposition

: (MOCVD). ' MOCVD uses a carrier gas flow éon‘gaining a dilute

mixture of n'letalv organic precursors. The gas mixture flows into a

reactor chamber at pressure rangihg from 50 Torr to 750 Torr where

substrate temperatures range from 500°C to 1200°C for conventional

| 15 : Group' II-V nitride materials. Ammonia (NH;) can be used as the

nitrogen source for a formation of nitrides layeré such as GaN, InGaN

of InN. The 1:e;ctive gases decompose and deposit thin epitgxial layers

of III-V nitride rﬁatgrials (e.g., GaN, AlGaN, InGaN, etc.) from a few
nano-meters to a few micro;meters thick, as required.

20 [0023] Figure 1 is a diagram showing a-white light emitting diode in

accordance with fhe invention.

[0024] Figure 1 shows a substrate 1 which can be sapphire, silicon

carbide (SiC), zinc oxide (ZnO), free-standing GaN or other substrates.

Buffer layer 2 is the GaN buffer layer grown at low temperature, around

25 600°C. An n-type GaN layer 3 is grown at high temperature, around

1000°C. Layer 3 can be doped with Si to get good n-type conduction.



When substrate 1 is free-standing GaN, buffer layer 2 is not needed. Layer
4 is a GN or InGN barrier layer. After the barrier layer 4 is grown,

i ndi um preounesasseiich as TMn is flowed to form a "seedPCraP2wt@198%r nat i on
of indiumrich Qbs 5. This process is referred to as indiumburst. Layer 6
s an InxGai."N quantum wel | | ayer having high indiumnole fraction, where
x>0.3 or x=0.3. Another GaN or InGaN barrier layer 7 is grown over the

| ayer 6. Layer 6 can be doped with p-type dopant such as Zn to get higher
em ssion at | ong wavel engit.h range. To get further higher em ssion, Layer 6
can be dopedWhen substrate-1t ispfreecstanging GaM, hufippdayepanis npt tnf«ﬁae@opant
can be Zn, and n-type dopant _can_be Si. Layer 8 |s p-type. | ayer grown
at around 1b@yer doised honinGady barmerclayese é\éﬁfp@lq é@’b@%ﬁ}’@%’ 4iown at a
tenperature range, from 650C to 850C. This, | owtenperature grown,p-l nGaN

| ayer is pr&f@wAbirdivm paseltsae suphsas dMImitAawsd o fprmne "Rese 150
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comppunds canLBft YiGh-8v W HYpaht. PLPhe Wdp&ht can be Zn, and n-type dopant

can be‘ Si. Layer 8 is p-type GaN layer grown at aréaund 1000°C doped -

with Mg. Layer 8 can be p-type InGaN layer grown at a temperature
range from 65(')°~C'tc'> 850°C. This low—tempeljatllre grown p-InGaN
layer is preférable in case the emission intehsity from the MQW
| 15  structure is sensitive to the thermal history after formation of the MQW
structure. The first electrode 9a is formed on the top of the layer 8. A
second electroclle; 9b is formed over the layer 3. .
[0025] In Figure )1, p-type layer 8 and n-type layer 3 can be switched,
with electrode 9a and 9b being switched.

20 [0026] The relatively rough surface of the low temperature (LT) GaN or
InGaN barrier léyer'(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 incorporation, which will also result in the red shift in the

25 emission.

[0027] Although trimethyl indium (TMIn) is frequently used as the



[0028] In the invention, indiumrich Qs are formed and capped in 5

111, &l. . N&N or In.Gi.,,NanyGi _yN single or nultiple quantum well s,

whi ch norwel2bgs/sf4r | ong wavel ength |ight (yell ow and r @@XJPXiee309B% ar e

i nduced by flowwng TMn (trinmethyl indiunm or other indiumprecursors
acting as nuclei. The white em ssion can be obtained by varying the

wavel ength and the intensity of the em ssion distribution. 10 This can be
achi eved by adjusting the condition of QD induction step, such as
tenperature, reactor pressure, TMn partjal pressure and duration of TiViIn
flow duri ngpm@lmﬁaiqrﬁ%m umm@@ngwlfégﬁonmmwbwﬁ&w AY the
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t he quantum are cappe S 1 nportant for

the jgont r ol Tofis @AhSISé ABhicdvied éa@ﬁs}ti ﬂPé%éﬁHftFoxPBfweierifétﬁﬂl éﬂ\%grgrowt h

of the quantum wel| makes higher em ssion power from guant um

structure wsihtht he fmberafuROReRkd? Preisite, t TRIRE! ;baﬂti%ye{arés@ﬁr@eaﬁa?asur ed
by XRD (X-Ray Diffraction), SEYS (Secondary |l on Mass Spectronetry) or

El ectron Endugaid®ssf It 6%t darinpEltiR - indh@n bhestDsTlikealkapegd wéth the
quantum wel | 10 grown at such TMn partial pressure that makes In

conposi t i onashivetrbyCatjushirpuiet epttawhl peowel phearfle@roofnhe evélagyd, 3, the
em ssion at |onger wave length is dramatically enhanced especially in the
range from S0¢h ws temnp&@ture) rédqbepréddune PATH phrtinlepmss@re?!ihé neartiak

cappi ng of the QDs nmakes higher resultant In conposition of the Qs. Figure
3 1335shows ptessurebiifhregarometalhieqprecurdorte (IMInhTEEn IEEBMEDednd al | y
illustrated in Figure 1. In this case, three periods of multiple quantum
vel | (MW duratiomr ef wiee elnfbalye djdfantumhewellt igrewithy er ByTheanyang i the
pressure of ‘TMn and TM& is 1.9Pa and 1.1 Pa, respectively, during the
growt h of qparametens| OBs afearping pedivnu sontent iandsize gane dwi de

[0029] Two considerations are of interest when forming Iﬁdium rich
QDs. First, the amount of TMIn acting as nuéleus and the duration of.
20 ‘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 QDs have
very high luminescence efficiency at room temperature. Second, the
subsequent flows of TMIn, TMGa and ammonia are also very important
25 for the formation of QDs and the quantum well with the QDs capped in
it. Usually, the quantum well growth should be conducted with a high

10



20 range from 420nmto 750nm Another growh condition with TMn parti al
pressure of 1.1Pa and TMz partial pressure of 1.1Pa during the growth of
guant um WEDI2808/088448] so tried. In this case, the spectruRCTARYOs/3fMWHM 450nm
to 580nm Higher TMEn partial pressure during the quantumwell growth is
effective for the em ssion enhancenent of 25l onger wavel ength. [0031]
Figure 2 shows anot her preferred enbodi nent of the invention. The diagram
shows schematic structure around a quantumwel |l |ayer. To conplete LED, at
| east el ectrodes will be needed, in accordance with the structure
iI'lustrat eqoarhatpmasare 0f@mpmeh Figure 2, Iayer 10 is a substrate, which

(o G e L
P bt i sl LT
toy800 C. A@%Rﬂe)éb E%? %'ﬁbaﬁi{(f;’ %gpn%ofnpﬁg%ﬁ#@%ﬁfl%épwlﬁ o%d usi ng
| ayes 70, 6 rli@vn%e Sorclryef feutiafh Proll Kl RghkE chiisiieh=c
Péﬁfge@zsle?’ é?evr%t ?ﬂ@g%srﬂu%@%@ fudiRnd Htepae F;E&I‘h SpfpesnsamRnt o
torpor at ur o0 i vl Ry sy Bg ahBiSied gfggpcﬁﬁg%@wr[”roggg?b Thfgure 2,
;E?EEL ZE: %f%%@ SORRGT %Ségéglnﬁﬁ%%@’%ﬁ@ 200t P At QrBﬁfé’f%EsL%ﬁﬂ "

t enper at ur efSBgW e\?\ﬁ?p s aboutrp% Qr? e?%%‘%ﬂ‘t”ﬂ%fe can tgFIss‘c))dege a

mul EQ ! ayer C%B%lg%g%?\? eséu% ehaB@nsless be composiednGN{

Si - doped Ga oncent ration of the layer ranges from 2

1017 o i iy el D oo snyebem Spbe it 151
can be GaN. 1dfd&Nyave length is dramatlcally enhanced especially in the range
from 500nm to 750nm. Higher TMIn partial pressure during the capping
of the QDs makes higher resultant In composition of the QDs. Figure 3
| 15 -shows ’electroluminescence spectrum from the WhiteyLED schematically
111ustrated in Flgure 1. In this case, three perlods of multiple quantum
well (MQW) structure was employed for the active layer. The partial
pressure of TMIn and TMGa is 1.9Pa and 1.1Pa, respectively, during the
growth of quantum wells.. The EL spectrum continuously covers a wide -
20 range from 420nm to 750nm. Another growth condition with TMIn
partial pressure of 1.1Pa and TMGa partial pressure of 1.1Pa during the |
growth of quantum wells was also tried. In this case, the spectrum
ranges from 450nm to 580nm. Higher TMIn partial pressure during the
quantum well growth is effective for the emission enhancement of
25 longer wavelength.

[0031] Figure 2 shows another preferred embodiment of the invention.
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or AlGN with a thickness of about 5 tun to 30 nm Layers 50 and 80 can be
@GN instead of InGN. Layer 90, the 10 nmto 1000 ntn thick cap, can al so
be Al GaN.wWpQOBABE5430pi ng of Zn to layer 70 is inportant POTIR2O6HA1BIE

| um nescence range. Figure 4 shows photol um nescence spectra from MW

structures illustrated in Figure 2 with different partial pressure of DEZn
during the growth of quantumwell layers. In this case, the em ssion |ayer
consi sts of four periods of MQWand for all well layer growth, parti al

pyessure of R and TIE LD os Kepl 8. 27Fe ol 1 L S IO STRSE ALY
e AT S S
spectra 15 %%M@tlﬁﬁggg&@%]fﬁgéfﬁ?ed ingllii Sureszov\n{stﬁ glt ?fg;neztescence
Four  per oadop2BnEaRUR o vk LR & FaGurdee b 1o e BBBMIRLT Thes,
LT R 0, T 5 R A,
Lgiyﬁr ﬁgulng %&?%mé i h‘%‘%@ﬁ F%ﬁgli go Ee}rﬂ:)eﬁg ﬁe_ "um ne'sceLnéé]e% 1tange. \év\'Nt hout
terrpgrature € g}%\rﬁfﬁygk e%tnd}i\é.ﬁ%r@% %émg{él?;;ﬂ)?%fl g)@ietslai%?é

Combr assi ve St YA RN obul 1O £ RSN ey BRTLASEE Y fn Mol Tnfgageet ' on ©f

Rel axati on QfarfiBe 15980 WRSIIR ¥ ifrafdtabNOr 20081 633445 BT o) 0PRQRBkAL 2396
10 about 700 °C to 800 °C. After the growth of layer 5, indium rich QDs

60 aré formed using indium precursor frow before well layer growth. -
Over the QD's-is formed layer 70, the InyGa;N quantum well where x
is greater than y, and breferabl'y gréater than 0.3. [ Layer 70 is Zn-doped
for ‘thg enhancement of long wavelength emission. Layer 80.is another
| 15 InyGa; N barrier typically similar to layer 50. Layer 90 is a p-GaN or
p-InGaN cap grown at temperatures in the range éf between 700 °C and
1100 °C.
[0033] In Figure‘?_, substrate 10 may be any material suitable for the
growth of GaN, such as. sépphire, SiC, free-standing GaN, ZnO, and -
20 ‘other alternatives with thickness of about 200 pm (micro-meter) to 500
um. 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. Layer 30
can be un-doped GaN, Si-doped GaN, or Mg-doped GaN. Si
concentration of the layer ranges from 2 x 10" cm™ to 9 x 10" cm”.

25 The Mg concentration ranges from 5 x 10" em® to 3 x 10% em™.  Its

thickness ranges from 1 um to 10 um. Layer 40 can be GaN, InGaN

12



can al so enhance the I nGaN phase separation according to Kaprov's (MRS
Internet J Nitride Semicond. Res. 3, 16 (1998)) theory, in which

conpr essiwe 2808/@5437can suppress the I nGaN phase separ at POHJIPROGIPBISThe
relatively rough surface of the lowtenperature (LT) GaN | ayer (layer 40 in
Figure 2) could help keep the inpinging indiumatons, which conme fromthe
cracking of TM n precursor, on the surface for a longer tine, thereby

i ncreasing the indi um [ ncorporat ion which will also result in phase

i R A b A

Vh“hghltinpif%hfr@ﬁbaﬂ‘mté& ﬁb&f;ﬁ gt oy D S Sapina PLogtBMc e, W {1
1000 C. T

L BB, e [0S T e L T,

substrate . POUADPURER: U i AEGHT 78 DA, DDA 0 Mk a s%?af’ﬁ?'ere
e Poact i ot DiGssEhCE bR STREAAINAE dGORARNGESRES)spcbep YA, 1
For the cubdd ‘X%%‘%@&%ﬁiﬂﬁ%’%@ HPERREE 3 3 p?ﬁﬁfeérfﬁg}*lﬁ%éﬁ’%ﬁsﬁfsfﬁgs

i nventi on, r u rates.
MOCVD was perfor rregﬁngl ng [ rret hyft%" mup‘?%%@ c:%rs%l Gﬁn%(TM n)

emission layer consists of four periods of MQW and for all well layer

growth, partial pressure of TMGa and TMIn was kept 0.27Pa and 1.1Pa,

P

10 respectively. Higher DEZn partial pressure results in higher doping
concentration of Zn in the quantum well, and c‘ons,\equently, higher -
emission in the range from 550nm to 750nm.

[0035] Simultafléoﬁs doping of Zn and Si to layer 70 is effective for the
enhanpement of emission. Figure 5 shows phoitoluminescence spectra

15 = from MQW structures illustrated in Figure 2 with different partial
pressure of sﬂane In this case, the emission layer consists of four
perlods of MQW and for all well layer growth partial pressure of TMGa,
TMIn and DEZn was kept 0.27Pa, 1.1Pa and 6.7 X 10 Pa, respectively.
Higher silane partial preséure results in higher doping of Si in the.

20 ‘quantum well, and consequently higher emission power.

[0036] The inseftiori of the layer 40 in Figure 2 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 2) partially relaxes the compressive strain between the InGaN
25 well and barrier. This relaxation of compressive strain can result in a

phase shift in the luminescence. Relaxation of the compressive strain
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25and anmoni a (NH3) as precursors. For this white LED, a 2 pmthick undoped
bulk GaN was first grown on the 25 nmthick GaN buffer layer. The growth

t enper at IWO20&854470om 500C t o 560C and from 1000C to 11®0TIP2M6PEH3 Vel y,
for the GaN buffer, layer and high tenperature GaN | ayer. After the growth
of the GaN |l ayer, the growth tenperature was | owered down to about 700C
(ranging from650C to 750 C) for 5 the deposition of a GaN or | nGaN
barrier and an InGN well. The indium conposition in the InGN barrier is

| ess than that in the well, After_the growth of the GaN or I%N barrier,
and prior toan radsqrenkancefthgi @GaNdpﬁﬁﬁ%éﬁPé?ﬁtl%laPQO g o IPVSwed f or

2% ool it e Mo D i o AR5
N . . . "
iﬁﬁﬁilsi i o%gﬁm%és“s%}ae ‘étraiagw as%r@“a“%%mfriréﬁ@ﬁhﬁgfseeﬁoa?%ﬂ@”; he seeds in
: i T ier,
?ﬁg iné‘iﬁin mdfzf“gha ¥ ;fv %fo’af piere of dEony e (T 858802) “Tihe
'523 0 é"sbt’ésﬁayfﬁ%yier%ﬁf w?ﬁ%fu;ﬁﬁ%?iﬁ%f h%f’ﬁk‘égé ';g% ﬁnbiﬁﬁpéﬁéggﬁr%téﬁ{f o the
i ndi um burst .time. A pre abl e ow ' E 'bg"pium
conpound i SW}B gect%%%ﬁ%e‘bﬁo‘ifﬁﬁwg( ﬂfi(tll\gllrﬁar% ﬁ?f’g@?:ﬂ% &%) nfgl um bur st .
e e LGRSty S0 2R Sy The iR BIBEI R e ros:
S’af %S“ﬂlz°Eﬁéﬂﬁi&rﬁﬂ?%fs%ﬁﬁﬁa%§?£h?§¥lh9ﬂe§08€%éw?'hGi} ~GN and 1mGaN Fi nal 1y,
. : _ 4 . < q
ol ect rode 2 BERABSIRIT MR £y RTIERFLAANMNELET SO dingaed
Diffrent opaaRHE dhbbaifiBhehf HesintABA WwiPBelddsclBed Balowl {1 er ent

struactures nventi1on. Bi scycl opental di enyl nagnesi um (CP2Mjy) can be

used to pro 1dep PrhPerabi®le BlfRPlRd tves Hghrteny@andei n- Fi gure
1. Diethyl ?'?1%9 Dllzl%?f)?ggﬁagélﬂé}gerge uesed to provide, f(g)r" e?ggrpl e, the

p-dopi ng i N5y Kal: 1ayeraiie sAswal 60e@ Yamshie substrate, with the latter

perforfned usuéily’ 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
| 15 - low te;mperature grown buffer is needed when they are grown on a
sapphire substrate. |
[0040] After tflf! growth of the barrier layer, an éppropriate amount of
TMIn or other iﬁdium organometallic precursor(s) is flowed into the
reaction chamber in the pr,esénce of ammonia. Indium atoms from TMIn -
20 aggregate at the atomic surface of the InGaN barriers to form the
"seeds" for the sﬁbse'quent growth of QDs.
[0041] In a preferred embodiment of ;che invention, one white LED was
grown by MOCVD on (0001) sapphire substrates. MOCVD was
performed using trimethyl gallium (TMG), trimethyl indium (TMIn)
25 and ammonia (NH,) as precursors. For this white LED, a 2 pm thick
undoped bulk GaN was first grown on the 25 nm thick GaN buffer layer.
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5a dopant, for exanple, to form Si-doped GaN in |ayer 3. [0045] The exanple
of the preferred enbodi nent used four quantum well structures. However, any
appropri awe 20emMses47of quantum wel | structures can be us@dT/JIPR@EBiIsed |y, 1
to 60 quantum wel |l structures can be used. Preferably 1 to 30 quantum wel |
structures are used. 10 [0046] In the invention, the thickness of the

I nxGai . xN quantumwel |l layer is in the range of 0.5 to 20 urn and is
preferably 1 to 10 urn. The thickness of the InyGai _yN barrier |ayer can be

Lﬂbé*&?néﬁt”g&m%éht %ﬁ%ﬁﬂgaﬁi A3 0 G508 Gernd Prayer G oy ger

i . i i 1 > > >
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x>0.3).. T | NS Gai , XN , i
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ayer is nore prefer e. 20[ Q047 lgure 3.s t ghect \ nescence
Wl o S Res B et R g g §
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Quant um e\ lof High iR Loftent BNITNIT WIS ABXEH i aBigif by RYRAECS {he

'y i . ntrol o nc

em ssi on especi n r.ed col or spectrum range sition,

Zn concentr %%drﬁ@ 0% SicarfRNWARAL R TRIGE16WesWRthed %\fﬁrTrlE/lﬁggﬂ&egé) e by

adjusting t partial pressure of In precursor (such as , Zn precursor

(suqlp as DELBferrcih ¥ ilkiBAMDEMAE. SS&1E A WEsE WilN@bate REAS Tt YR Yrowth
Conbi nati on of these

of InGaN QDs with.varying sizes and indium compdsitipns. The burst

duration can be varied for forming the seeds in each layer. The well
thickness was abouf 3 nm. The grdwth of GaN barrier, the indium burst
and'thg InGaN well were repeated four times.- |
| 15 -[0042] The indium burst can be performed for any apbropriate time
varying from 0.5 seconds to 1 minute or mor‘e." However, 2 to 5
séconds are pre;férred for the indium burst time. . A preferable flow rate
of the organomefallic indium compound is less than 100 'rumol/min
(micro-mol/min) during thev indium burst. The well thickness can be
20 about 0.5-10 nm, preferably 2-4 nm and most preferably about 3 nm.
[0043] Then, a ﬁigh‘temperature Mg doped GaN layer was grown on
the top of the four periods of InXGal_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
25 is formed on a section of the Si-doped GaN layer.

[0044] Different organometallic materials can be used for doping
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growt h paraneter adjustnents enables w de range col or index control of the
em ssion as well as power control of the em ssion. The white LED 10radi at es
white |igwo 2pes/a3sa@l f and does not require the conbi nat iPCH/JBL00sBaY@t e LEDs
or, alternately, the utilization of a white light-emtting fluorescent
material. The inventive LED is thus cheaper, nore convenient to fabridate,
nore stable and has a longer lifetinme. [0049] As a result, the invention

of fers cl ear advantages over the 15 conventional art emtting devices,

whi ch have single emtting centers sq that_white Iigﬂé,caT only he obtained
by conbi ni ngiiéereat sirugbiies «f the Byentipay g¥¢lopsntaldi I'n

R e 5B o) P T S s
cost . 100507 9t lave St Eagarent  notethns gtk (PR Fan lSaree it Bar i ous
ovi co. usi nBTOAP: FPRADRIS doP-SRRE Pl bR S EAESET IS R W Ao t he
25cover s 1 h8 SRR OLPSRITE I Burs St PN AUBIRE St Ton provi ded t hey
RS o g R RN SR
well structures. However, any appropriate number of quantum well
structures can be used. Practicaily, 1 to 60 quantum well structures can
be used. Preferably 1 to 30 quantum well structures are used. -

10 [0046] In the invention, the thickness of the In,Ga;. N quantum well
layer-is in the range of 0.5 to 20 nm and is preferabfy 1to 10 nm. The
thickness of the In,Ga;.,N barrier layer can be in the range of 2 to 60 nm
and is preferaBly 5 to 30 nm. In a preferrqd embodiment of the
invéntion, the In,Ga;.,N quantum well layer haé a larger composition

| 15 - than the In,Ga; ;N barrier layer such that 1 > x > y >0 ory = 0. The
composition of the In,Ga;,N quantum well layer is also preferably
rﬁore than 0.3',(;<>0.3). The In,Ga; N quantum well layer is preferably
Zn-doped. Simulfaneous Si-doping in the In,Ga;..N quantum well layer
is more preferable. | |

20 [0047] Figure 3 shows the electroluminescence spectrum of a white
LED formed acéording to a preferred embodiment of the invention.
Figure 3 shows a wavelength range of emission that is from 420 nm to
750 nm, which covers the primary colors of blue, green and red. Asa
result, the diode produces white light.

25 [0048] That is, the inventive diode can radiate white light ranging from

about 420 nm to 750 nm by adjusting the indium burst pérameters such
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an n-type sem conductor |ayer; one or nore quantum wel| structures each
conprising an InxGai. 5 xN quantumwell |ayer and an InyGai _yN barrier

| ayer, whwoeoosx35870r x=0.3, and the quantum wel | strucPGTIPENCOIIPAESI NY
InzGai , N quantum dot s where x<y<z<l, the quantum wel| structures being

formed over the n-type sem conductor |ayer; a p-type
sem conduct or | aye fornmed over the quantumwel| 10structures; a first
el ectrode fornmed over the p-type sem conductor; and a second

el ectrode fornmed over at |east a portjo o;ttg surface _of the second section
Em u

of the n-typethesmanduet b pregusorsy tha ratigm apdithe itamperdyEe.

Strbct ur oo Bighet Brspraporian diihesauaniiy vl and.Zi andysr depitgan T
| nga . 2N qudie oAk P Ty enbatioeh dheaprTTsgR, Sxnectally Rt EPfidng -
P ybe son ShtrstanoraNas & ontrol of Bt warubstiohy Zom deetsntrips S Sied over

tsgren ggﬁghgtm 8&5&%}{%&&&% tiﬂr e vs?eli Ilerl}%r %Iaﬁclt)er ? oene;f %&”E&ju%%’i%rg he p%}ﬁX]pe

“pressure of In precursor (such as TMIn), Zn precursor (such as DEZn)
and Si precursor (such as silane), respectively. Combination of these
growth parameter adjustments eﬁables wide range color index control of
the emission as well as power control of the emission. The white LED

10 radiates white light by itself and does not require the combination' of
separa;[e LEDs or, alternately, the utilization of a ;Nhi‘ge light-emitting -
fluorescent fnaterial. The inventive LED is thus cheaper, more
convenient to fabfiéaté, more stablé and has a longer lifetime.

[0049] As 2 result, the invention offers clear advantages over the

15 - conventional art emitting devices, which have single emitting centers so
that white ligh’g can only be obtained by combining several devices or by
cﬁlor conversioh using a phosphor. In contrast, the invention utilizes
QDs of different sizes to yield different color lights that combine on a
single chip to yield whife light. The invention therefore offers -

20 - compactness, efficiency, luminosity and low cost.

[0050] It will be apparent to those skilled in the art that various
modifications and variations can be made in the liquid crystal display
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
25 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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25a second el ectrode formed over at |east a portion of a surface of the
n-type sem conductor |ayer. WO 20081035447PCT/J P2006/31 9396 3. The

di ode of wbDarwBs44rherein the In. Gi,N quantum wel | | ay@cTOBZOEBI9S9DOL h
p-type dopant and n-type dopant. 4. The diode of claim1l1, wherein the
In"Gal_x14 quantum wel |l | ayer contains p-type dopant, and x>0.3 or x=0.3.
55. The diode of claim1l, wherein the InxGai,N well |ayer contains both
p-type dopant and n-type dopant, and x>0.3 or x=0.3. 6. The diode of claim
1, wherein the quantumwel | structures have a continuous em ssion spectrum
rangi ng from420nmto 750nm 7. ThlCHAIM Sof any one of claim1l1, claim2,
and cl ai m6, V\/ner%in .10,tﬂe quantum dots are,fornmed by first flow ng at

| east one ofl- TM nA white-Bghtemitting dipde;, pemprisingr ate and a first time to
formnuclei, and then flow ng at, | east one of TMn, TEIn or EDMn with TMS
and ammoni a at a &BIbHPSF %@f@ﬁé{@é the nuclei grow and be capped in -

158. The, di Odﬁg{ru%{q%égq@ébh%%&i&ntghfn Pﬁjx éalr of the

t he quant um wel |

| :
quantum wel | str ueﬁé{%ré‘smpge LA %

5 N quantum well layer and an In,Ga;.,N barrjer layer, where x>0.3 or
.x=0.3, and the quantum well structure encompassing In,Ga;.,N qﬁaﬁtum
dots where x<y<z<I, the quantum well structures being formed over the
n-type semiconductor layer; |
a p-type semiconductor layer formed over the quantum well -
10 structures; |
| a first electrode formed over the p-type semiconductor; and -
a second electrode formed over at least a portion of a surface of
the second sectic'm”o'f the n-type serﬁiconductor layer.
2. _ A white-light emitting diode, comprising:
15 an n-type semiconductor layer;
one or more quantum well structures each comprising an In,Ga;.
N quantum wéﬂ layer and an InyGa;yN barrier layer, where x>y, the
quantum well structure encompassing In,Ga;.,N quantum dots where
x<z<1, the well layer InxGal_xN containing p-type dopant, and the
20 quantum well structures being formed over the n-type semiconductor
layer;
a p-type semiconductor layer formed over the quantum well
structures;
a first electrode formed over the p-type semiconductor; and
25 a second electrode formed over at least a portion of a surface of

the n-type semiconductor layer.
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9. The diode of claim7, wherein a thickness of the In"Gai, N quantum wel |

| ayer is about 1 to 10 nmand a thickness of the InyGi..yN quantum barri er
| ayer is wbc0es/B5449 30 nm 2010. The di ode of claim7, WRETEPH04/319396>0 or
y=0. 11. The diode of claim7, wherein the n-type sem conductor |ayer is
formed on a substrate and the substrate is nade of one of sapphire, SIC
GaN and ZnO. 12. The diode of claim?7, wherein at |east one of

25bi scycl opent adi enyl nagnesi um diethyl zinc and silane is used as dopants

TIPS o WO MR
cmbedded | n cONEAR Belh PSRRI 11t uge AODHREr o x>0, 3 and
4. The diode of claim 1, wherein the In,Ga; ,N quantum well layer
contains p-type dopant, and X>0.<3 or x=0.3.
5 5. | The diode of claim 1, wherein the InyGay.N well layer contains
~both p-type dopant and n-type dopant, and x>0.3 or x=0.3.
6. The diode of claim 1, wherein the quantum well structures have
a continuous emission ‘spectrum rénging from 420nm to 750nm.
7. = The diode of 'any one of claim 1, claim 2, and claim 6, wherein*
10 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 f01\'m pucle_i, and then
flowing at least one of TMIn, TEIn or EDMIn with TMG and ammonia
at a second flow rite to make the nuclei grow and be capped in the
quahtu_m' well layer.
15 8. The diode of claim 7, wherein the number of the quantum well
structures is between about 1 to 30.
9: The di'(;&e of cléi,m 7, wherein a thickness of the' In,Ga;. N
quantum well layér is about 1 to 10 nm and a thickness of the InyGa;.,N
quantum barrier layer is abdut 5 to 30 nm. |
20 10.  The diode of claim 7, wherein 1>x>y>0 or y=0.
11.  The diodé of claim 7, wherein the n-type.semiconductor layer is

formed on a substrate and the substrate is made of one of sapphire, SiC,

GaN and ZnO.
12. The diode of claim 7, wherein at least one of
25 biscyclopentadienyl magnesium, diethyl zinc and silane is used as

dopants during the growth of the quantum well layer.
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an InyGai..yN quantum barrier |ayer over the quantum dots and the quantum
wel | layer. 14. A quantumwel| structure that emts white light, which
conpri seswOR0eN3FHRCGai _xN quantum wel | |ayer doped withPpTUPpO6/AIPLNt ;
indiumrich I nGN quantum dots enbedded in the In"Gai, N quantum wel | | ayer;
and an InyGatl.N quantum barrier |ayer over the quantum dots and the quantum
wel | layer. 1515. The quantumwel |l structure of claim 14, wherein the | nGN
quantum-wel | layer contains n-type dopant. 16. The quantumwel| structure

of claim 13, wherein the InG t
3. A quantumn well St aehlat! BN ComA nlsgﬁt YR8 flopant .

comprises:
an InyGa,;..N quantum Well layer;
indium-rich InGaN quantum, dots embedded in the InXGal N
5 quantum well layer, where x>0.3; and
- an InyGa;yN quantum barrier layer over the quantum dots and
the quantum well layer.
14, A quantum well structure that emits white light, which
comprises: |
10 an Tn,Ga; <N quantum well layer doped with p-type dopant;
indium-rich .InGaN quantum dots embeddad in tha In,Gaj N
quantum well layer; and
an InyGal;yN quantum barrier layer over the quantum dots and
the quantum well layer.
| 15 '15. The quantum well structure of claim 14, wherein the InGaN
quantum well layer contains n-type dopant. |
16.  The quantum well structure of cla1m 13, ‘wherein the InGaN
quantum well layer contains p-type dopant.
17. The quantum well structure of claim 13, wherein the InGaN -
20 quantum well 1ayer contains both p-type dopant and n-type dopant.
18.  The quantum well structure of any one of claim 13 and claim 14,
wherein the quantum well structure is provided to emit light ranging
from 420 nm to 750 nm and the light has a continuous emission
spectrum ranging from 420nm to 750nm.
25 19.  The quantum well structure of any one of claim 13 and claim 14,

wherein the quantum dots are formed by first flowing at least one of
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17. The quantumwel | structure of claim 13, wherein the InGaN 20quantum
wel | layer contains both p-type clopant and n-type dopant. 18. The quantum
wel | st ruwounes/isf44any one of claim 13 and clai m 14, wheP€raPe3tpagmnt um
wel | structure is provided to emit light ranging from420 nmto 750 nm and
the Iight has a continuous em ssion spectrumranging from420nmto 750nm
2519. The quantum wel | structure of any one of claim 13 and claim 14,

wherein the guantum dots are formed by first flowing at | east one of TMn,

then 1 ow ne ity SEER BRDM i 3 %rqfeﬁﬁ%oéété%w ﬁ?&t&i’m%%ﬁ Teemam a at a
d fl k h I
thZF?Z 520. TG hﬁﬁﬁﬁqﬁfhﬁgasﬁfpa%ﬁ’r@ﬁﬁ%m | tig‘i*xgﬁ@a andi'm 14,
I 1 10
fimand a E%&%@ﬁ@i&iaﬁa% B 08 Vg ARG % it 965 an, 66 BBed s o 30
nm 21. Th aru d*,eﬁ%ructure of any one of claim 13 and claim 14,
10wherein 1>x>y> "@ﬁ 2. The quantumwel | structure of any one of

mgnesi um et hyi 5 P SRR b AR oAy Sn LR EE R SR g ouc 1 o

the quant umyglieid 8¥Rickness of the InyGa;..N quantum well layer is about 1 to 10

(@,

nm and a thickness of the InyGa;.,N quantum barrier layer is about 5 to

30 nm.

21."  The quantum well structure of any one of claim 13 and claim 14,
10 wherein 1>x>y>0 or y=0.

22, | The Quantum well structure of any one of claim 13 and claim 14,

wherein at least one of biscyclopentadienyl magnesium, diethyl zinc and

silane is used as dopants during the growth of the quantum well layer.
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