Sem conductor Di odes Fabricated by Aspect Ratio
Trapping with Coal esced Filnms TECHNI CAL FI ELD [ 0003]
The present invention relates generally to

'sem conduct or di odes made from conpound

sem conductors or other lattice-m smatched

sem conductors on silicon wafers, as well as nethods

of fabr: cslbmig()ﬁdabt&em@d@smﬁmicﬂea dee A tmlo_reh
particularly as |ight
emtting diogégufﬁg%gpﬁﬁgg@gﬁétgg%%?&@&ﬁ ics, and
ot her optoel ectronic uses. BACKGROUND [0004] U. S.
Pat ent Application Serial Nunmber 12/100,131 filed on
April 9, 2008 clainms priority to U S. Provisiona
t l'ication No. 60/922,533 filed on April 9,
TECH}@@@iﬁﬁ&ﬁﬁgh are hereby incorporated by reference in
their entirety. -1 [0005] This section provides

[6003] backgy Qe irfepfidticl 06y @Rtrallftd Savic@sdvctl diodes hate from
rel at ed to varjous aspects of the disclosures that

compou%{i ﬁscki?&g oft Bgfepfagﬁ:l @E@ccﬁoclfl B4 MhicdNBRRBrPEE &ﬁ&@&ﬂﬂfers, as well

erren are not adm ssions prl or art. [0006]

f ch manuf.act ur. 0
o5 meth G b e R HeRr g Elof R ford ﬁf@%ﬂ‘%%ﬁ%’ 5h°t°m°
- lowcost silicon wafers, Conmmerci al acturers
applicatimsiseeashehs cnigng dodapddiis) et cﬂh@i?&’?g‘iﬂgs S0 Rthss OP‘D@EBC“’ODJO
gal | i um arseni de and i ndi um phosphi de general |l y have
uses. been unable to take advantage of silicon wafers. They
' typically build light emtting diodes (LEDs), nulti
junction solar cells, and other conpound sem conduct or:
evices on small; expensive wafers nmade of materials
BACK.%@H&@% sapphire, germanium gallium arsenide, or
silicon carbide. :

[0004]  U.S. Patent Application Serial Number 12/100,131 filed on April 9, 2008 claims
priority to U.S. Provisional Patent Application No. 60/922,533 filed on April 9, 2007, which are

hereby incorporated by reference in their entirety.



[0007] The chal | enge of maki ng conpound sem conduct or
devi ces on inexpensive substrates has w despread
econonic inplications. Conpound sem conductors are an
I mportant conponent of our conmunications
infrastructure because they can emt and detect |ight.

They.. .are  t he terials in the |asers that transmt
10005 ;' F sSctigR gt e apund pipration e Siafadioss infenation related to

. _receive those signals, the anplifiers in cellular
vanous SPeihoiths displesuranibie 4 dessribed anel/or gitioe bblase These background
stations, and the <circuits that transmt and receive
staterneiscare nefesingsgersl of pripNAG8] Li ght-eni tting di odes
typically consist of galliumnitride filnms deposited
ont sa ire.or siljcon carbide wafers. These exotic
100065 01 B SBBERL AR R Fo e Bk dhvotiass o ioBmeocomng on high-
. sapphire wafer 4 inches in dianeter typically costs
quality.Jpiggrigeas loxocod sidican wafess ICosimércishmeautbetorers ofderices arade from
cost about $2000. By contrast, an 8-inch silicon
compounsfsemjicontiagbrspnehvasipdlivion ursetitiervsd Rgiunipieddpaie LasRalBf BRe been
as a 4-inch wafer and 16 tines as nuch surface area as
unable ® i8kd aivanRE 6f silicdnPieal TheyoOstllY B 1 emﬁ%i{?g diodes (LEDs)
[ 0009] High-efficiency multi junction solar cefls ’

1ti-i ' W N1 . ni u [ium
B e R ot b Ay AR TP s B El yive
' -waf .. As .i.s the -2 . Wi th f f
wafers S AR P PR S sesmet, 22Tty orlicon carbide.
significantly nore expensive than silicon wafers.

[0007] [ OQkelhAlR@ga b HriakietcBmBbBR! &ﬁéﬁﬂ&@%&?ﬁpéﬁé&%ﬁﬁgﬁé&ve substrates

devices on silicon wafers would Itate

has wid SHpPaRcb bR b AL: dﬁ% L85 oL oL Two ke

%chni c a%@arﬁ’gér%%ﬁ%vde i n%itng Tg‘fg’éﬁo{“ﬁ]ec%%‘ll’ grgtaindglpgrtant component
fabricat.ion of compound senm conductor devices on

of our BRIt Ao R SBIRE R BN G Somi i e et mhe) amaho

. the msmatch of thernmal expansion coefficients.

materials 1n the lasers that transmit signals through optical fibers, the sensors that receive those

-

signals, the amplifiers in cellular telephones, the amplifiers in cell phone bage stations, and the

circuits that transmit and receive microwave signals.

[06008} Light-emitting diodes typically consist of gallium nitride films deposited onto
sapphire or silicon carbide wafers. These exotic subsirates contribute to the high cost of LEDs. A
sapphire wafer 4 inches in diameter typically costs around $130, and a 2-inch silicon carbide
wafer can cost about $2000. By contrast, an 8-inch silicon wafer, which provides four times as
much surface area as a 4-inch wafer and 16 times as much surface area as a 2-inch, wafer,

typically costs less than $100.

[0009] High-efficiency multi-junction solar cells typically contain layers such as germanium,

gallium arsenide, and indium gailium phosphide deposited onto germaniam wafers. As is the
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[0012] Lattice Msmatch: In a crystal, the atons sit

in a regular periodic array known as a lattice. The

di stance between the atons, known as the "lattice

constant," is typically a few angstrons (1 angstrom =

10-10 neter). Silicon has a smaller lattice constant

t han conpound sem conductors. When conpound
case witenifes TatiCEDS, S ethovin@nyattls istiteriycary sialldd . significantly more

i nperfections known as misfit dislocations appear at
expensiv@fhah MRHA d%8rs. The m sfit dislocations create other

crystalline defects known as threading dislocations,

whi ch propagate upward fromthe interface. Threading
[0010] di sthe @Ethtjo frscraiterconingburtdhempranflertoraduyéceand sittven wafers would

reliability of conmpound sem conductor devices such as
facilitatt ameltes grodah & setdl &ey Indgéitieem tti ng di odes, etc.

[0013] Thermal Contraction M smatch: Conpound

sem conductors _typically grow at high tenper at ur es,
[0011] \whiTew keearieehpiesb birTionoeye PRéhited flee mastie! &bsieation ¢fgompound

conpound sem conductor filmmy contract nore than ‘
semiconduetos fi¢vicasrmonveaioon walers athe esuhatch ohettimafcenstamy adubtive nmsraatch of

concave manner, stressing and ultimately cracking the
thermal fekpamsiohQAdficiddnt i | recently, the nost prom sing

previous efforts to grow high-quality conpound

sem conductors onto silicon substrates have relied on

[0012] { hlabicgplispatchel: o gysidl thermtamest npmsgylar perpdigdregy known as a

bondi ng, or selective growth on nesas. None of these
lattice. Hpphoarkdetheas the Momsedhovoanter Qhtilce somxtas s is fyPRABY a Few

graded buffer |ayers, the conposition of the nmaterial

fngstrorad angestrahadURl § hetdr P Siliceu Deé 2Bkhiadr xR Eonsdnk 1168 BofBPound
a compound sem conductor Since the lattice constant

serniconl"il!uit%scmﬂ%% ikdhduElo ssécr%l dﬂ%?h&)%f 153 131% ??hgf?e%nons

y to form at the |nter rtundt
ere

d,. ouffer I
knowm %gﬁgﬁ gl pRRST PR SR O %@fﬁﬁglfwﬁms trdfother
buffer | ayer increases hoth the costs and the
crystalhpq: Q E5LR KBV H £S Eh,xgzéip(qgv@slocanons which propagate upward from the interface.

Threading dislocations diminish the performance and the reliability of compound semiconductor

devices such as lasers, solar cells, light-emitting diodes, etc.

[0013] Thermal Contraction Mismatch: Compound semiconductors typically grow at high
temperatures, which can exceed 1000°C. When the wafer cools, the compound semiconductor
film may contract more than the silicon wafer. As a result, the wafer may bow in a concave

manner, stressing and uitimately cracking the film.

[0014]  Until recently, the most promising previous efforts to grow high-quality compound

semiconductors onto silicon substrates have relied on three approaches: graded buffer layers,



[ 0016] Wafer bonding involves grow ng devices on
expensi ve substrates, then lifting off the devices
and bonding themto a silicon wafer. This approach
rul es out nodem silicon processing as a route to cost
reduction Furt hernore, bonding typically requires
t epper at res above 300C. Wen the materials cool, the
wafer bg &ﬁae SEFre A Heomesasrayonerof dhesp apmnacdes hasachieved
contract nore than the silicon wafer. [0017]
commersgdl geackafe growt h on a nesa exploits the mobility of
sone di sl ocations. The strategy is to deposit

00151 0 TF B RGO BBy ot R b o

ile dislocations can glide to the edge of the
Subsfanﬁmgf e %EEEPI} OrfioRENPOURE SEBICORAEICOE o frinch hedatfice eonstant also changes
However, structures created by this technique
graduallyy erivetalling dpfeots aze lesgikelyitorform ut bf tthfemd Unépriunately, the graded
di sl ocations (nore than 100 mllion per square

buffer lgentliaweteb velabiviely thidk oyt @n reiafdnk fdre% eattibdmbinlatoh). The thick
di sl ocati ons, which predom nate when the lattice

buffe io Trappin
uffer 1‘2’?@*%%SE%EF@IS%;&@’%\%%S%gﬂ&@?%%%%aﬁﬁ%% her aby

i ncorporated by reference) is a recently devel oped

[0016] t edVufen glinghavolvekeewing deoiss bh exjtensitte puissithtes, then lifiing off the
hi gh-quality conpound sem conductors, gernmani um or

devices etdeondirgl theeo i stifveh chee. TEik epprobch Iﬁfés%lu{: 1e88n\WaHcBk Srocessing
Figure 1 illustrates the principle of Aspect Ratio

as a routbM@BEN: Aliuc$n FePPSItord Holﬂﬁﬁi 5@1 fre%l gég%%gyérﬁtures above 300°C.

material (20) such as SI|IC

When titd %0 Oldl %2?&5'@%?%6%%%9@%%&ha%%%ﬁc et i conitect more
et of d| electric materials such as Si OxNy, and
ihanthe§ﬁ1°f”&3>t£‘g§ or oxides of materials such as H or Zr.
[0019] W etch a trench in the dielectric material,

[oo17] t hS&e&ﬁ%%%%tk?orﬂQﬁwL@&p‘lﬁﬁ t gﬁﬁgrm %sggﬂcfﬁcg%lgyﬁfoﬁg "I(l'ggzrategy is

such as gernmani umor a corrpoun
fo deposg %[}@ u?d;r%gxgc&g{ % ;?gsg@t Elﬁégﬁst )17% i é%p?x?;og& mvgng?ﬁc‘) thereby

0X
prowdmg%ps ort pg&l where mobile dislocations can glide to the edge of the region and remove
themselves from the device. However, structures created by this technique typically have a high
density of threading dislocations (more than 100 million per square centimeter). This technique

can’t remove immobile dislocations, which predominate when the lattice mismatch exceeds 2%.

[0018]  Aspect Ratio Trapping (J.8. Park et al., APL 90, 052113 (2007, hereby incorporated
by reference) is a recently developed technology that makes it possible to deposit high~quality
compound semiconductors, germanium or other lattice-mismatched materials on silicon wafers.
Figure 1 illustrates the principle of Aspect Ratio Trapping. We deposit a thin film of dielectric

material (20) such as silicon dioxide (Si02) or silicon nitride (SiNx) onto a silicon wafer (10).
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a 45 degree angle fromthe interface, then intersect

the sidewalls of the trench, where they termnate.

Threadi ng di sl ocati ons (40) do not propagate down the

| ength of the trench because they propagate in a

direction perpendicular to the faceted growh face of

the crystal - the facets guide the dislocations to
Those of balisdrg elil th she ahesneselchies dirkhyosfditleasictreatefialafieh aV§i0xNy, and

refer to the region in the trench where the sidewalls
silicatestdraRideb beadiddalush eCatbons as the "trapping region”

(50). The wupper region of the non-lattice-matched

sem conductor (30), above the trapping region (50), is
[0019] a Weblghiavesngh detheclicltetne matgiab thepeBposit @ 000 atiRTmatched

addresses the issue of cracking caused from m smatch
semiconafictoh &0elcleaspangidnm ot aebipoimidemitendutloe sethe @asen The

(1) the stresses are snall because the epitaxial
threadins Q6 &BAE(4ONI Bowh 43 doftdIgiRRREIBh1cGARY B4, 3P4EAR dt ¥pproximately

accommodat e t'he stresses arising fromthermal

«.45 dofEPANE B0 MhE TEaREe, ABE SR ERRRANS ofbeidiet Thereshey
.are nore .conpl.iant than the sem conductor terial

termina i e G A OUU B HICAIRIS PRHSECE AOUS. ] [SGBIFoL e trihch because
Conti nuous high-quality filns of hi gh%gual [ tg [11-V

they propagate Brividieecsies peivcadinelpr iodpe faceied peavthuteernd dhareryenl -albs facets
may be provided on silicon wafers using Aspect Ratio

guide the despqpiatignai® thafidewallsnwkerng dlreedi@ocaFons tdredtme. GMe réfar to the region
simlar to the technique illustrated in Figure 1,

in the tr@¢cBefterd MAtsidewRILE ﬁgﬁ HHsRlHe0li b @ioh 8 8s the “trapping region” (50), The
non-|l atti ce- mat ched sem conductor until the growth

' L . .

upper reploiin Ao LRGP ek BRI 0} 586 e B8 aBbb Pogion (01, i
: cal.l "coal ence defects” (80), format sone of
relauvel\é/\ﬁgfac@hrg?ge&%§§ Tegi ons" wher e(th)e growth -5 fronts
nmeet. However, the defect density is much | ower than

[0020] t h@ ol ®EEssEeMS hdsHe 8f crackm®@Ncduddd fr&@mARa €A thermal expansion
sem conductor grown directly on a silicon wafer. -6

coefficients for these reasons: (1) the stresses are small because the epitaxial layers are thin; (2)

the material can elastically accommodate the stresses arising from thermal expansion mismatch
because dimensions of the ART openings are smali; and (3) the SiO2 pedestals, which are more

compliant than the semiconductor materials, may deform to accommodate the stress.

[0021] Continuous high-quality films of high-quality III-V semiconductors or other non-
lattice-matched matertals may be provided on silicon wafers using Aspect Ratio Trapping as
shown i Figure 2. This technique 1s similar to the technique illustrated in Figure 1, except that
we continue to grow the non-lattice-matched semiconductor until the growth fronts from
adjacent frenches coalesce to form a single continuous film (70). Additional defects, which we
call “coalescence defects” (80), form at some of the “coalescence regions” where the growth

5.



SUMVARY OF THE | NVENTI ON [ 0022] In one aspect, the
present disclosure is directed to a photonic device
conprising a substrate, a dielectric nateri al

i ncluding two or nore openings that expose a portion
of t he substrate the two or nore openings each

front Eg%, sp f rat|o of at least 1, a bottom di ode

ronts mﬁﬁft qye %ﬁ&? oS} AgsHy SoRpduRTesban tsrisfRat densiwoés nen-lattice-
that is lattice nlsnatched to the substrate, and

matchedyjeresnduethegionmpbienty seaistiontwefeor material occupi es
the two or nore openings and is coal esced above the
two or nore openings to formthe bottom di ode region,
a top diode material, and an active di ode region
between the top and bottom di ode materials. [0023] In
anot her enbodi nent, the present disclosure is directed
to a photonic device conprising a substrate and a
phot oni ¢ di ode conprising a first region proxinmate a
top surface of the substrate, a second region
proxi mate the first region, and an active region
between the first and second regions, wherein the
second di ode region includes a surface adjacent the
active photonic diode region, the surface being
generally parallel to the substrate top surface, and
the second diode region includes at |east one
defect-trappi ng regi on spaced apart fromthe active
phot oni c di ode region, the defect trapping region
i ncluding a surface that extends away fromthe
substrate top surface. [0024] In another enbodi nent,
the present disclosure is directed to a nethod of
maki ng a photonic device, the nmethod conprising
depositing a layer of a dielectric material onto a
substrate, patterning two or nore openings in the
dielectric material to expose portions of the surface
of the substrate, the two or nore openings having an
aspect ratio of at least 1, formng a bottom diode
region by growi ng a conpound seni conductor materia
that is lattice msmtched to the substrate in the
two or nore openings and all ow ng the conpound
sem conductor materia



-7 to fill in the two or nore openings and coal esce
above the two or nore openings to forma continuous
| ayer, formng an active diode region on the bottom
di ode region, and formng a top diode region on the
active diode region. -8 BRI EF DESCRI PTI ON OF THE
DRAW NGS [ 0025] For a nore conpl ete understandi ng of
the present invention, and the advantages thereof,
SUMMABIYeOE G [ISVEDWIOKde to the foll ow ng descriptions
- taken in conjunction with the acconpanying draw ngs,
. in_which: [0026] Figure 1 illustrates the principle of
[0022] s fppe %@f’&o&ﬁ%ﬁﬁﬁfg?e iFRde HBECtEA tofupliipip fgvice Comprising 2
hi gh-qual ity conpound sem conductors or ot her
substratgy@riielaetric seaterid stvbuiinghiccymaere voeringhthet ¢posma partipepthe
[0027] Figure 2 illustrates the technique for grow ng
substrate, ot twouausofei dpasingd edeh dhviggah iatpect oppdandast 1, a bottom diode
sem conductors or other non-lattice-matched

mateﬁal%@ﬁip@@wopguﬁdﬂ s&hichfdidtoral L] Bt i XAPRE i RN to the

Trappi ng; [0028] Figure 3 shows the generic structure

substrat®and %\Fﬂegﬁg@ g%rcc%g{lpggﬁé’ Qe%ﬁcor[ddl(agég #glt:égﬁ;" ,E"?%ﬂﬁie‘é Ebgeg%fo qrmore openings

Sem con e accor
sive

. 030] Figures 5 and 6 show exenpl.ary succe .
and is ol e s i o T dE 5 APPSR FOTE PO BRLGaion. @ op diode
. .sem conductor diode; [0031] Figure 7 is a flowchart
material; $114 gy 3CHE Aipda TemIembRIWEEN tha kN Ak hoserméieds aiamgialso t he
first enbodinent; [0032] Figures 8, 9, and 10

[0023] IF: gﬂd%{ed'ﬂgé;r%m\ﬁ%mrﬁénitﬂﬂg pt%gentt H&ci%%rg %ddiiré cltéﬁstto raaﬁh%goniicndevice
comprising a substrate and a photonic diode comprising a first region proximate a top surface of
the substrate, a second region proximate the first region, and an active region between the first
and second regions, wherein the second diode region includes a surface adjacent the active
photonic diode region, the surface being generally parallel to the substrate top surface, and the
second diode region includes at least one defect-trapping region spaced apart from the active
photonic diode region, the defect trapping region including a surface that extends away from the

substrate top surface.

[0024]  In another embodiment, the present disclosure is directed to a method of making a
photonic device, the method comprising depositing a layer of a dielectric material onto a
substrate, patterning two or more openings in the dielectric material to expose portions of the
surface of the substrate, the two or more openings having an aspect ratio of at least 1, forming a
béttom diode region by growing a compound semiconductor material that is lattice mismatched

to the substrate in the two or more openings and allowing the compound semiconductor material



[0033] Figure I1l shows a donor wafer according to a
second enbodi nent; [0034] Figure 12 is a flow chart
illustrating a method of creating a second enbodi nent
donor wafer; [0035] Figures 13 and 14 show vari ations
on the nmethod illustrated in Figure 12; -9 [0036]

¢ fn'Fi ures 15 through 17 illustrate various steps in the

o Il P KR O OEsEiREs 354 sodese RO Rdhetva & Teprsameniggs to form a

. galliumnitride substrate; [0037] Figure 18 is a flow

continugtnlayer; formster aat dotige thode negidroch thelbotemaliett regiof) gudfesning a top
15 through 17; [0035] Figures 19 and 20 show

diode ragaon ait themstivwndiowd tegibni | | ustrated in Figure 18; [0039]
Fi gure 21 shows how cracks can appear in an
epitaxially grown film [0040] Figure 22 illustrates a
nmet hod of reducing the thermally induced stresses in a
coal esced filmof sem conductor material grown on a
silicon substrate by Aspect Ratio Trapping; [0041]
Figure 23 is a flow chart illustrating the nethod
shown in Figure 22; [0042] Figure 23A illustrates
exenplary internmediate results froman LED fabrication
process; [0043] Figure 23B shows an exenpl ary di ode
structure for another enbodi mrent of an LED, [00441
Figure 24 through 28 illustrate steps in constructing
a single chip containing a plurality of diode devices
according to a third enbodi nent; [0045] Figure 29
shows a structure manufactured according to the third
enbodi nent; and [00461 Figure 30 is a flow chart
illustrating a nmethod of creating a structure
according to the third enbodinment. -10



DETAI LED DESCRI PTI ON OF | LLUSTRATI VE EMBODI MENTS
[0047] Enbodi nents of the disclosure provide novel and
useful architectures for semni conductor di odes nmade
usi ng coal esced filnms of conpound sem conductors or
ot her non- lattice-matched sem conductors deposited on
silicon wafers by Aspect Ratio Trapping. The

BRIEF BERICRIAALEN &F dHEdeR AWINGS f undanent al bui | di ng bl ock
of solar cells, light-emtting diodes, resonant

eI [ n e em c ndu or Iasers and o r
[0025] goyioRagto fé%m%lr 8%{%1 oFHie IBFEREHY SR e %ﬁ@@édvant&ges
|nclude a reduction in the costs of solar cells,
thereof, rgfgrpnce Briiopt Made @i e ddlowanmilaseTirtions GHiso im donjunction with the
sem conduct or devices by creating them on
accompériyghe duslingsyin whiali:ge- area, | ow cost silicon wafers
i nstead of snaller, nore expensive substrates. [0049]

er aspects of en‘oodlms s of the present disclagsure
[0026] m%? PYSA R ERETIGIDIS R STiert Relh Tiap e S ustioraf depositing

froma sem conductor diode for devices in which the
high-qualifl sermapendsemicasgrianorpéict opigibes-meinbhd sgmigonductors on silicon
light-emtting diode. [0050] Still other aspects of
wafers; enbodi nents of the present disclosure provide an
econom' cal way to fabricate a galliumnitride

stra alltyf|lmof [1iu
[0027] pj %ﬁ 56]171115&&%? H@rtﬁ&lﬂg‘i}w %fﬁ%ﬂgs%@fl%}%sgﬁ 1§1§a£ ha@ quality
polycrystalline alum numnitride. [0051] Ot her aspects
compound semigondustns or ethet tng-lpitiss ertcldid semawndectpns onistison eeders by
expensi ve donor wafers for creating galliumnitride
Aspect RatlomBrappdaigeh can then be transferred to other
subst rates such as alumnumnitride substrates.
0052] Anot her aspect of the present disclosure is to

[0028] m Fi5yE¢e & ShOTET e IeyeTicigucEe %ﬂ%@k@%&uﬂﬁr digées: esced
films grown by Aspect Ratio Trapping. -11 [0053] Yet

[0029] gﬁ g%uaég REGLS %w‘é&%%?%tdé 200orlifE 1% BR& Shondhifdpsur e

e nobre econom ca
[0030] Figures 5 and 6 show exemplary successive stages of construction for the first

embodiment semiconductor diode;

[0031)] Figure 7 is a flowchart 1llustrating a method of fabrication according to the first

embodiment;
[0032] Figures &, 9, and 10 illustrate variations on the method illustrated in Figure 7,
[0033] Figure 11 shows a donor wafer according to a second embodiment;

[0034] Figure 12 is a flow chart illustrating a method of creating a second embodiment donor

wafer;
[0035] Figures 13 and 14 show variations on the method illustrated in Figure 12,

9-



ways to create single chips containing a plurality of
di ode devices made fromdifferent sem conductor
materials. [0054] In the foll ow ng description,

exenpl ary di ode structures are generally discussed in
the context of a single diode; seniconductor engineers

othe ski d.in the art will understand that
[6036] %ﬂ g@&? hasiats wrioys stept @ the @8@93 of gl GHleising g donor
|ntegrated onto a single chip. [0055] In general,
wafer tosepite g pallisroniriflesubsitadiiscl osed in this docunent have
t he generlc structure illustrated in Figure 3: a

[0037] S“*ﬁé}[rél(ﬁj &‘%Sﬁiﬂé ﬁﬁl%t%g%gCthQ%}eghﬁ%gt r%i ‘f%&{‘sl]g fjrough 17;

an eIectrlcaI contact on the top of the devi ce (105),

[0038] andFigres Bl @cita0 shalv woatiastonofethbe il het-dtedofigtte sdevi ce
(106) Each of the diode regions (102, 103, 104) may

be conprised of nultiple |ayers. [OOSWL The bottom
[0039] g &y %ﬁWS(myra@tﬁopapnep%@m@mx gigerwy fibe) have
opposite doping types. For exanple, if the bottom

[0040] di @9@1‘53 ilﬁﬁtrétég) ERetr?othf‘?%&&%OHé ﬁénﬂal!;y Bﬁuc%a%ﬁgsséé"t‘

I'Oﬂ nor rous

then the to drode re ion (104 . .
Coalesceﬁirnftélab?f Fhich ) et Prietiabpaun i Sebet )WnAgteeegrterTrapmngz
such as boron or alum num, and vice versa. Heavy

[0041] domg%ge pRishofdy bRS ﬁefsrramrgcthe utoa@r Sn (lPighreand the

top di ode region (104 oV omrreS|stanée

pat hway for current to enter and Ieave t he devi ce.
[0042] Ty pigrat 23 plusgateb exaganyfinteheediap resnlls frottanrhER diboiestion

woul d be in the range of 1017-1020 cm 3. Typica
process;dopi ng |l evel s of the active region woul d be bel ow

1017 cm 3. Note that the use of "top" and "bottont

for_ designating regions is a matter of conveni ence and
[0043] j Figmwp?2 3g1$ BE f cxepiare fivde strvgprerfeginother embodignent of an LED;
| ocat ed above a bottonrreglon For exanpl e, conS|der a

0044 5] 9L A0 RO St L ] 880

plurality otJ dO ocfe Acetcgs? Qc%%rddtrttgo toaa t?l%ﬂ%m%odtment
[0045] Figure 29 shows a structure manufactured according to the third embodiment; and

[0046] Figure 30 is a flow chart illustrating a method of creating a structure according to the

third embodiment.

-10-



waf er and then the substrate is renoved, the frame of
reference for viewng the diode typically is flipped.
In this case the top region will be viewed as being
bel ow t he bottom region. [0057] The substrate (101) is
typically a silicon wafer, although in different
enbodinents a variety of other substrates including
phire and silicon carbide, are suitable. At |east

DETAIEER@E%RHH@%GFtlhé%ﬁB@"t’Iﬂé{EeEMB@DIMiﬁwﬁs| y will have

t he sane predom nant doping type (either n or p) as

t he t L.om region (102) to fa
o0l EePPaS i FE b i Be B e e g
02) "and the substrate %%01) [ 0058] . The detail ed
semicort ‘iﬁ’é dindes mrds REnS E4q/cs el fIoaBIPETY OBYOTRgtORERIeREr non-
upon nunerous factors, including the intended
lattice-ragphddostiigmdustarsaiepositod on stliven aedéry by dispehé ReggiToapping, The
(103) is formed by the junction of the top diode
semicordagiod diodd @2the dndiatrRatabbiitding blook ef sodgicens, (ikBdrmitting diodes,
this case, it can be desirable to vary the dopi ng of
resonant ﬁﬁn&lﬁ%ﬁﬁ&sbﬁﬁ@éﬁdﬁ@ﬂk QRS %arotﬁémewe&ct ion. In an
e active diode region (103) may contain many
| ayers that include both doped |ayers and thin
[0048] undbpreastsopiding prasane Hisslosure ielelecectdonenam thehoks o salar cells, light-
reconbi ne and generate photons. In another exanple of

emittinggdi6 @dsabnd@thbs conjRuag béni@osthuedse deigeohy &réﬁﬁbg B on high-quality,
consi st of a single layer of noderately n-doped or

large-arSDUSK b8 ﬁlho%nqw%&g 1@%%@%%&0&0@)@%@& §u% sorb

I nci dent photons and generate’ an ctro e pair.
[0059] The materials used to formthe di ode regions

[0049] ar eOthet kspentowi embodiieas oftheskdent disclbhiee parvide Oy pingadal of the
exanpl es of useful sem conductor materials are: G oup

silicon Wafen@itefrhmlfiom & bshicasdudtor dfade fOF ddPRoes AT whlch S siBtrate can
these such as SiC or SiGe; Goup II-VI conpounds

degradegﬂe%hﬂgdc@gs&h3?5%’%}%4&%%1‘&?&%%0@”(1 quaternary forns),

conpounds oup Il materials such as
Zn, My, Be or Cd and Goup VI materials such as Te,
[0050] Se Wxill Shesampbetasi dnSelinZnSdE theqiresénij SlesurapvidetmmEconomical
I11-V compounds (including binary, ternary, and
way to fbaéE BaE N iuhQfiffRik subst@ite, ¢ GO MNALNES P B @S gallium nitride on a

thermally matched substrate such as polycrystalline aluminum nitride.

[0051] Other aspects of embodiments of the present disclosure provide less expensive donor
wafers for creating gallium nitride films, which can then be transferred to other substrates such

as aluminum nitride substrates.

[0052] Another aspect of the present disclosure is to mitigate thermally induced cracking in

coalesced films grown by Aspect Ratio Trapping.
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fromGoup Il materials such as In, A, or Ga and
group V materials such as As, P, Sb or N, -13 such as
InP, GaAs, @GN, InAl As, Al GaN, InAl GaAs, etc. Those of
skill in the art understand how to select and process
these materials based on desired properties such as
Iattlce constants, doping. levels, etc

[0053] | og‘gg it ISP LaRRAE IRFRLs pf %@P%%queceé%emeé%ﬁ@fe economical
di ode .enbodi ment. This diode architecture is suitable

ways tofogrataiangle ebips pontkingig & Huratisftdiadealevizns tedy fidm different
performance. In a light- emtting diode, for exanple,

semicomgustiol imztemialkubst rat e can absorb |ight generated within
the device. In the enbodinent illustrated in Fi gure

have re ved t he S|I|con substrate. [0061
[0054] gﬂ-ﬁee o O desraniois Gremeplam digde SHPSIF G aﬁf‘agc‘iﬂe&l]é{gf@fémssed in
of constructlon The foundation is a substrate (1000)
the contgxich agingde dioe;comicwatiestor snginsbrshind hehesaakiltedan the art will
preferably has a (111) crystal orientation, although
understamtifbat roost egylRbii@Bseqrie mﬁlﬁplehh@ie@n@wlcﬂbsﬁm@mted onto a single chip.
enbodi ments ot her orientations as (100) can be
sel ected. The substrate (1000) can be either n-doped
[0055] o l5.gBpab semicpa nglc‘ia?ﬁ dtSﬁ@S%fblﬁfthlg dpaimesn have theneric
di ode- based device. The first step is to deposit a
structur¢ dlpsirated indfigieck risebstrate @61 ak bptoddjodsuetions] (8),GR astive diode
SiNx onto the silicon wafer (1000) by chem cal vapor

region (UE)psiohi diste ¢ LYRY10Y), andéhesal degegionitento EQ}@"&&! &B4ese (105), and an
devi ces where reflection of light fromthe dielectric

electricdl @&@cact%%é Bttt B @R1deTke gl ideb, CEﬁbherttﬁé @k@d&?&%&% (102, 103, 104)
preferabl e because 1ts I ndex” of fraction I's

ﬂp%rg em conduct or rrat erial s. The
may be %Cﬁ?lsci@ggghgﬁ gfaﬁ%el ectric filmis typically 200 to
400 nm but it can be thicker or thinner. [0062] Then

[0056] we Tiattoetom dip@htenis (102) adpeciopddideQediba ﬁaveséiﬁobs@esdo n
trenches (1020) Wlth(ﬂ s)ubst ant |pal Iy vgertlp]gm? si dewal | ping

types. Foiexafld, ?fytﬁé b&horl ?dd%%élb&&e ik lﬂr@don{ mgff@)n-‘iy%gggﬁgy(wnh an

exposi ng the sur ace I con

elecﬁonﬂpé&r}ﬂcﬂcﬁ Eﬁostpﬁgf?)%gea‘i’sem-le\’\gr a?n)%nnr%y? "Hen BY %’opt JobE %etgleornrh 84) will be
predominantly p-type doped (with an electron acceptor such as boron or aluminum), and vice
versa. Heavy doping in both the bottom diode region (102) and the top diode region (104)
provides a low-resistance pathway for current to enter and leave the device. Typical doping
levels of the top and bottom regions would be in the range of 10317-1020 cm-3. Typical doping
levels of the active region would be below 1017 cm-3. Note that the use of “top” and “bottom”
for designating regions is a matter of convenience and in some frames of reference a top region
can be located above a bottom region. For example, consider a diode formed above a substrate

with its top region formed above its bottom region. If the diode is flip-chip bonded to a handle
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(1020) are by conventional photolithography or by
reactive ion etch techniques. As would be recognized
by one skilled in the art based on the disclosure
herein, the trench could be another shaped opening
such as a hole, recess or ring for exanple. The w dth
of the trench (1020) should -14 be equal to or |ess
wafer andithen tisesubstraikisesmoodd, thedragicedfoeferince fatvéeiak théldibde typically is
condition energes fromthe principles of Aspect Ratio

flipped. ThaRRicag tht b regloh wilbe Whevddek Gbingobldhde 11:)6&81@1%%1@@20)
to the width of the trench (1020) should generally be

greater than or equa o0 1 .in order to trap threading
[0057] di sThecatosterte (100 est lfr»walaée gfipan W@fgara&hﬁ@mmdsff@r@@ww@wms 2

are disclosed in co-pending and commonly assi gned
variety i cBherRabentes AppghdicasapphirSend silictocarllidé, 48651@8le. Antkast some
U. S. Patent Application Serial No. 11/852,078, which

portion & e betiselay (Il OOQlsPAllekBhav thdinde (R8ddnifint dBYing type (either n or
reference). And in (Park et al. IﬁApp Phyig gty{t) ( P)

as the b ARAd 1%1%@@@1% fa e lodod e'l&‘&%aﬁ) 95135& %e@sﬁé’eﬁ ki %&om diode

erence I n sone” cases,
e to.clean the surface of the S|I|con
Ie@on(ggﬁa?ﬁggjugﬁ?ﬁﬁgﬁlgt the bottom of the trenches (1020)
to prepare for epitaxial gromh of the bottom di ode

[0058] I edIt@NetdiRE sBRCUNRIT SO dRddS w:g@b 1935heg ﬁb]%@xd UPON MUMETOUS
process, which includes an oxygen plasma etc see

factors, 1*[?18%1?}{%(1: @hntend%g %]fl B0¥5 1 bl & rm9 bhe a%fl@é&%fig f%grl {103) is formed

I gure ustrates t e'results o

oS o ot AT R RO 0 e

ode region (1030) depends on the device, For a
can be d@%ta&}e togiary, the HepBe of Bin tow derbbotiwt Higiqus @s®)the duncigr. In an LED,
exanpl e, indiumagallium phosphide (InGaP). For a
the activi id@ﬂﬁ&regﬁbn(msg neiy gdaizin mensblay ¢ iha irmdeleregi dope 19309 and thin
is, for exanple, galliumnitride (GaN). W can al so

undoped@i&ﬁﬂﬁxh&e@@ﬁhamewcﬁdﬁ drRIGioddy dah Ofdbaabie @hdI8¢nerate photons. In
sem conductor materials, including conmpound

r [
s SSRASOUUI b st Lo 4aelobi B LG5
mo deratgkf%gc?op'ed%ig S{EB %[e\fy S%@p &P Qegrﬁg$nductor material to absorb incident photons

and generate an electron-hole pair.

[0059) The materials used to form the diode regions are well known to those of skill in the
art. Typical examples of useful semiconductor materials are: Group IV materials, such as Si, C,
or Ge, or alloys of these such as SiC or SiGe; Group II-VI compounds (including binary, ternary,
and quaternary forms), .g., compounds formed from Group II materials such as Zn, Mg, Be or
Cd and Group VI materials such as Te, Se or S, such as ZnSe, ZnSTe, or ZnMgSTe; and Group
i-V compounds (inciudiﬁg binary, ternary, and quaternary forms), e.g., compounds formed
from Group III materials such as In, Al, or Ga and group V materials such as As, P, Sbor N,
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materials are descri bed above. [0065] It is possible
to dope the bottom di ode region (1030) in situ during
epitaxial gromh or to dope it ex situ by ion

i nplantation. (As a general matter, it is generally
preferable to dope the bottom diode regions active

e e.regio in this
such as ERFE CG A TP R AL AR RGN FudlfGasi B o fose b e oh i 81 tadeptand
in situ during epitaxial growmh or ex situ by ion .
how fo selpst gtk ripeash thess Dobsplsies siresd properties dwhaes batlgaps, lattice
bott om di ode region (1030) in the trenches (1020) as
constants hboping leegpicty regi on" (1050) because it traps
dislocations such as threading dislocations (1040),

h originate.at the interface betwee he bottom
100607 i o%%urﬁé*gﬁ B e&&%la%we%@n&aﬁef @@%@@Q@% oyt Th diode
propagate upward towards the side walls. Figure 6
archlfecwq 1§§W%111@B>1 fdpeicehinagdehie gibitisteaan slagrad¢ pod@manee. In a light-
dashed lines. The portion of the bottom di ode region
emitting(di@BOJorwhiamwhle| & eiicabobsirathean thsariplighy gemgatod withGbB} device. In
remains relatively free of defects. This | ow defect
the embédtieaniliasaéen Rgurt d, wehewd @nldved teualdoh yusemround
sem conductor devices on high-quality, |arge-area,
w-cost silicon wafers. For sone materials, such as
[0061] Ga&? igyta N, shawthegesulis of theypreliminant stegen af sonstroetinn Ah¢ Husdation
of these, a dislocation density of e.g. less than or
is a subsegigdl 0¢®) si€iBay a Ghidon wafboiy vericuth sutfacdieefizsdlyuhasfaoM 11) crystal
devi ce applications. For sone other materials, such as

orien{au&%%th@ﬁ% A8 orRntaBAENE AbsJIWBE] B @h%ﬁﬂaﬁﬂn&ﬁ? §ﬂh¥:1y oriehitations
typically required to be useful for devices, | ess

such as gb%a‘ﬂrbe S%%?t%g rr?l% %aggcrirtee glr()@g ﬁg%oe)?&eﬁ’}f d?;?e@)dr%hc?opeg depending
o AT AT LI S 5

cont i nugus is typically desirable to
material ;61 i Fﬁ“‘%’é‘stﬂﬁgz @6&%@9 Sifesikieyi oy 108) btsypertirativepar deposition
nmechani cal

(CVD) or another deposition technique. In devices where reflection of light from the dielectric
layer creates a problem, silicon nitride can be preferable because its index of refraction is closer
to that of common semiconductor materials. The thickness of the dielectric film is typically 200

to 400 nm, but it can be thicker or thinner.

[0062] Then we pattern openings for aspect ratio trapping, such as trenches (1020) with
substantially vertical sidewalls in the layer of dielectric material (1010), thereby exposing the
surface of the silicon wafer {1000) within the trenches. Two exemplary ways to pattern a trench
(1020) are by conventional photolithography or by reactive ion etch techniques. As would be
recogmized by one skilled in the art based on the disclosure herein, the trench could be another
shaped opening such as a hole, recess or ring for example. The width of the trench (1020) should
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processi ng or any other suitable technique before
further fabrication. The next steps are to deposit the
active diode region (1060) and the top di ode region
(1070). In nost enbodi ments, the active diode region
(1060) and the top diode region (1070) have the sane
or approximately the sanme lattice constants as the
be equailfp ot bass thaodiee thigfiness of e3tlectfio 068@&riaki iy eonditohonergdsdrom the
results of the final steps. W bond a handl e substrate
principlds I8GpedtRatioeappope: dicodeo be gledRight Q7 he treheh SO08) to the width of
enbodi nents, it nmay be preferable to planarize the top

the trench¥8020)QHSulE @8h Q@RI BOF@Atel thaRbHS Al & PAIUBMG0 & ap threadi
° enchlj(gh guallt;%gbond}(tog[?hg hgndl gqus?ubstratre (3038 ea mg

dislocati.?{l]éé thﬂé%algqp&%l g{‘Lsc‘tefzhﬁlgﬁ@ ela?scﬁ)rsgci e t—]%)egld}n ia(r)lg é:ommonly

eanlnte?msi’ etween

. regi gn th I 080) t.o . : -
as&gned‘ﬁ% Beb il B SHTNG ?@4‘5@%@@%@@ Abofifatiogerial No.
ke, The handl e substrate (1080) could be part of an
117852 0|Z &mb@é RERARPH ingerppiated IBEiven g e b gefsreas®. dpd in (Park et al,,
known, including those used in flip-chip bonding,
Appl. thdt:@t. OReb32ap3 [PW7]) whichfis meoipERtedhdiandedeforenae.
surface that is part of an LED package The handl e
strate 1080) , may be conduc ive, ont ai.n
[0063) coﬁaa%w Se bR DS SRR EROE 0 ¢leat Thsotiriat of b s Gple aubbiate
i ode region (1070). Then we renove the silicon
(1000) a%@@@@ﬁ@l@@f thonoyhes( 182G riearpatedon apigaris erovubiet the bottom diode
grinding, chem cal etch-back, |aser ablation, or sone
region. Fooohé nakioamf afsuitdtds elearﬁmgmmbsess, 06 Yclidenah onygerz@imkth etch,
a first electrical contact (1090) to the bottom di ode
sec Parcepal oy L 1)L ando, Gsasesomirel ectrical contact (1100)
to the handle substrate 08 In various enbodi nents
the material for the el ectrlcal contacts can be, for
[0064] ex&ngire 6 tBusstatas haofeswisrod thet noxe sevstadisteps dlrstwe gropherbottom
silver, or alumnum or a layer of relatively
diode regiom (H)38).€litte semitbudtdtoranaxiigdostbe boasmi distettngioh (1030) depends on
oxi de. For light-emtting diodes, the bottom

the dewc%' F@tt 4 st ceﬂoﬂ% a6tiorh B e bRyl 0305’ £€ f(ﬁ leakh %16 bﬁdﬁm gallium

highly reflective conductive rmaterial, such as silver,

phosphldé'{ﬁrf@apy! ¥y 1?&11@%8{1“15@ ﬁi&d@,t £E B8k cﬁ&%%&gn (1&5'65 18, for example,

gallium nitride (GaN), We can also make the bottom diode region from many other
semiconductor materials, including compound semiconductor materials, which have useful
properties for devices such as lasers and resonant tunneling diodes. Exemplary semiconductor

materials are described above.

[0065] It is possible to dope the bottom diode region (1030) in situ during epitaxial growth
or to dope it ex situ by ion implantation. (As a general matter, it is generally preferable to dope

the bottom diode regions, active diode regions, and top diode regions mentioned in this
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so it wll exit the LED from anot her surface. [0070]
People skilled in the art of sem conductor diode
manuf acturi ng know many materials for and ways of
addi ng el ectrical contacts. Figure 4 shows one option
for creating the first electrical contact (1090): we

. have ,r.enoved ,t he.dielectrjc .layer, (1010) to expose the .
disclos {13 PEITRASTIE i dpsthietahin SHEHmbe Priysel sordh ot o by ion
: di.el ectric material (1010) is renoved by standard
tmplantelithhi ques such as etching. In an LED, the trapping
regi ons (1050) shown in Figure 4 could effectively
rou £ ' 0] > [
(00661 | PCRRERE: 300 BUACRET (A EOME60. RERRTHIAT B WP T020) as e
” .correct, ..+l (0071] The, follow ng are exanples of
twappiriSE EL (s LhPR LR OiIPePn St g SreHENb e Rgsons (1040),
.. active, and top di ode re%i ons accordi ng to _enbodi nents
which originegg af thy wErssn peiwern therbotiamsliodn oaion (M) and the subsirate (1000)
patterned dielectric layer as known in the art are
and propagstd wrdwd Beomdd te pidervadlesiSigpartaitestertss thothrediitg dinpcations
active, and top diode regions, for of a GaAs and
(1040) Aldasifsl Ibas ethelgollionefae Bbtagn tidde @@gioze(lmggj #Bidh 1186 8bove the
bel ow. A) Bottom di ode region (e.g., 1030): (e.g., 100

roppin R0 Bl | RPN, PSS Bl Dl e o
. ' i n T, t © 720G N-t X
erate bghLRLAE) corlhl kb B EVBRL LMl #85 gt
. Al | ayer for, carrier confinepent (15 nmthick)
slicon iG55 105 S0 R PP STHNo LN PRARERAry oF quaririacy

. (Trinmethylalumnium), and 20% arsine, diluted in H2
combinations of these, a dislocation density of e.g. less than or equal to 108 / cm?2 is low enough

to be useful for device applications. For some other materials, such as GaAs and InP, a
somewhat lower dislocation density is typically required to be useful for devices, e.g. less than or

equal to 106 / cm?2.

[0067] We continue to grow the bottom diode region (1030) until a) the material overflows
the trenches, and b) the material from adjacent trenches coalesce to form a single continuous
film. It is typically desirable to planarize the bottom diode region (1030) by chemical mechanical
processing or any other suitable technique before further fabrication. The next steps are to deposit
the active diode region (1060) and the top diode region (1070). In most embodiments, the active
diode region (1060) and the top diode region (1070) have the same or approximately the same

lattice constants as the bottom diode region (1030).

[0068] Figure 4 shows the results of the final steps. We bond a handle substrate (1080) to
the top diode region (1070). In some embodiments, it may be preferable to planarize the top
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Tenperature: 850C N-type: dope with silicon GaAs
Quantumwell for emssion (10 nmthick) Pressure: 0.1
arm Precursors: TMG and 20% arsine, diluted in H2
Tenperature: 720C No doping -18 Al GaAs | ayer for
carrier confinenment (15 nmthick) Pressure: 0.1 atm
Precursors: TM5 TMA (Trinethylalumniun), and 20%
diode regiogi(h@]0) dit prseetd 4chiemp a hiphrpretisit borel to gi50@nRiet syperata(P80). In
with zinc C) Top diode region (e.g., 1070): (e.g., 100
still othanremboBitsms, ihhokbd pryferatdd toGadiade aPireggisdiate Byt batsen the top
Precursors: TMG and 20% arsine, diluted in H2

diode re%igfﬂ@(ﬂ?ﬂ) Wh@the 120 @eRubyRe (109080 Wubidvd iaaﬁes[o%%%wﬂjﬂqize thermal

enpl ary prophetic process parameters of gro
misuss 00 V9SS endys, B plosePEAERL pREDIHPLEB Mok e
Bonding3GERRM A7 sl Bl e Ring SER D haT I b Aloonah: kel the top
portion of an LED is bonded to a surface that is part of an LED package. The handle substrate
{1080) may be conductive, or it may contain conductive elements which serve as contacts for the

top diode region (1070). Then we remove the silicon substrate (1000) by standard techniques

such as grinding, chemical etch-back, laser ablation, or some combination of those methods,

[0069] Finally, we add a first electrical contact (1090) to the bottom diode r;:gion (1030) and
a second electrical contact (1100} to the handle substrate (1080). In _va,rious embodiments the
material for the electrical contacts can be, for example, a strip of conductive metal such as
copper, silver, or aluﬁainum, or a layer of relatively transparent conductive oxide such as indium
tin oxide. For light-emitting diodes, the bottom electrical contact (1100) should preferably be a
highly reflective conductive material, such. as silver, which will reflect the internally created light

so it will exit the LED from another surface,

[0070] People skilled in the art of semiconductor diode manufacturing know many materials
for and ways of adding electrical contacts. Figure 4 shows one option for creating the first
electrical contact (1090): we have removed the dielectric layer {1010) to expose the surface of
the bottom diode region (1030). Here, the dielectric material (1010) is removed by standard
techmiques such as etching. In an LED, the trapping regions (1050) shown iz Figure 4 could
effectively roughen the surface to reduce internal reflection of Hght, provided that their size and

spacing were correct.
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GaN | ow-tenperature buffer (e.g., 30 nmthick)
Pressure: 100 Ton Precursors: TMG and NH3, diluted in
H2 Tenperature: 530C -19 N-type: dope with silicon
GaN hi -tenperature buffer (e.g., 500 nmthick)
Pressure 100 Torr Precursors: TMG and NH3, diluted in

01 TG B3R S B e,

_ er for emssion (e.g., run thick) Pressure: 100
active, tpp piase u@g@}ssaccqrmg-mpmbMenm in thie dwplnszm@ First, a substrate and
Tenmperature: 740C No doping [00731 GaN barrier |ayer
a patterfist diclagtric deyec enfriaveniaribe ¢ ag. provdiBed i tdmiptdey prdeessargsters for
100 Torr Precursors: TMG and NH3, diluted in H2
bottom, Betipeg kad wpalio®6REiobk, P62 GOReaN AGSILBLANLED, according to one

embodiment are below.

A) Bottom diode region (e.g., 1030): (e.g., 100 nm- 500nm thick layer of GaAs);
Pressure: 0.1 atm

Precursors: TMG (Trimethylgallium) and 20% AsH3 (Arsine), diluted in H2
Temperature; 720C

N-type: dope with silicon

B) Active diode region (e.g., 1060): AlGaAs layer for carrier confinement (iS nm thick)
Pressure: 0.1 atm

Precursors: TMGQ, TMA (Trimethylaluminium), and 20% arsine, dituted in H2
Temperature: 850C

N-type: dope with silicon

GaAs Quantum well for emission (10 am thick)
Pressure: 0.1 atm

Precursors: TMG and 20% arsine , dituted in H2
Temperature: 720C

No doping
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C) Top diode region (e.g., 1070): GaN p-contact | ayer
(e.g., 100 nmthick) -20 Pressure: 100 Torr
Precursors: TMG and NH3, diluted in H2 Tenperature:
950C P-type: dope with nmagnesium [ 00741 Enbodi nment
No. 1, shown in Figure 4, includes a sem conductor
di ode made from conpound sem conductors or other
lattice-m smatched materials on a silicon wafer
conprising these elenents: a bottom di ode region
AlGaAs1A3 Ry catferd@hiiNGn i 00Lnh eG0RN (1060), a top diode
region (1070), a handle substrate (1080), a first
elhectrical contact (1090), a second electrical contact
Pressure(ﬁlo%n, and a trapping region (1050) where threading

' di . ' term nate. .[Q075] ,The bott.om di ode regi on
ProcursEy RN, TMs (BT F S S e G bA P 200y G HE 1 op
di ode region (1070) will have | ow defect densities
TempergtuxppBeYf |y | ess than or equal to 5 x 107 per square
centineter) as a result of growi ng the bottom di ode
P-type: dagiveith £i2030) as a coal esced fil mby Aspect Ratio
' Trappi ng. [00761 Turning now to Figure 7, which
illustrates a nethod of fabricating a device
according to the first enbodi nent. The nethod

b -depeshyt i e s ' terial
O Top YR HIEE ASPOTOL L 0p, Sd Aeboin i SO GBY o
P eﬁgtltaﬁr ning trenches (1020) in the layer of dielectric
eSSt et al (1010) to expose the surface of the silicon

waf er (1000)) each_trench_(1020) having substantially
Precursafg kYIEand 20 tiamp<dilutgtintie ratio, of the height to

the width of each trench (1020) being greater than or
Temperagyugal2@® 1, growi ng a semiconductor material to forma

bott om diode region (1030) which fills the trenches
P-type: dcbR@20Gth sindl coal esces to forma single continuous

[0072] Exemplary prophetic process parameters of growth conditions {(e.g., CVD) for
bottom, active, and top diode regions, for a GaN and InGaN-based L.ED, according to the first

embodiment 1 are below.

A) Bottom diode region (e.g., 1030):

GaN low.—temperature buffer (e.g., 30 nm thick)
Pressure: 100 Torr

Precursors: TMG and NH3, diluted in H2

Temperature: 530C
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film grow ng a sem conductor material upon the bottom
di ode region (1030) to forman active -21 di ode region
(1060), growi ng a seniconductor material upon the
active diode region (1060) to form atop di ode region
(1070), bonding a handl e substrate (1080) to the top
di ode region (1070), renoving the silicon substrate
N-type( dpsaith $svi ng the diel ectric material (1010),
fabricating a first electrical contact (1090) on the
surface of the bottom di ode region (1030), and
fabricating a second electrical contact (1100) on the
GaN hisumpearobuifdiee pasdd amsg) rate (1080). [0077] Figures
8 sunmarizes a variation of the nethod illustrated in
PressurEl @M@y 1N which we clean the surface of the silicon
waf er at the bottom of the trenches before depositing
IR Y o [ yel ion. Figure 9 summarizes anot her
anumbgf?gﬁ%%%ﬁﬁ%gmﬁﬁﬁﬁéﬁgﬁglanarize the surface of the
bot t Lode region before growi ng the active diode
Tbnme@ﬁ@?gﬁbgéigure 10 sumuarizes yet another variation in
whi ch we planarize the surface of the top diode region
N-type:giopepathsgiegpng it to the handl e substrate. [0078]
Anot her exenpl ary enbodi nent all ows coal esced fil ns
deposited by Aspect Ratio Trapping to create gallium
nitride substrates. In this docunent, as in the LED

B)Agﬁ%ﬂ@@&éﬁ;kmub%qqgggy "galliumnitride substrate” neans
[ ilmas well known in the art of gallium

a thin
oo ORI RARORR g2 B O oLy St

roma materia a
[ cturers typically buy GaN substrates from
Pﬁﬂ&ﬂ%ﬁ@@ﬁ%&is suppliers, then deposit additional |[|ayers

of GaN and other materials to create LEDs. A typical
PrecurseegN MG iMhtH ofibited 82 a | ayer of GaN deposited on
a wafer of sapphire (A1203) silicon carbide. The
Tempergiord: ddcde market for galliumnitride substrates
currently is about $300 million per year. [0079]
No dopiMpat erial s suppliers typically deposit GaN onto A1203
because these two materials

[0073] GaN barrier layer for carrier confinement (e.g.,15 nm thick)
Pressure: 100 Torr

Precursors: TMG and NH3, diluted in H2

Temperature: 860C

N-type: dope with silicon

C) Top diode region (e.g., 1070): GaN p-contact layer (e.g., 100 nm thick)

20-



have a reasonably good lattice match. However, GaN and
A1203 have very different thermal expansion
coefficients. Wien LED nmanufacturers heat the GaN
/ A1203 structure to deposit additional |ayers, the
difference in thermal expansion coefficients causes
the structure to bow -22 The bowi ng causes sone
Pressurg@dQ0Torr of the A1203 wafer to | ose contact with the
susceptor, the substrate heater in the deposition
PrecursGRaIMeS andASH, diRsdH th.pit he tenperature of the A1203
waf er varies as a function of position. The
Temperinﬂlce(.’PﬁiJétem A1203 wafer tenperature causes variations
In ayer conposition and | ayer thickness. The
p _Eﬁgactj cal consequence is that manufacturers have
“type: SRS VR PRISEM rol | i ng the eni ssion wavel ength of the
resulting LED. [00801 An energi ng techni que for
creating GaN substrates may solve or at |east ,
ameliorate this problem The essence of this emerging
technique is to extract a Garr thin filmfroma donor
wafer and to bond that filmto a substrate of al um num

nitride, which has a.thermal expansion  coefficjent

00741 ¢ pbtimen G Seveadi IR JBRYHCS dafeak consdupipp fiode papdg from
waf er of single-crystal GaN. The conventional nethod

compoupd seExEebiIcioayor ¢berdace mismitchen mhaterials be agdivon wedfrepmprising
involves ion inplantation and exfoliation. The

these elammmi: abbtiordodenphiant( 10800 rmgetivé didde tapicn (1060 @Y diode region.
wafer to create a cleave plane, then split the donor

(1070), ¥ad:Rlle HbsRABERISONG: firkt QEctiYal ABMaN (M 0YEL BABLE Bctrical contact
pressure. This technique makes it possible to extract

110 4,y B ] S 5 0y W 1011

provi des for a novel donor wafer which can be
[0075] pr cthedettonl dibdaepionqd$03 ke aatiwatiode rafodr(1040), and the top diode
single-crystal GaN. W& begin with a substrate (1000

gion (BN wAS h@eShiv &% Bes '
rebzon(( 11?) cryst gl ori éﬁ?{ast iegéﬁp%%%b&%?ﬁn%?%@@% S‘QQO?per Square

centimef%f La":s‘ 'ﬁtrgstxfitod}égﬁi{'%ﬁ Ql?est?c;tﬁﬁkr? %11%89 rég'?onsﬁ @O)Ga@%oc%iafégpetdsfilm by Aspect

er orien S such a
Ratio Trapping.
[0076] Turning now to Figure 7, which illustrates a method of fabricating a device
according to the first embodiment. The method includes: depositing a layer of dielectric material
" (1010) onto the surface of a silicon wafer (1000), patterning trenches {1020) in the layer of
dielectric material (1010} to expose the surface of the silicon wafer (1000), each trench (1020)
having substantially vertical sidewalls, and the ratio of the height to the width of each trench
(1020) being greater than or equal to 1, growing a semiconductor material to form a bottom
diode region (1030) which fills the trenches (1020) and coalesces to form a single continuous
film, growing a semiconductor material upon the bottom diode region (1030) to form an active
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(100) can be selected. The substrate (1000) can be
ei ther n-doped or p-doped. Onto that substrate
(1000), we deposit a layer of dielectric materi al
(1010). Next, we pattern trenches with substantially
vertical sidewalls in the |ayer of dielectric materi al
(1010), thereby exposing the surface of the silicon

diode 1%9%G10é@)9g@)mg serpisordustns nefterih npdaibe uetive dipdesegandH060) to
in Figure 11, the trenches have been filled with

form a topriiasiomelion éhO?’ﬁ}aﬂJendiag a(hadde pulagad€5€80) bethchep diode Agion (1070),
before, to -23 pronote trapping of threading

removirh Bk @itiabh QubSirate MEOO&% %ﬂmﬁ’fn e dieleb16i0 @iut&R vl (A R FabrR%8ng a first
than or equal t he th|c ness of the dielectric

S R TR AT e
ni above 082 The
second LEERENTERRY (PG BARF WIS of SRR AR W BRR T 08B mt o1 1
(such as GaN) (1110) wuntil the material overflows the
[0077] t 1 eRighRS SantntdieedBiididh of (HRMARPERBatbd ﬁmgﬁ% 7 in which we

coalesce to forma single continuous film Exenplary
I
clan 1S ABEOAYR GFcATLEL 215 4 0sPBEPL DRIy o ve oo

diode ref@%lsg)gtupe 51 o %122691?9 ﬁ%g{iféf '2351%%31@ md‘fv@cg SVé‘thI?}'ﬁglzf % @&Bi‘ace of the
;B ortion of the sem conduct or material (1110)
bottom g?/ SRDa01E SHHHL tapdivg diotlo sepjory Fagiae 40 Bapmatizas|yieyanother
free of threading dislocations. Coal escence defects
variatioprgty whish evgrplattarigo the suffache! tho tmtdiotesregioabefortborgiiomit o the
fronts fromadjacent trenches nerge, but the density
handle sobstenal escence defects is | ow enough (generally |ess
than or equal to 5 x 107/cn2) to allow the structure
to be technol ogl cally useful. [0083] Figure 11
[0078] § || {aethei wemalann BPodiBIeat allRarepalrprcd Kilwa denasdby Aspect Ratio
multiple thin films from the |ayer of sem conductor
Trappinge encita lgallingwgjridersubstestenfl s dokemedt] assinrtae BED industry, the term.
enbodi ment could provide a source of nultiple GaN

“galliunt hitide subbtedic Tabdrd JdiRinsRipodsah@tkddyvi i@nthé AP bARAIREI ARrid dGaN)
exfoliation, then bonded to alum numnitride wafers.

grown oh&RD8EbodRH bRiol b 2PREDR RIS Forh b 1RO Sl BRr H8n GaN.. LED

manufacturers typically buy GaN substrates from materials suppliers, then deposit additional
layers of GaN and other materials to create LEDs. A typical GaN substrate consists of a layer of
GaN deposited on a wafer of sapphire (A1203) silicon carbide. The worldwide market for

gallium nitride substrates currently is about $300 million per year.

[0079] Materials suppliers typically deposit GaN onto Al203 because these two materials
have a reasonably good lattice match. However, GaN and Al203 have very different thermal
expansion coefficients. When LED manufacturers heat the GaN /A1203 structure to deposit
additional layers, the difference in thermal expansion coefficients causes the structure to bow.
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create high-quality GaN filns for this donor wafer on
an i nexpensive silicon substrate. [0084] The
enbodi ment shown in Figure 11, is a donor wafer
conposed of these elenents: a silicon wafer substrate
(1000), a layer of dielectric material (1010) covering
the silicon wafer substrate (1000), the I ayer of
The bowing|ceeses semerpewiph af the 020 vealent tadcmercgntapfemmés sustiepior, the
expose the surface of the silicon wafer substrate
substraté he@ey) in thdréeiosinn bkantbwavipng rauhsthatdohsdrdtirewdilid ABIO3 wafer
sidewalls, and the ratio of the height to the width

varies a@h fitt€ok bﬁﬁ@ﬂhﬁﬁl brak REoBsifBhEA 12038 tefP@turd @au:!aes Wiriations in
| ayer of sem conductor material (1110) which fills

layer cohgﬁ)sftmﬁ Qﬁ@ ?a?exaﬂ?ckﬁé’s% r 'fllf\@#ﬂ@hcﬁ&? 851{38@&%8@13%’% %Ea%ﬁga%uﬁers have

nt1 nuous

dlfﬁculf&%gpg@flg%l}? oy T %etrﬁ%ﬂgqgmifjl S%of the

dielectric material and term nate. [0085] Figure 12

[0080] SUMARIGhESSY teﬁﬁha@éifofr @refaaﬁg CRR Rb4tRResIRNPIOINAECE 163 B0 iorate

in Figure 1 i ncl udes t hese steps: "depositing a

. I
this prol!)l?%eﬁ‘hg Fzssgfg% 0?9151,% eﬁle%%fﬂ%&etl% Jfr %:lzftﬁa%{ R’enﬁ%%l%aﬁ?rﬁl a donor
wafer a%fﬁ%f 8t T a0 ST BT R OHy, WSk e Rl cxpansion
havi ng substantially vertical sidewalls, and the ratio
coefficigt sirpifas thGiagpk Geld. leedqmoamf@ﬁs waisally p araéty obsingly-crystal GaN.
greater than or equal to 1, and growing a | ayer of

The consemicmehaeitbdof aetaetingthe( AN Bin Siira Hroas thealnwhivesr fnivblves ion
the trenches and coal esces to forma single

implant£@t dnd R ESiatibh. rﬁ'heﬁ@ﬁﬁ@ﬂctﬁbﬁqﬁ?laﬁ?’hﬁdz‘ﬁ@@ﬁbﬁ@ﬁt&ha donor wafer to
variation on the nethod illustrated in Figure 12, in

e SR SR A R 4
pressurg m?%?i@%gﬁ%ﬁ PO &% PORR ot Ry gl donor
the surface of the sem conductor materi al (1110)

wafer. [ 0087] Described next is a way of exploiting the donor
waf er concept described above to

[0081] Figure 11 illustrates a second embodiment that provides for a novel donor wafer
which can be produced at lower cost than a donor wafer of single-crystal GaN. We begin with a
substrate (1000) such als a silicon wafer in which the surface has a (111) crystal orientation.
However, other orientations are possible and in some embodiments other orientations such as
(100) .can be selected. The substrate (1000) can be either n-doped or p-doped. Onto that
substrate (1000), we deposit a layer of dielectric material (1010). Next, we pattern trenches with
substantially vertical sidewalls in the layer of dielectric material (1010), thereby exposing the
surface of the siticon wafer (1000). In the stage of manufacture illustrated in Figure 11, the

trenches have been filled with semiconductor materiai (1100) as described below. As before, to
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create a GaN substrate, such as a high-quality GaN
fil mbonded to an AIN wafer. More generally, it is a
nmet hod of creating a |ayer of sem conductor naterial
bonded to an arbitrary substrate material. [0088]
After we create the donor wafer (shovvn in Fi gure 11),
Fi gur.e illustrates a next, step npl ant t he
promotg Hglél?m%? g PR ey i) Of{emﬁ Gynw thpuiddredessdbarnor equal
for examlj hydr ogen ions or a conbination of
to the ﬂHﬂ}IéFreéQg‘éﬁhQ diglastla Iuﬁﬁeﬁ@in Ortiopalty, eetreight ther aleen fleameface of the
(1120). Next we bond the | ayer of sem conduct or
silicon sristate 41000 4103 bbyorn ofitterttdnona bytiee RO S deSeribeh aABEH L
substrate (1130), as shovvn in Figure 16. If the
onductor. materi (1110). is GaN, a generally -25
[0082] 1, S o165 et SieRe Dy P Ry oG SR o Bt (siich 386y €1110)
a material with a simlar thermal expansion
until the peterpboenfiowsthe renehearni] tHe0o8odal five 4djmeint Stmmbes soatasce to
split the layer of sem conductor material (1110) at

form a dige comameus filnaxefbl2 perbitontupe i dgidld a0 defyibed above. The
appl yi ng mechani cal pressure. The result is shown in

ortion ¥ 8fsemicbRdudior AERalql 1 KB RISANGIRCH O
P bonded to au handl elaéglﬁ:)sfar?ate (1130). . ggéér?lﬁsu%%mgmgmn

o SRR A OO A, PR
to 5 e IS smatch of
(1110) ‘“’3’8 ¢ i drpbecadid oS NEkhwE RO~ BRI 6 RauE PG e Grpfions
(1110). and the handl e substrate (1130) and/ or there
CoalescpacelegqciyBansiheRt @someioé thrdpcasiepaheisrihe gt Sovtstiom adjacent
bet ween the sem conductor material (1110) and the

trenchesvapugieebut shendemsitit ef ¢oblke30nce Aghacnjs harensoge(gras@lly #ssthan or
such as GaN, InN, AILN, or ternary or quarternary

equal toConrpdMan prsliet thhesetu 16lbsiepié@mitanshiy of e.g.
Iess than or equal to 108 / cn2 is | ow enough to be

seful for_device applications. For sone other
[0083] o BVl 14 ilhasirares asno@aladongn wafon mhich cas iediattiplovien films from
di sl ocation density is typically required to be useful
the layef off sedeadndestpr wagrial @&30% Fanexample, the illustrated embodiment could

provide a source of multiple GaN films which could be separated by ion implantation and
exfoliation, then bonded to aluminum nitride wafers. Aspect Ratio Trapping makes it possible to

create high-quality GaN films for this donor wafer on an inexpensive silicon substrate.

[6084] The embodiment shown in Figure 11, is 2 donor wafer composed of these elements;
a silicon wafer substrate (1000, a layer of dielectric material (1010) covering the silicon wafer
substrate (1000), the layer of dielectric material (1010) containing trenches which expose the
surface of the silicon wafer substrate (1000), the trenches having substantially vertical sidewalls,
and the ratio of the height to the width of the trenches being greater than or equal to 1, a layer of
semiconductor material (1110) which fills the trenches and overflows the trenches to create a
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equal to 106 / cnR. [00901 Figure 18 summarizes the
above described nethod to create a structure conposed
of a layer of sem conductor naterial bonded to a
substrate conprising these steps: depositing a |ayer
of dielectric material (1010) onto the surface of a
silicon wafer (1000), patterning trenches in the
single comtymouofilniaat eebping regadmesr(l 650) (L0 hetteenekposerdih ehreading
surface of the silicon wafer (1000), each trench
dlslocatf&@‘sl(I’(B()ﬁiil_l@é’fﬁe%ﬂfﬂe%ideyvaﬁ_ﬁbfﬂh@@ﬁei&iﬁ%ﬂﬁ’te‘rﬁl arfgrniifger ati o
of the height to the wdth of each trench being
greater than or equal to 1, growing a |ayer of
[0085] senfigeigddcremmarigeses mgthod ta i@moaﬁuthmdorfqr wager tshewn in Figure 11, Tt
trenches and coal esces to forma single continuous
includesfthésw stapapdepnsitinga tdyer diadielectof maendl ¢OidY otiorthemirtact af a silicon
(1110) with ions to create a cleave plane (1120),

wafer (1000 pRrAinBaREbRs i2fhe 34428 bF dleRclibtaBdrisiq14 118 b @s@ge Bk surface

sem conductor material (1110), and splitting the |ayer

of the mgfoannvz%ﬁl% 1 %f(?x?tg%h E%ié %séénﬁm?@%aélgsﬂ%v@ég ¥, fhe ratio of
the heigfl i wiTER B0 e ety Db Eiehtly Hafl Y adil g h@a@h)gmaw R deer of

bott om of, the trenches befare de os ting the |ayer of

Sennconé*é?wwﬁf@uék @ 1 et psabald ¥oueh ﬁllﬁo {reBcTEd 284 AorEesovss form a
anot her variation of Method Cin which we planarize

single cartimugus filace of the | ayer of semiconductor materi al
(1110) before inplanting it with ions. [0092] In sone

di I d fil t ..Rat . .
0086] g e ot e upP Bt BOUPACKIRGEOL BIGE i which we
epi taxi al materials typical I have | arger thermal

clean the.sysEae8 PHe Stisen fiadTeH attfh@ﬁ Prvs thy batioamoside Eenches before
substrate. When the structure cools fromthe growth

growingttberpriatnduetor ttaterial (rhl6pMigiae fl4 smmmerizésamothiRevariation in which we
substrate. As Figure 21 illustrates, tensile strain in

planarizé B shithéd sfahe b@boddcHr dgksial @1114@? Cracks (1140) can
inmpair the performance and the reliability

[0087] Described next is a way of exploiting the donor wafer concept described above to
create a GaN substrate, such as a high~-quality GaN film bonded to an AIN wafer. More -
generaily, it is a method of creating a layer of semiconductor material bonded to an arbitrary

substrate material.

[0088] After we create the donor wafer (shown in Figure 11), Figure 15 illustrates a next
step: we implant the layer of semiconductor material (1110) with ions, such as, for example,
hydrogen ions or a combination of hydrogen and helium ions, to create a cleave plane (1120).
Next we bond the layer of semiconductor material (1110) by conventional techniques to a handle

substrate (1130), as shown in Figure 16. If the semiconductor material (1110) is GaN, a generally
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of devices such as LEDs or solar cells. [00931 Figure
22 shows a novel solution: create divots (1150) in the
| ayer of sem conductor naterial. It would be possible
to create these divots by standard techni ques, such as
l'i thography, etching, or |aser ablation. The divots

C limt area of the coal esced
preferr %@@h&ﬁa ‘ﬁ? gubSFﬁwligﬁ&%m@%a& Wk Agipyar ithprmaberpansion
resses in the senm conductor material. |If the divots
Coefﬁmﬁ’&fvé“%rﬁé MNoper size and spacing, they will allow the
sem conductor mat er i aI to accomodate the thermal

T Y Ay i S
plane ( @2@1@@”&}% & ﬁf%( pgmeq wwq%}t‘@%% B reqiii showa in Figure

this nmethod of reducing the thermally induced stresses

17: 2 laygy of sergisandusé dosipuah(bk1 03 bandedricladewtle mtsaricdl 1 3)oVs structure
on a silicon substrate by Aspect Ratio Trapping:

is especiidlyostiul ngenthealplct ddnsity of detsentoonioestirateidG10)0)antowy (c.g.,
the surface of a silicon wafer (1000), -27 patterning

less that bEeRhE® 5 0 101embRYeen Fherdie] @Gkrhiteh a%ﬁfcb %bns(tﬂrgslgé%& the

expose the surface of the silicon wafer 1000), each

selmcor%dﬁxgﬂ%‘f glta:i%l\ég) ﬁ)%}ﬁl tRE Eérﬁilé Xub\éﬁﬁt{a ﬁ%lohs‘lh?)%ea gke s Oﬁ%sl‘? match of
thermal %Q#ﬂ%g%&%%{l%}e&s n‘g%r E%@Bﬁtdqmr alT ?]fipi@}/de the %andle

es and, coal esces to form.a single continuous
substrat { {130 ghag o deRmieqa an vorch 468), A £, adpaetehpessmary
material. [00941 In one enbodi ment, exenplary first
combingtiops pb thesm aasiemtion lamity afkigr ks tin ectquehtol 108 /parals i@k enough
wWth a regular, irregular, prescribed, periodic or .

to be uséfol o nfictice B}bplﬁ:@@cﬁisn For fthe ekerhRrials %EM@G&QS dnd m_]_:a@d
1.0 um In this manner, the sem conduct or naterial can

somewhREIOWRE Bisl JthorPdend | Vm&;w}?{eqﬁﬁé& B%eUse ?ﬁm%& £.g- less than or

Exenpl ary second si'm lfar to the |rst

end in a second direction (e.g.,
equaltocl%r@éeélgl cular) to the first direction. In this manner,

t he sem conduct or
[0090] Figure 18 summarizes the above described method to create a structure composed of
a layer of semiconductor material bonded to a substrate comprising these steps: depositing a
layer of dielectric material (1010) onto the surface of a silicon wafer (1000), patterning trenches
in the layer of dielectric material (1010) to expose the surface of the silicon wafer (1000}, cach
trench having substantially vertical sidewalis, and the ratio of the height to the width of each
trench being greater than or equal to 1, growing a layer of semiconductor material (1110) which

fills the trenches and coalesces to form a single continuous fiim, implanting the layer of

semiconductor material (1110) with ions to create a cleave plane (1126}, bonding a handle



material can be made into a plurality of islands. If
the first and second divot pattering was regular and
equal, the resulting islands would be squares,
however, other Inown shapes for such islands nmay be
used. I n one enbodi nent, the sem conductor materia
can include a | ower diode region, an active diode
substrate €lgi3@htodhd layer efspeicodidoder megiien(! | | Q0eslsphtivgxbeiiyar of
nmet hod of reducing the thermally induced stresses in
semicondaabestegefibll (1510) fhothgichgvaplaED 1@opwn on a silicon
substrate by Aspect Ratio Trapping (ART) can include:
ep05|t|ng a layer of dielectric material (1010) onto
[0091] ¢ hFigwet gcsémafanée%ar Y4igamwa tha methobolnstratpdin Bignienly, in which we
trenches or holes in the layer of dielectric materi al
clean th¢ 31040} of theekpos avaférd | AN faathe tottothe theirtrichenbafafealepositing the
(1000) with unpatterned | anes or sections between
layer of agre@enduictdreshtial (1 (181 tRERed0 stunenehesandtheh 0hfion®Adethod C in
trench having substantially vertical sidewalls, and
which Wﬁelf)‘?arfaﬁgzé Re Qe ringd gbir oftS@nﬁd?)ﬁdwt&Iﬁat@ﬂai??be HeRINe anlantmg
hol e being sufficient to create a trappi hg 'region
d successively growing a coal esced bottom di ode
IrWﬁhﬂggglon an active diode region and a top di ode region
corresponding to the patterned areas within the | anes
[0092] of THRB@E kaILBEEhAisetREstiE iR Slolhalby(APEIR BB RYping may be
standard nethods (e.g., MOCVD to result in leOg

susceptﬂg’l\iég(‘Sl 8&@1@:%38&%1@ PR@%@%H ust at f ﬁgﬁeel n%tr @b expansion
ool SRR R A e

divots_in the sem conductor, materi al and

temperaygryths Fnrontiagis :195¢ iandhe pupsHaiscps Biegram i lrlaluﬁt&s,gfe Eqpsiigstrain in
t he above described first enbodiment can result in an

the film gdnt ksneh et ¢roeksd bl Granks @l40) deEDmp§i0 08 Herformarme and the reliability
enbodi nent, divots in each | ane can occupy 10-30% of a

of devictseyugh bs DEDwioelsdlar etilgensi on of a correspondi ng LED.
Exenpl ary divots can include slanted sidewalls at a 45

[0093] Figure 22 shows a novel solution: create divots (1150) in the layer of semiconductor
material. It would be possibie to create these divots by standard techniques, such as lithography,
etching, or laser ablation. The divots (1150) effectively limit the area of the coalesced film. As a
result, they reduce the thermally induced stresses in the semiconductor material. If the divots
have the proper size and spacing, they will allow the semiconductor material to accommodate the
thermal stress elastically, without cracking. If the divots have the proper size and spacing, they
will allow the semiconductor material to accommodate and largely reduce or eliminate wafer
bow. Figure 23 summarizes this method of reducing the thermally induced stresses in a
coalesced film of semiconductor material grown on a silicon substrate by Aspect Ratio Trapping:
depositing a layer of dielectric material (1010) onto the surface of a silicon wafer (1000),
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degree angle to a top surface of an adjacent LED
Alternatively, sidewalls of divots can use a greater
or smaller angle such as 30 degrees, 60 degrees, etc.
[0098] The active regions for LEDs in a Ill-N system
can be grown over relaxed GaN. For exanple such

ane bu N waf er or "
patternifgt s 5 3 G5t e i Flusmel GaKD le ety i im0 bipesilicon
ubstrate of sapphire or silicon carbide. However,
wafer (1385 > GRcdithmeh hryag subsingaliiorertien sideribs o theagficoof theibeight to
contain a significant fraction of indium Thus, the
the width of sauhdrench being geeafeo thanics ielhad t 1 ghrowingDslayar od sérhicoMiuctor
system have one or nore InGaN alloy |ayers. InGaN has
material @1 030) gehicH Alld the @efshas badibodidrass 163km T 6inaMQbftifiout GBI CAA
di sl ocate ion that acconpany rel axation of strained

creating %Pddtsa?d%é) msthhcfiénh&@ﬁ%tﬁf @R fgMRi n strained over the
ying GaN layer (e.g., as they are grown to have

substantially the sarre Iattl ce constant as the
[0094] undeohy embodiatint, ayemplaryFinst dieots cant bdert gbmnefitst Hirdbtion in
sem conductor nmaterials are polar nmaterials and the
parailel with airggilat, rhguRRipsecaBed, HEEOED of REdmitddt Shadiiol f6 PAmple,
pol arization fields (e.g., piezoelectric

between POl éfa' LA O, TG 19@ sen%@!) o AhSertaP %163@ rﬁgde info a

per ormance. For exanp e devi ce mss on €

ST R ST 48 B8 B B

ode structure fo anot her errbodl ment, of an LED. In
a Secondrsil fien P%Penld@ﬁ ) 1 the st gRecionaln thisgrangen the seaxigapductor
close to the substrate conprises InGN (instead of
material ganpe ndeinte Galrdiswef istindsl el fitegiisharckyectrel dvotelagmng was
| ayer with reduced or controlled defect densities

regular ahdreqed, the kesglAR TslRBROUIABS squotshh@evier) Galdr kovwes sitipedfor such
region can be a platformfor em ssion regions (e.qg.,

islands hdsibeALS S frDdhel @0 Sdnt Whi Berﬁicgﬁ‘dlfck&%httéﬂal EﬁgfﬂEﬁﬂe a lower diode
strain. For exanple, further growth of subsequent

region, akl%}fﬁ&e?dlr)ﬁ?é'r?r n %;1 gp%£9§e Ilég_%l on (e.g., InGaN wth

no s de region result in

em ssion regions wth si gnificantly
[0095] An exemplary method of reducing the thermally induced stresses in coalesced films
forming an LED grown on a silicon substrate by Aspect Ratio Trapping (ART) can include:
depositing a layer of dielectric material (1010) onto the surface of a silicon wafer (1000),
patterning trenches or holes ir_l the layer of dielectric material (1010) to expose the surface of the
silicon wafer (1000) with unpatterned lanes or sections between areas filled with patterned
trenches or holes, each french having substantially vertical sidewalls, and the ratio of the height
to the width of each trench or hole being sufficient to create a trapping region, and successively

growing a coalesced bottom diode region, an active diode region and a top diode region

corresponding to the patterned areas within the lanes of unpatterned dielectric material (1010)
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reduced strain. As shown in Figure 238, a |ower diode
region is relaxed N-type InGN over and partially in
a defect trapping region, an active diode region is
subsequent | ayers of AlGaN barrier region (e.g.,
| atti ce spacing equal to the | ower diode region), a
reduced strain InGN em ssion region and an Al GaN

by standbalrhétRods @@L, MIOCE D to rdsalitih dBosPRet 1@ lagyal ulmtthed dielectric
em ssion region) In Figure 238, the substrate can be

Intnﬁel@mblcon substrate, and contacts to the upper/top and

I'ower/ bottom di ode regions can be subsequently added

(e.g., as described above). [0100) Manufacturers of

[0096] |EMsgiraddAciesnted crarhplaryoiesydtssiodm thesn sevieral vhpe Sepdratng (e.g.,
nount ed sem conductor chips made of different

saw or clatEihdlBubiED scdiengnelinankig divors iatiieticohtiGor material and/or
technique allows themto conbine different colors to

addmonﬁ% r}%)@ ﬁ?ev‘lmisfy%ekérgﬁﬁ w1{hor139;_|;elct Reseabsaelescriey ¢h-9 %hi?)gdunent can

efficiency solar cells have created nulti-chip

resultm%g&géﬁégﬁ%ﬁ@%@%ﬁgf%E%)b nmount ed sem conduct or chi ps

erials into a si ngl e package or
nodul e. They were inplenenting a "split spectrunt

[0097] apph 6AChnbsdinBhe livbRey esill Jast ech @bcﬂ%’i 10-00%, oIfa 16M8h or width
sol ar spectrumonto a chip optim zed for that portion

dlmenﬁcﬁlfof{al't%n%ﬁ’ﬁﬂi{ﬂérﬂ]ﬂﬁ Oﬂb@e%)l%l'a BOLR o8f ﬁcﬂﬁ% %1&9{ A8 Rtewhll§ %t a 43

cost s of nount’i ng and agi ng nu tiple I pS may
s YR YRR DR PR L AR RO e
For IIustrat|ve 0S we wll descrlbeaS|nIe
greateroeramﬁfl%apﬁ StSHFIRE e‘%‘é‘? Bllsisgarss, cte.. 30 [0103] Fi gu?e 24
shows the first few steps. W deposit a |ayer of a
fi ' r:i, al ' T
[0098] SU‘E?% .?Q%‘Zé BEBBy @Eﬁnﬁ%&ﬂpﬁt 8 AL ebrl ook Rlleneg G- For
sub ert| regi on of
exampley {68 PN et e O er 2T 20107 aﬂé%‘ish efﬂ?\sﬁew‘?aﬂe GaN
exp oses t he surface of the silicon wafer (1000)
epilayer moarfqpvaf 2 glestraterad saphaR U sHicHR CEIfg) Hoaveaﬁr f@s‘@mlﬂﬁéﬁh‘f

~_ the thickness of the dielectric material so that the
emissiont therpetissiemregioapntsheeddingighiBtat Anctomsof indium. Thus, the emission

regions for visible light LEDs in a III-N system have one or more InGaN alloy layers. InGaN has
a larger lattice constant than GaN. To avoid or reduce dislocate ion that accompany relaxation of
strained epilayers, such InGaN films remain strained over the underlying GaN layer (e.g., as they
are grown to have substantially the same lattice constant as the underlying GaN layer). Further,
the c-plane ITI-N semiconductor materials are polar materials and the strain in the emission
region leads to significant polarization fields (e.g., piezoelectric polarization), which can be
deleterious to device performance. For example, device/emission efficiency can be degraded or

the wavelength of emission can be shifted)
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[0104] Optionally, we mght then clean the surface of
the silicon substrate (1000) at the bottom of the
trenches (1160) by the techni ques described above.
[0105] The next step is to mask the top surface of the
structure in all |ocations except the |ocation of
di ode device nunber 1 E1195 We then grow the bottom
[0099] 4j ofigureetif shapsirgemalaaiode stctue fercmathge ewbodiment of an LED.
~ material which fills the trenches and coal esces to
In Figuteok3R, at lshsiglportcontfianovasdiofi¢ tagionadoss hothe substiitgemmep26s InGaN
Exenpl ary sem conductor nmaterials are described above.
(instead\dfaHAN). Thé Hl(@adatovwendidderegied cdnte 4 Btaeed Reer WRE YWREBed he
bottom di ode region (1170) and the silicon substrate

contlolléd- QeR deﬁﬁﬁ@@ﬁ'ﬂrﬁgd déisnk Agat i0R8 gk OR lﬁ&%r?ln w%qre?‘dmﬁe region

5 degree angle, intefsect the si dewal |

o %@9@@% PR S 0 e

_ dlode regi 70) . 107] Then we gro
strain. Eg? xgiihle P RS ICr B e fof Qe PENTR Cge Heigh/e . InGaN
) di ode region (1180) and yet another |ayer of
with low gpe %gk%f@rumﬁ& dpfefegian et emisstayp cgipbtiwith signtficantly
(1190). Together, the bottom di ode region (1170), the
reducedatiainy A diihoda in @iglmﬂ 28R, 1:B8B)wer divde tdpiontio pelakedde-tygedgGaN over and
(1190) nake up di ode device nunmber 1 (1195). [0108]

partiallyNede dofest d@p@ﬁ% eglorl, Ay aenwd@des;@g@ﬁ@s Sbd@ehibfers of AlGaN barrier
material (120 For exanpl e the first dielectric

region (fgn%:j Ee%thﬁé sp %h]% to H{é%&f@lcﬁpﬁje 1%@%%? %H‘E&Lﬁ:e@?t%zﬁﬁ 'If?d}aN  emission

ective enove e sec
- el nater or. dry etch from
region i ?ﬁ?alé@@g&l Ml G gk %?Wﬁ%%% oDk B SR oo da Figure
nunber 1, k$aV|ng the structure shown in Figure 26.
23B, thy ibgaytc ¢Hehe falirer ibshigestd reniasts to theapperiop and brveer/bottom
except the |ocation of diode device nunber 2 (1240).
diode regipns hen bresttbsstuepdy adveddr gate delicublal abeve)ce nunber 2,
follow ng the sane steps by which we created dlode

[0100] devl}éf]&lbf?%ﬂ?%s.r otJLEIBs a[v%bc)éeexede ffl—(%lp so%ut?gnr‘;lfr(f gv ic tﬁQ}Q r%unted

semiconductor chips made of different materials into a single package or module. This technique

allows them to combine different colors to achieve white light.

[0101] Researchers developing high-efficiency solar cells have created multi-chip solutions
in which they mounted semiconductor chips made of different materials into a single package or
module. They were implementing a “split spectrum” approach in which they directed a portion

of the solar spectrum onto a chip optimized for that portion of the spectrum.

[0102] In both of these cases, the costs of mounting and packaging multiple chips may be
prohibitively high. We propose a single-chip solution, which has the potential to be much less
expensive. For illustrative purposes, we will describe 2 single chip with three separate diodes.
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As shown in the Figure 27, a bottom di ode region
(1210), an active diode region (1220), and a top
di ode regi on (1230) nmake up di ode device nunber 2
(1240). [0110] W deposit another |ayer of the second
dielectric material (1200) to cover diode device
nunmber 2 (1240). Then we selectively renove this |ayer
[0103] of Firereshicaioosdicefiricteti ceprather depbsit 4 12809f DFrsvéitleOfiic material
dry etch fromthe region which will contain diode
(1010) S18Y b GBicON BitRtral ({08 Dhen I Odatiin &l@ﬁ%ewﬁ 188pkith Bbstantially
structure in all |ocations except the [ocation of
; ' \/j rea Welo! evi
vrtioe L CABLCR 85, DUTREE o SF 006, BLERLE() 9RASHIRR o
creat.ed.di ode deyi nber, 1.(1195 d dipde devic
the surffie B WSRO R AD. PASHREn pebadhiahol Ml Pe SauiBilypiops then
. Figure 28, As shown in the Figure 28, a bottom di ode
the thicknegy ofrihe dibigyric mpferplspylat ty enehay ep threpem) dislapations.
top di ode region (1270) make up di ode devi ce nunber 3

o104 (L30B8 P T T T o
ot SO FRPISRE o ARG Sty e

(1290) on the top of each diode device. W also create

[0105) @ bpidQm abe b neak tﬂéocg# l@&{tface_(c:? IR0IRAEE BT APIYarib Bt the

necessarily conmon to devi ces on the support

- r . 1 h | t,. 1S _sho N
locarionf 881 W ficb kB 1 B e HRE b7 Mo Skt 1700, 2 hayer
.different sets . of. sem conductqr terials for the

of semicRpgn R GRE Shiel BUF T kear i GG BHE: 4 KT8 ARAR GRaginuous
devi ce,  the bandgaps of the materials are tailored to

film, as ghgwn injjaere@f . Expnplayisemirondieer matsrials arbpomthedtabove Misfit
absorb light of the desired frequency (in a solar

dislocatiost form af iesinenfaoeibarendn the poaserdisdeareg@hdl 1408 lyd the silicon
I nexpensive way to create nultiple diode devices on a

substrat&{100DE mmaaing[c@slééslipﬂlm@?&gw ﬁépwﬁrd%k Ak Ge@BE Bngle, intersect the
containing a plurality of diode devices, conprising

. f i g N er substrate
Sldewau% ?g%)&gg%yéé}giﬁ%@@@ Wtrhg?a gﬁa{%ﬂ’@g? ?g@{ ‘material (1010)
[6106} At this point, it might be useful to planarize the boftom diode region (1170).

[0107] Then we grow a layer of semiconductor material to form the active diode region
(1180} and yet another layer of semiconductor material to form the top diode region (1190).
Together, the bottom diode region (1170), the active diode region (1180), and the top diode

region (1190) make up diode device number 1 (1195).

[0108] Next we deposit a layer of a second dielectric material (1200). For example, if the

first dielectric material was Si02, the second dieleciric material might be SiNx. We selectively
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covering the silicon wafer substrate (1000), this
| ayer of first dielectric material (1010) contai ning
trenches (1160) which expose the surface of the
silicon wafer substrate (1000), these trenches (1160)
havi ng substantially vertical sidewalls, and the ratio
of the height to the width of these trenches (1160)
remove Higi seeprgraieeric mdgiiab 1 20Quhy webortry gich figrmal] tegioss cdpandéhe
~ devices (at least three devices 1995, 1240, 1280),
region véaethcoptaimhiliofe dongriwedsr 4, leayieg ihefstraemieshndudt Bigure 26.
material which fills trenches (1160) in one portion
of t.he |layer of first .dielectric material (1010) and .
[0109] 0\ of 147 ethagky Be stk d ol doraeynsyoeh i lQcatop o i device
di ode region (1170, 210, 1250), a trapping region for
number ¢ (L) g heped dichy vl Gpde diode fevies mlﬁnli’ﬁr@hgﬂlbwemﬁﬂhézsame steps
(1160), an active diode region (1180, 1220, 1260),
by whichme¢ eeataididiodeiceagindrer (1the@by yRBlng 12 Z6)ctua shawerin Higure 27.
a second dielectric material (1200) covering the
As showali indie: BiguieCHs 2 6398 dickR48giod 289)), ah apii®! cﬁgderﬂegi@h (1220), and a
contacts (1290), and a bottom electrical contact
top di : ' [ met hod of
Pd°d$i%g@%gﬁ?ﬁé*?#gﬁ§?§§§9§8g§§%@&%Qﬁn fgure 29. This
nmet hod of fabricating a plurality of di ode devices on
[0110] a sWadtmposttrinpthenkleddshd keord dickepsic thOdrlH] 12008 posiviel dgde
a layer of a first dielectric material (1010) onto the

device ngkibEal €12d0). aheh hicGeRctiviy Bimdvb8Q ) ayel O3hd becoR@HlSE A Mhaterial
trenches (1160) in the layer of first dielectric

(1200 325 By 30RE o RORR MIE SR SSE S KO BB Poso)
vertical sidewalls, and the ratio of the height to

[0111] t heNexat dtehmak teadhicture ircdil [k4ifA) cheiphthedo@abe bf tivds device
equal to 1, -33 [0118] nmasking the structure in all

number % g%gg aRbcrexs aRidetdafick aGAbEON(12R0 I EARRyislEM: $8mDichs by which

we created diode device number 1 (1195) and diode device number 2 (1240). The result is the

structure shown in Figure 28. As shown in the Figure 28, a bottom diode region (1250), an active

diode region (1260), and a top diode region (1270) make up diode device number 3 (1280).

[0112] Finally, we cover diode device number 3 (1280) with the second dielectric material
(1200), pattern contact vias through the second dielectric material (1200), and deposit individual
contacts (1290) on the top of each diode device. We also create a bottom electrical contact

(1300) preferably but not necessarily common to all devices on the support substrate (1000).

[0113)] The result is shown in Figure 29. The various diode devices can contain different sets
of semiconductor materials for the top, active, and bottom diode regions. In each diode device,

the bandgaps of the materials are tailored to emit light of the desired color (in an LED) or to
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[0119] taking these steps to create di ode device
No.1l: growing a |layer of sem conductor material which
fills the trenches, overflows the trenches, and
coal esces to create a bottomdiode region (1170) in
the formof single continuous film grow ng a | ayer of
sem conductor material to create an active di ode
absorb 1fodgbDihe (2680 freqaabygirmombaig rll). Aty eraboaehicondstod relatively
material to create a top diode region (1190), [0120]
ianmnﬁ%@%% hb&%m%nhﬁmﬁ%dQﬁﬂ%eﬁ%&ﬂﬁQa@hngﬁki'C materia
(1200), [0121] selectively renpoving the second
dielectric material (1200) fromall regions except
[0114] t helnrseyinmy wHindle cptaitaning oplaradiéy btdodddavi¢es1@B)prising the
[0122] nmasking the structure in all |ocations except
foliowinigherh@tatal sifvoafwdtotbstehey {1060 Na 1&-er 01240} diel @b2Bhaterial (1010)
creating di ode device No.2 (1240) by the sane steps as

coveringhh@dBica8 \Wage shoutdhid ORD) this I%?%r%éf%ﬁrsﬂﬁ&@&ﬁ& kDl 010)

second dielectric naterial to cover diode

conin LRGN (AR Ugp MRS D STIAR (080, s

e reg

e g S A 0 R it o
| ocation of diode device No.3 (1280), [0127]

these trepeleast(l Hef) bevg erenssritba Mieqsal(te 2g@plusslity vk diwdpdewpesiat lgast three
di ode device No.1 (1195) and di ode device No. 2

devices (424 Q240,-1380), 64ch8]f widepasnjrisags idyer sbeonchrdiveioe otaterial which
material (1200) to cover diode device No.3 (1280),

fills trenches (1160) in one portion of the layer of first dielectric material (1010) and overflows

the trenches (1160) to create a bottom diode region (1170, 210, 1250), a trapping region for

trapping threading dislocations within the trenches (1160), an active diode regiorn (1180, 1220,

1260), and a top diode region (1190, 1230, 1270), a layer of a second dielectric material (1200)

covering the diode devices (1995, 1240, 1280), top electrical contacts (1290), and a bottom

electrical contact (1300).

[0115] Figure 30 summarizes a method of fabricating the structure shown in Figure 29. This

method of fabricating a plurality of diode devices on a single chip includes these steps:

[0116] + depositing a layer of a first dielectric material (1010} onto the surface of a silicon

wafer (1000),

[0117] « patterning trenches (1160) in the layer of first dielectric material (1010) fo expose
the surface of the silicon wafer (1000), each trench (1160) having substantially vertical
sidewalls, and the ratio of the height to the width of each trench (1160) being greater than or

equal to 1,



[0129] patterning contact vias through the second

dielectric material (1200), [0130] <creating top

el ectrical contacts (1290) to di ode device No.1, diode

device No. 2, and diode device No.3, and [0131]

creating a bottomelectrical contact (1300) common to

all three di ode devices. [0132] It would, of course,
[0118] he posuslRs thepstachut o dhpcaiionbercept thdiladtomefdiodsdoncedNo. 1

single chip, the only Iimtation being the ambunt of
(1195}, avai | abl e space. [0133] Enbodi ments of the application

wer e descri bed using trenches to provide trapping

01191 ¢ o0t P Ringc Rt € preadideuierie ook §riae pater of semiconductor
. L}g{npéi onal I%/ sufficient and intended to trap defects
materiahy{)icy dillsdacironshes, g verslows tafeinebes; afdagldscdath otiateenibatom diode
~of the application provide nethods, structures or
region (dppdriathesiotthat simgle contipucandilmy gibodmg bisyepiftsami@hductor material
growh or the |ike. For exanple, exenplary suitable

to creat@pi h@kiealiodcdeeloh 11 RS AR ePMg Reaer OF RFhiSoMRERE nRlerial to create
mul ti pl e-waf er batch reactor. Various CVD techni ques

a top dif@YreBRnY3fsly, Suitabl e CVD systems commonly used for
vol une epitakxy in manufacturing applications include,
for exanple, an Aixtron 2600 nmulti-wafer system
[0120] avat | ddylositing artnydir ot r eccond Basedid maddai@noo)Ger many; an
EPI CENTURA singl e-wafer multi-chanber systens
0121 avaj | a_k[)l g"y fromApplied Materials of Santa O ara, )
(0121} ) § pselocfivelgpapprns diagranddisiertre prateral B120Pkfemalisegions except

.avail able from ASM I nternati onal based in Bilthoven,
the regiomwhsioauieinaribiede jeyicadjo. AW OFkf erence in this
specification to "one enbodi nent,"” "an enbodi nent, "

o122 | XETFASARIRO BN i L RURAE! TR FE e LD i v

1240 structure, or characteristic described in connection
( )’vvith the enmbodiment is -35 included in at | east one
enbodi nent of the invention. The appearances of such

[0123] Phrasg8ailny HEHd e No.2 (1240) by the same steps as diode device No.1 (1195),

[0124] * depositing the second dielectric material (1200) to cover diode device No.2

(1240),

[0125] * selectively removing the second dielectric material (1200) from the region which

will contain diode device No.3 (1280),

[0126] * masking the structure in all locations except the location of diode device No.3

(1280),

[0127] » creating diode device No.3 (1280) by the same steps as diode device No.1 (1195)

and diode device No.2 (1240},
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pl aces in the specification are not necessarily al
referring to the sane enbodi nent. Further, when a
particul ar feature, structure, or characteristic is
descri bed in connection wth any enbodinment, it is
submtted that it is wthin the purview of one skilled
in the art to affect such feature, structure, or

[0128] char adtpesiting ithe denorciohiclectic omtevial K1 200hr coorediodd dehes No.3
enbodi nents. Furthernore, for ease of understanding,

(1280),certain nmet hod procedures may have been delineated as
separate procedures; however, these separately
del i neat ed procedures should not be construed as

[0129] nectsRERIINE epmE Vite Pepdentocispeandaiitleghde msterahdd00rhat
i's, some procedures nmay be able to be performed in an

01307 @l tergatt n‘gecog’éf%? *05‘19«: o agg;{h%j%?ﬁﬁh de@:&No 1 diode device No.2,

addi tion, nplary 183 e vari
accordance wi th enbodi nents of the present
and dlo‘ﬁ;%eéseé? iNu‘?g I’éuch exenpl ary nethod enbodi nents are
descri bed herein using and can be applied to
[0131] C orJ esRAnG NhiodPRAG AL A oRIRY ﬁ?%ﬁm&f’%ﬂeﬁﬁmeﬂnﬁe devices.
t hod enbodi ments are not intended to be Iimt
ther eby. [0136] Although few enbodi ments of the
[0132] pr el emuld, o entrsmhe hossblbmemedtt bug tumbadfaimle devices on a single
described, it would be appreciated by those skilled in
chip, thé mﬁammhbﬂbemgmmyfmﬂmg phde, t hese enbodi ment s
out departing fromthe principles and spirit of
i nvention. The foregoing enbodinents are
[0133] t heEl@b@Ci@leﬂ@ o éhecpRLiFlion &rre Aoseribed pyp@erches to provide trapping
illustrative rather than limting on the invention
regions, heser e elderh@nvei shructBod penfofurthoss iof wentseowith srdskigsctions
i ndi cated by the appended clains rather than by the
functionfzDy e@PicRat SeSigfinBtd ®Rrapaiztecdl haf BaNGAhevdih 6 €0 Bes
W|th| n the nmeaning and range of equival ency of the
ains are intended to be enbraced therein. As used in
[0134] t h| Emb@qhg@ms% e, apph@am@rpmww sfethodplsjruciuges or apparatus that may
non- excl usi ve and neans "preferably, but not limted
use and/bofdrm Biegpixiahgdoheh cf the hike Fhwwkamble, gievenat Beitable epitaxial
broadest interpretation consistent with the general

growth ég@té@r[&tﬂlééeb@@ﬁﬁ twdtsr srohulliplel NafeNbdtbH £alBs OFdrdhl OVD techniques
or exanple, the terms "coupl ed" and

may be used. Suitable CVD systems commonly used for volume epitaxy in manufacturing
applications mclude, for example, an Aixtron 2600 multi-wafer system available from Aixtron,
based in Aachen, Germany; an EPT CENTURA. siﬁgle-wafer nuulti-chamber systems available

from Applied Materials of Santa Clara, Calif.; or EPSILON single-wafer epitaxial reactors

available from ASM International based in Bilthoven, The Netherlands.

kN1

[0135] - Any reference in this specification to “one embodiment,” “an embodiment,”
“example embodiment,” “another embodiment,” “other embodiments,” etc., means that a

particular feature, structure, or characteristic described in connection with the embodiment is
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-36 "connect" (and derivations thereof) are used to
connote both direct and indirect

connections/ couplings. As another exanple, "having"
and "including", derivatives thereof and simlar
transitional terms or phrases are used synonynously

rising” (i. all are considered "open
includdffih end %%I’ﬁast? gﬁ ‘%E}??WOfth% inypRtione dhe apnseragpssny SB*P]EP phypges in various
nsi sting essentlally of shoul d be considered as
places m&ﬁ%%’ﬁ dieaiaen are aohnesssarily alorfaringtodhel sane drebodiment. Further,
interpreted under 112 sixth paragraph unless the

when ams,rt@g 1 feapansstfuoiite, an dhanctassiodd ddsedbddun chirBtiep Peshny
in aclaimand the claimfails to recite sufficient

embodistent) @t il sebrhicted €ak @rifSMENhE PRGIOBE ordcQRBIEN in the art to affect such
Advant ageous enbodi nents coul d i nclude a photonic

feature Cbﬁ’ﬁbt%?e SO AR c3n SHBREEAL Sith ?ﬁafﬂ)r%s eF e e?b%?}rﬁ%ﬁg% |

including two or nore openi ngs EXPOSE
t.he en| n
Furthe 05% 8 e%%«b Gl ooFRongR ofoesCRE el hotn trrodatinented as
< i 4 n‘g%é tﬁc?ng a cogpound sem conduct or materi al
cpara ?W&Fe ugesy S? SrabaRely dedneaied proprsiurestsbouldmat be construed as
wherei n the conpound sem conductor material occupies

necessafifyeorepidependent m tbpieperigenaand Tist i sahepweddmtoney bosble to be
two or nmore openings to formthe bottom di ode region,

performad trom altconkivertdsringl simulatboasty agat.i adaiies) Q:xéﬁg 1200 diagrams
between the top and bottom di ode materials

111ustrat§ Hﬁﬁdtfs M @hERYA dedRdar bﬁﬁte%g)oﬁ{n%ﬂé JHEQ g&k’&%‘aﬁa‘aﬁ)'sﬁtte' e

l'icon, sapphire, and silicon car

I t I stal silicon
exemp &#Q&E{Cﬁg e‘%%g‘%"s ?‘% PP LS h a6 ebul' e § soupsponding
tatl 0 100).. The active di ode
apparatiheribdiinens) chlo rF ém%iﬁ?fs FhQstments Arcrust fiendsg taibe limited
junction of the top and bottom di ode nmaterials. The
thereby.act i ve di ode region coul d conprisea a materi al
different fromthe top and bottom di ode materi al s,

(0136 a”dAﬁ%&fé‘ééﬁb%ﬁﬁ%p RS sher btea o Rhet il asied g

cti ve i ode re cou rise nultiple gquantum
describelcy TR B TN ke S hebrhcebdEay be mads i these

.materials. The dielectric
embodiments without departing from the principles and spirit of the invention. The foregoing

embodiments are therefore to be considered in all respects iltustrative rather thﬁn limiting on the
invention described herein. Scope of the invention is thus indicated by the appended claims
rather than by the foregoing description, and all changes which come within the meaning and
range of equivalency of the claims are intended to be ernbraced therein. As used in this
disclosure, the term "preferably” is non-exclusive and means "preferably, but not limited to."
Terms in the claims should be given their broadest interpretation consistent with the general

inventive concept as set forth in this description. For example, the terms “coupled” and
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material could conprise a material selected fromthe

group consisting essentially of silicon dioxide,

silicon nitride, silicon oxynitride, oxides of

haf nium silicates of hafnium oxides of -37

zirconium silicates of zirconium and conbinations

t hereof. The opening could be a trench or could be a
“connectidlaed denvatignatheespent usedtic comfotabotheastt shdimditasn

per pendi cul ar axes. The semi conductor material could

connectdAFREUERIgA AJ Bldkhel btampls,ONRAHEE an P IQHR |deM/at1ves thereof and
conmpound, or a Goup I'V all oy The bottom di ode

similar tﬁﬁtsgfohéll teﬁx?é%r%h!re%g% ?’rg %%y&gﬁ%ﬁ&s@f%ﬂt“ gnilt?ge T(i&I Pa)i are

e materi al ype
Vi caul.d further L ude a contact med over
consideif b5 SRR b Orbn b PR foddan i BTk FanShse ehprally
, ductor. The deV| ce could yet further includ
of” shoulg b eRSISHCAEL lo6t SRy e e BRGNSt fodeanteqmpsg pader 112
Anot her advant ageous enbodi ment coul d i nclude a
sixth paplrpbninkesideipbesh ampry for” adhbs tasatcitedafudetéonpipptarnin e claim and
' di ode conprising a first region proximte a top

the clains tifsae esoltt stffieicdubinicnat & perforsemendulcefh on proxi mate
the first region, and an active region between the

first and second |ons wherein the second region

[0137} ne‘i&%@%lgaf)@mbaéen wehmclude agbpionis deviflesampribiag a substrate,
surface being generally parallel to the substrate top

a dielectsinmisere] rwholinghevosecoord opeghgnthiztedpostespatioh efiti soberate, the
def ect-trappi ng region spaced apart fromthe active

two or riogbpshindshacideiesd ad £ppRIrMh 6R4I1QR: | Nbd#dhNdode material
surface that ext ends away fromthe substrate t op

compnsﬁtgr Egyogﬂ_ 1 Sen r{df%@ ﬁfate%rﬁ?that fsslﬁt}&rg]é &‘?&:u&a%g% the ﬁ%étpate and

and trat
onded %o t he . ha ate betvveen

. d be
wherein 2 SRR AR kD ORI Re LBEy P copBes aid i
g dl e substrate could ipclude a conductor
coalescog ABpYe g AP § BRSPS {opRAL pelét diogaestien edep dipflg material,
device could further include a contact connected to
and an agtivee Hedrdicgiosebracatiee tapdnd howdm ciodeqadtertdsmind odstiran could be
with the first diode region.
selected frora the group consisting of silicon, sapphire, and silicon carbide. The substrate could
be a single crystal silicon wafer. The single crystal silicon wafer could have a crystal orientation
of (111) or (100). The active diode region could comprise a p-n junction formed by a junction of
the top and bottom diode materials. The active diode region could comprisea a material different
from the top and bottom diode materials, and could form an intrinsic region of a p-i-n junction
formed between the top and bottom diode materials. The active diode region could comprise
multiple quantum wells formed between the top and bottom diode materials. The dielectric

material could comprise a material selected from the group consisting essentially of silicon

dioxide, silicon nitride, silicon oxynitride, oxides of hafnium, silicates of hafnjum, oxides of
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[ 0139] Anot her advantageous enbodi nent includes a

nmet hod of making a photonic device. The nethod coul d

i ncl ude depositing a layer of a dielectric materi al

onto a substrate, patterning two or nore openings in

the dielectric material to expose portions of the

urface of .t he substrat the two or nore openings

Z“C"muﬂ’aéﬁhﬁ@fe%\ Zerium, pad pempmnatiens|taeeql. The ppprnmgowdd boetisash or

di ode region by -38 grow ng a conmpound sem conduct or
could berpbale baying ﬁa@spc@t Thie p? etdeast § iratvotmspandicubie asesh Stheatmiconductor

in the two or nore openings and all ow ng the conpound
materialgenidaonguist © Growt HE-Vadortymuhd,ld Gionp TRET tovapdimd, 604 Group TV

openi ngs and coal esce above the two or nore openings

alloy. The bbFmdfbde akdry 0ueld RN Ede anfrofk ngan@ an?ﬁ% 't(?q;? a8 erial
regi on on the bottom di ode regi on, formng a top

could mg'u fj ftﬁ{?ét aft!! 'It %1 @&E'C @d fgﬂﬁﬁzﬁi ﬁnoﬁﬁgge oc%h%ag]]%tl@ %Egg the top

cou rinc e bon

ot o, A s i, PO Sd e

{)hotgrl c de\fu ce havinga bottom di ode regi on includi ng
include e adianepidhstibesizon trappi ng regions and
conprised of a conpound sem conductor material, an

0159, 20U409,048650 5000 b 88 SRS 58) BB 0K B

substrate

substrate, and a second electrical
substrate s B RE BisR RITORE P art TP REIORETBUDES ioh S<P Sy Psrubsiate
[01411 Yet another advantageous enbodi nent coul d
a Secoudﬁ PRIOT QECHIBRte honishis@iass arehddl 49§ varepoeswean tHedirg end second
conprising depositing a layer of a dielectric materi al

regions, phewinths sbwnd atgon patudes nsndace tifacont tireoiceve Rt g& sufface
the dielectric material to expose portions of the

being geserallpp@aldd! 6 He ssbRedé Ebtp%urfaéeh énd 00 séHonH%g%rPﬁl%ﬁid@Q& 1east one
having an aspect ratio of at least 1, formng a

defeci-trARserebRYIs ﬁ&e@}égallg oM A o8 C]"%?lgﬁ ntge agfg{;tﬁrpa%gﬁ%srg%a? including a

mat er i al attirce msnm
st ok B B TRL 6 SRS 258 P 0B RS R
could be bonded to a handle substrate. An intermediate layer could be bonded to the handle
substrate between the first diode region and the handle substrate. The handle substrate could
include a conductor electrically connected to the first diode region. The device could further

include a contact connected to the handle substrate and in electrical communication with the first

diode region.

[0139] Amnother advantageous embodiment includes a method of making a photonic device.
The method could include depositing a layer of a dieleciric material onto a substrate, patterning
two or more openings in the dielectric material to expose portions of the surface of the substrate,

the two or more openings having an aspect ratio of at least 1, forming a bottom diode region by

38-



nore openi ngs and coal esce above the two or nore
openings to forma continuous |ayer, formng an
active diode region on the bottom di ode region,
formng a top diode region on the active diode
regi on, bonding a handle wafer to the top di ode
regi on, renoving the substrate, renoving the
growingli edrepiunidcembtoadi@dr, maertlatitingtrefhissbicBb oot the e&strate in the
contact with the handl e substrate, and contacting a

two or HGeApeniBbEA1d 4] 6alin £0B Ladbod Rrdifis dbabt SmediaPRSA in the two or
region. -39 [0142] Still ™ another advant ageous

Tmore op% n%@ L P Ea] dsBE Lt $h Arof TR ) rgn gthHt?ﬁu%{lg layer, forming

¢ Qe
Fising a sem conductor materi ar

ST TR
patterning two or nore openings in the dielectric _

diode fe%me rhbgme 9@%@@%@% ltnplglﬁ% beyiding e hangle weter &g therep diode region
substrate, the two or nore openings having an aspect

and rempagdhofubsitatt.east 1, growing a | ayer of a conpound
sem conductor material that is lattice msmatched to

thes stra in the t oelngs and al | ow ng
10140] | A SRR R tTekBpS SRatdiieR] colBl Sror R T £ e iPe dbYicopanes
enlngs and coal esce above the two or nore openings
bottom @1@d<f mein incledngitve susoraiirgedingditlesstipn gabping regons andeomprised
sem conductor material to create a cl eavage pl ane,
of a conlpondd sgniaotthot enagerbdtanakeve diotiheegienh camndiods eagion, a handle
: material, and cleaving the |ayer of sem conductor

substratéTat fakd Abctiadal bhigaglie avasankh@Rewith Meddh dlenud &P@e 3808 Gkoond
advant ageous enbodi ments coul d provide for a chip

[ Qt oni ¢ devi ces
elecmcati egﬂ}tg%rﬁﬁlgqrxﬁgu?ﬁ?ﬁp&{cégﬁ%{ﬁ br?gﬂoﬁ{: ésgeerseg strate, a first
dielectric material |ayer covering the substrate and
[0141] havYeignethpt advahﬁaggousfembpéinkmgsouidh ereide foaw nghodasf making a
aspect ratio of at least 1, a plurality of discrete

photonlcpdf@ﬁwmﬁlp(ﬂl@ﬂﬂg%ﬁ@sﬁ@ﬁb la%is&ff £316leHBe 1] 8N acﬁlbstrate patterning
conprising (i) a layer of sem conductor material th at

two or rﬂcﬁ‘e éﬁfszqJﬁ'%& &1 oLHE oY %}Eti E@%&a%@@1 tl?lﬁé:(lfkp&lg §urfe?c% olf 8R3%ibstrate,

pen ng an I'S Coal esce € occupre

enl ngs it o orm a
the two Sl aore enings having an aspegc ratio 0% at(feast 1, forming a bottom diode region by

growing a compound semiconductor material that is lattice mismatched to the substrate in the
two or more openings and allowing the compound semiconductor materiat to fill in the two or
more opemings and coalesce above the two or more openings to form a continuous layer, forming
an active diode region on the bottom diode region, forming a top diode region on the active diode
regton, bonding a handle wafer to the top diode region, removing the substrate, removing the
dielectric material, contacting a first electrical contact with the handle substrate, and contacting a

second electrical contact with the bottom diode region.
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di ode region, (ii) an active diode region, and (iii) a

top di ode region, a second |ayer of dielectric

mat eri al covering the plurality of discrete photonic

devices, at |east one top electrical contact; and at

| east one bottomelectrical contact. [0144] Yet

anot er dvant ageous net hod coul d provide for a nethod
[0142] of JiBkanedicy a@rﬁngage@wcqnum%era inpltglen pinpjhask ofgnalenges eiructure

photonlc devi ces thereon conprising depositing a |ayer
comptis@R agemiontteder inaterial mmided toontubdstaats ubke mathed cpat tieriwieng

a first set of openings in the dielectric material to

depositiexpbyer qor ditloctsic ofatérivg ofiterd @berad, phheniybsbloab®re biRings in the
first set of openings having an aspect ratio of -40 at

dielectrit BR&kialo é‘x?!’)&‘@ ﬂ?ﬁtl&lsfdfrt% sRfabd 9ftnd %@&ﬁ‘a{ee&'e%}o Q%mom ospemngs

growi ng a layer of a sem conductor matefi al
having ah%ts%éc? &t@ogggitﬁg& %d OQVIItl E b(?fts’ag% biLB% %ﬁ%‘:&ggrhc@ts éol‘l t1@1‘1&1 that is
i mzﬁga%@ebﬁ% 4 stéa'ge;%taéae%gr;wﬁg@a&%% T o ——

er, formng a first active diode region on the
material m g0 Bottwerer aoseiepeningsison coglescaipbeyvehé Fweor mors apicoides to form
region on the first active diode region, growing a
a contintoay dayenfimpinghgmms into theet eniiandbdocmuerial therdatd Stleavage plane,
bottom di ode region, first active diode region, and
bonding hihksdie kORtratt to G JeficHAncBAbRLIR, BEd BleSBEONY 15RE oof
openings in the dielectric material to expose portions

senﬁcon&tctoﬁrﬁ@aeﬁ A ﬁﬁ%l&@aé‘% dlbstrate, the second set of

openi ngs aV| ng an ect ratio of at |east 1,
form ng a second bottom di ode region by growi ng a

[0143] | ayesorné aspestead aotgsatscmbvdinsmitedouldptovids fol @t ?@:&:ludmga
m smatched to the substrate in the second set o

piurahty@paﬁm@sspk@mu@hé@wsrﬁ&r&m ﬁf@:"@hﬁ?&ﬂﬂ@kﬂude %h@g&a@é a @t
in the second set of openlngs and coal esce above

dwlectru% 121y ee?ﬁf: c%%m%f th@ Q@&'&J& 2 \‘i}%wgg g’hﬁ’al‘f Q)tf'oBéJn shtherem having

rm ng secon e region
n.d top

o GRS AT of B8RO B S50t Bonc dvis

ng a layer of dielectric material to cover the
Cﬂmpﬂ&%%g% AdPYIsH Ot Srienndyator Bigiesial thetcie anematehed/te thit sbstrate that occupies

region, and
at least two openings and is coalesced above the occupied openings to form a single bottom

diode region, (if) an active diode region, and (iii) a top diode region, a second layer of dielectric
material covering the plurality of discrete photonic devices, at least one top electrical contact;

and at least one bottom electrical contact.

[0144] Yet another advantageous method could provide for a method of making a chip
including a plurality of discrete photonic devices thereon comprising depositing a layer of a
dielectric material onto a substrate, patterning a first set of openings in the dielectric material to

expose portions of the surface of the substrate, the first set of openings having an aspect ratio of
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second top diode region. The method coul d further
i nclude contacting a first electrical contact wth
the substrate, contacting a second el ectrical contact
with first top diode region, and contacting a third
el ectrical contact wwth the second top di ode region.
-41 WHAT IS CLAIMED |'S: 1. A photonic device

at least Loppripgiargst bodomudisdaspgion by givweingetlaye offasenicahductor material
i ncluding two or nore openings that expose a portion

that is lavficetrhBmasohbd to tht eubstiae it tie st WOOLoBPAIYS RES aRORg the
havi ng an aspect ratio of at least 1; a bottom di ode

sernicon@BESF hdler @D BitRO iRt w%@@yaﬁ&l%%%%@a@%ta%vmé ehdiabt of
that is lattice msmtched to the substrate, and

opening%:foﬁinrb ctoﬁﬁnﬁ&lg?@ép dfofrﬁfgg %gﬁgtth%{i% dfgﬁgé gergggil o Ofe lfﬁ’%t%z)ttom diode

two or nore-opgen I'S €O ovée 'th
. Wo. or e ings to formthe hottom.di ode . region;

region, (gHigd oSt 160 BB TP OB TN SEET R I SEgYiBH ¢ Jevet Of

. between the top and bottom di ode materjals. 2. The

dielectrip Hitai &0 ¢er B Tost boramiadaesioni st #réive dinste regien,jagd first top
selected fromthe group consisting of silicon,

diode reglappidticeyingn decond bt aifi oparihgsde theddiclChieic pheatrtad ite expewe pations of
of claim1l wherein the substrate is a single crystal

the surfadk bf GRubEfLd, thdRVoikeBoLdptainak ha¥iheak aljedrvalb of 4liddst 1,
or (100). 4. The photonic device of claim1l wherein

: S t1 i [ [ 20 ' : -
fomming 38 BB AN LR R 858 o BB il
oni ¢c,devi.ce of c

lattice mttnsﬁrtéﬁéléet%: tS/ Ehegﬁfugg}-ga%? E]SIB% ﬁecgg%%og ggergngﬁa;{ngi,aﬁ?gr}vir\{gq t%(ra gc!:mniconductor
material to fill in the second set of openings and coalesce above the second set of openings to
form a continuous layer, forming a second active diode region on the second bottom diode
region, forming a second top diode region on the second active diode region, and growing a layer
of dielectric material to cover the second bottom diode region, second active diode region, and
second top diode region. The method could further include 'contacting a first electrical contact

with the substrate, contacting a second electrical contact with first top diode region, and

contacting a third electrical contact with the second top diode region.
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WHAT ISCLAIMED IS:
1 A photonic device comprising:

asubstrate; and

a photonic diode comprising a first region proximate a top surface of the
substrate, a second region proximate the first region, and an active region between the
first and second regions, wherein

the first region includes a surface adjacent the active region, the surface being
generdly parallel to the substrate top surface; and

the second region includes at least one defect-trapping region spaced from the
active region, the defect trapping region is a rectangular protrusion extending
perpendicular out of the second region and the height-width ration value of the

rectangular protrusion to be at least one.

2. The photonic device of claim 1 wherein a surface of the first region is bonded

to a handle substrate.

3. The photonic device of claim 2 wherein an intermediate layer is bonded to the

handle substrate between the first region and the handle substrate.

4, The photonic device of clam 2 wherein the handle substrate includes a

conductor electrically connected to the first region.

5. The photonic device of clam 2 further comprising a contact connected to the

handle substrate and in el ectrical communication with the first region.
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