FORMATI ON OF DEVI CES BY EPI TAXI AL LAYER OVERGROWH 5CROSS- REFERENCE TO
RELATED APPLI CATI ONS The present application clains priority from

Uni ted SMHR &H0#5HY si onal patent application, serial nugUsW8/619098, 597,
filed September 19, 2008, entitled "Formation of Devices by Epitaxial Layer
Overgrowt h"; US 61/099,074, filed Septenber 22, 2008, 10entitled "Light
Emtting Devices Fornmed with Aspect Ration 'Trapping and Epitaxial Lateral
Overgrowt h"; and US 61/104, 466, filed Cctober 14, 2008, entitled "Hybrid

Appl I cat i onSFGRMITASNEAt PRITES ﬂvmm@mﬁn;wm%vbﬁm{o%f growth, and

Waf er Bonding" and are all incorporated by reference herern an forT\aAéi ch
benefit of the priokj - her.eby i GROUND OF
INVENTION |I. Field %fﬁég%g@FM@ﬁw/bf%@@ﬁ %ﬂ(ﬁ‘éiﬁﬁ\ﬁgﬁ relates to
fabrication or structures including a sem conductor crystalline

material . For Texaipineaplingroovddme prioasyifaim @niﬁ%&kﬁham pawisimal:{rctmt 20mtay pc?:ur
over a planarized surface. includj _ m conpduct crystalline material.
2. DescPfI[fﬁ ) Onofmfdi‘l‘:@“%g*éigg@/&g’l’gbg}’ ﬁicaes?wp@g%‘gﬁtg ’%‘?{Bk‘i?dggmb‘&%g][ ouEd

i nf or mat ,pp-aRA H NS 1 Al ornRidona el t@.yarlous. aspecis of the
di scl osu?gnfﬁg% ngd e[;l tggggl%lg/ﬁfég@%ﬁ /c#r1 ’cl‘{sgt?lr/r%}c?’e@& @ﬁ&g%ﬁ%ﬁ@?r@t ground

st at éfrentstited€Light Eading Deobs frmpd et Apéct RABJEThPhiguesd Epvalayi ng
substrate patterning exploit the fact that the thr)eadl. ngudl sl ocations are
const r ai halgrab{vegaeratrynd USE 1/ HH66afilgs Qctﬂﬁ@ti‘?ao%awgtdte ngbmh a c_rystfllh.
If the fr,ee.edge 4.s_brou cl oser .to .anot.he ree edge tterning e
subst r at é‘%ﬁlﬁ?ag[g‘g”ng RS gE&fthongf‘éla@flg"tﬁ‘étﬁ’“?lt'["?ygr géﬁ%‘giog‘l“é.%g%agﬁucg _

t hr eadi ngoglliss 0s@ta-on| by NN N t Cariat, f substrate
b ead ngodlil oGOl HENS)ALES e Ragtny fLoBTRIRRLI gRuR! Substra
denonst r pti@dy tletcgaredticyy cletugle def ect densities in galliumnitride device,

15
BACKGROUND OF THE INVENTION
[. Field of the [nvention

The present invention relates to fabrication or structures including a
semiconductor crystalline material. For example, improved cpitaxial growth or structures

20 may occur over a planarized surface including a semiconductor crystalline material.

2. Description of the Related Art

This section provides background information and introduces information related
to various aspects of the disclosure that arc described and/or claimed below. These
background statements are not admissions of prior ait.

25 Techniques involving substrate patterning exploit the fact that the threading
dislocations are constrained by geometry, i.e. that a dislocation cannot end in a crystal. If
the free edge is brought closer to another free cdge by patterning the substrate into
smaller growth arcas, then it is possible to reduce threading dislocation densitics. In the
past, a combination of substrate patterning and cpitax—ial lateral overgrowth (“ELO”)

30 techniques was demonstrated to preatly reduce defect densities in gallium nitride device,
leading to fabrica—tion of laser diodes with cxtended lifetimes. This process substantially
climinates defects in ELO regions but highly defective seed windows remain,
neeessitating repetition of the lithography and epitaxial steps to climinate all defects. Ina

similar approach, pendeo-epitaxy climinates substantially all defects in the cpitaxial
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| eading to fabrica-tion of |aser diodes with extended lifetinmes. This
process substantially elimnates defects in ELO regions but highly

def ect i v GEBH WBHHdows remai n, necessitating repetitioP@EIULHST®hogr aphy
and epitaxial steps to elimnate all defects In a simlar approach,
pendeo-epitaxy elimnates substantially all defects in the epitaxial

regi on pFEAMEPEMaE Pk whsste kit ectoues erediihosesphyned hive hographyroatd t wo

epi -t axi atlr grPovxﬁh, stens FLH‘thG[{TpI’E_ .both techni ques Eg(gui e the increased
lateral §rowHPEEIOTERORRFTINHCH QPGS REHTSF RIes G5B SumOLEWSIEt r at ed i n
all hete ] hadas LiP8T . Moy ni Que_termed "epitaxial
necki ng" m\%’a%g, g@ﬁﬁt’? ?%ﬁgg@%mﬁ%g%?ﬁ@t #Eg%%%pﬁg?gfb‘ﬂ?@g%i ng a Ge-on-Si

het er ost r uct uAeothyr knandacahiqat terined “dpiitgtialQeaking’ywSed@niratyinEpi t axi al
Necki ng," Applied Physics Letters, Vol. 76, No. 25, April 2000. This

appr oachCymeeiod Vﬂﬂb@é@@t@g i @i-hcryosiuriuicAdivngingde ortbi inatighrwifitysel ect i ve
epi taxi al..qr hrand.def ect cryst.al Lography tq, fo def ect t he

si dewal | bg%ng\r{]\%y gBIet‘ﬁ “‘ﬂg‘!(ﬁcﬁm&hé%ﬁi{‘fci @P%ICH “%‘ﬂ%’%{OIV\i@ﬁ“&uﬁgfrA&1‘@?ﬁ®'on

i ncr easeqh POV Bods@ligiiciBPGCuli ARl d dbrmifuibhr A04AIA k10 di amond
cubic sli phgg@?gd%&ﬁ%@?%&g}@fpggat| o%ﬁsuzlﬁﬁei %@éﬁﬁﬂdt@?%i&%ﬁé%@ﬁéﬁg in the
(100) grgwivh gideduéconbivkiellodraphiyhe &ac dudeseigniengidewallse tipopeningldd): pl anes in

<110> directi.ons. Thr,fﬁadi ng. segments in <110> directions on the (111) pl ane
pr opagat RGBS W8Sk pginautiglyingenupaesed fapgl srowth ooys. Suseifiedtyeingbe f ace.  Thus,

ift i t hol es I n.the. patterni ng nma i S. greater than 1,
et g eghLatieaftt e SR P FRBRHAER T AR BB El g

| ow def egit (109 gfeayth RRAUWGEC QR BRANEILARAK YisOMp S (1 1@?§[ah&99"<§ ﬁ{? Jimtation
of epitaxial necking, however, is the size of “zhe area to which it applies.
| n generdircctions. ditseugwedgmmtsnrd [ et atdtiobebote (t Hé plaat erophed sransP ons in
bot h di nen ionﬁ h%‘j 1o bza relgt_i vely small in order for the dislocations
to term HEEOMC WidGERHE S5 (0 hydstratpapiace. s Thsnis 8 4spect fslogr therhetesvier sat i | e
and effigj X of . fabricating. 20 sen r heterostructures

t hat V\ou@gﬁ%@r@?g E{lg S\Il§ 8&%?%0& JlnolhEH&%@@&”?E’@%{%&@Q?@%@mgfbyId%ﬁW:’i(e- m smat ched
mat eri al sdayslt enBltind helo@-doSectlop G noB@es Bl iRtlly 695 o iﬁ@aﬁzﬂﬁt or
devices utjilizing a conbination of integrated |attice-m smatched materials
with redisiédioneyepisaxofl neikéippbawien iddt st sf horrdanpmbicadt fpphiet ilonal i ty and
per f or mance. | 25 BRI EF, . SUMVARY EE THE | NVE JO\I .. . Methods, and structures
are proiaedl ASFISEFHENRe detaiibglpy dhc 1%@‘@ Mgy 1k Both dIM@Kiodsibst r at es

i ncl udi : el ok i 1] Rt : terials,. by, use of aspect ratio

t rappi n(t:}glzv (:A%T‘g7 igiﬁilctf@g%ib@ggima a@gﬁgg\%cgtrl%&f%m{lﬂﬁl@ﬁc%é@ ng[g"ener al, ina
first aspect,Theshbeltieniedof thiehe fomxeatiicond Faltidnmnaludes & ABLHAAL;

20 semiconductor heterostructures that would constrain dislocation defects in a varicty of
lattice-mismatched materials systems. There is also a need in the art for semiconductor
devices utilizing a combination of integrated lattice-mismatched materials with reduced

levels of dislocation defects for improved functionality and performance.

25
BRIEF SUMMARY OF THE INVENTION
Methods and structures arc provided for formation of devices, ¢.g., solar cells, on
substrates including, ¢.g., lattice-mismatched materials, by the use of aspect ratio trapping
(ART) and epitaxial fayer overgrowth (ELO).
30 In general, i a first aspect, embodiments of the invention may include a method

of forming a structure. The method includes forming a first opening in a masking layer

disposed over a substrate that incfudes a first semiconductor material. A first layer,
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of formng a structure. The nmethod includes formng a first opening in a
maski ng I@/er di sPosed over a substrate that includes a first sem conduct or
mat er i al WORMYPBE13) ayer, 2 SUBSTI TUTE SHEET (RULE 26) PHE{USEHPHET+Hes a
second sem conductor material lattice-msmtched to the first sem conductor
material, is formed within the first opening. The first |ayer has a

t hi cknes¥highfifgledcspscaosd estriepidlugiboinetesiat loiceurfraehedfo thhdirsraski ng | ayer. A
second | ayer, which includes the seﬁog}dwsem.conﬂuc or, rr(ﬁi{,erj ﬁl is forned
on the fiPEONCHGRYMARET DAY G WL hCa s RPN n i b Hava A BFkrsSer . A
vertical gfewio Eabfi Sovi Qg)pfs'uff'ééc 4@ @ﬁwélﬁngﬂﬁfg.t ?\rse%d?ltﬂﬁa kgl al growth

rate of the first layer and'a | ateral grow te o second | ayer is

great er inhladesthy sscbid sdmigrdwtttr matedaiofs fohecdsacontst l@y@rand over at Gag or nore
of the follow ng features may be included. A second opening may be forned
in the n%ﬁ%?fiﬁgog hy 8raslgpg Byen o Farieal sepwiheate pf e frsileeer is grodtcr Henfi rst | ayer
may be 1Qf aormed withip, the second opening prior to formng the second
| ayer . AB[C%{[ I \Ylémﬁget(r: ?Fi\}\lﬁi{%[ ¥ ﬁ[c‘f‘g*dlglﬁf‘}#&%é”ﬁﬁBﬁ%‘)‘ts@?ﬁ’céi’)%ﬁgﬁi‘d? Sferial, is
formed o BecsienaRslvhanebr iTh&ohidgd.] ayer coal esces between the first
openi ng and the second openi ng. Di sl ocation defects in the first |ayer
may be trappednamitrhom ot the ffliavstg fpemésngay Bhieclvdudt iAcalcogt epshinghatye of t he

| ayer during 15formation

first layer may. be increased by doping the first
t her eof %*ﬁém%*ﬁlémnﬂ%ﬂrtﬁ%?f PEPEOPIRIRG the fresitlaycayiad Uiedystdeyor euded by
dopi t ] . gur.. f td ereof .., The teral r h rate of
Sop! 08 k) i S0 00, LR e T ATHET B U120 0,1
facets ofcl@adésalc §dbhPEeiWndids hhEsdl, lsadyeled SdthQGed RIERE T PR dihgr eof .
Reducing the vertical growmh rate of the second |ayer ‘may include doping
t he secdnytricaylerccslostiveey thofirshopanmet dudrtieofecor@i0Rediugi ng the vertical growth
rate of the second. | %gr TRy i{_npl ude do§i ng tge ,%ec_ond | ayer during
formation t hd?88Faleg debriminteifddacy gy ¢ faresoviiivh Yisirs epEWReE | Bger and to
suppr ess, £OLNBLLANQ SeLeRd LY. f.acet in.th cond. L aver.
| ncr easi r?g {a@%}@?gﬁ%ﬁ%@@&fﬁ%g@%gﬁ qulﬁ%%gé E[, dhﬁf g@?@@’g‘ dlﬁ}éﬁude dopi ng
t he isecobehitryiekcredfl Mg @R wONathgHRM st %;lw nfa9 3k SRLEN0S Rpidhge third
| ayer may be facilitated b d&pl ng the third | ayer 25during fpormatlon
t her eof . ligdayasslyens roptiaberedh ridellaywet giostiweeerpftlwelifi lngt ropdri ng and
reduced by adjusting the growth parameters to create facets on a top surface of the first
layer during formation thercof. Reducing the vertical growth rate of the second layer
may include doping the second fayer during formation thercof.
20 Reducing the vertical growth rate of the second layer may include doping the
second layer during formation thereof to form a first type of facet in the second layer and
to suppress formation of a second type of facet in the second layer. Increasing the lateral
growth rate of the second layer may include doping the second layer during formation
thercof. The coalescence of the third layer may be facilitated by doping the third layer
25 during formation thercof. Coalescence of the third layer between the first opening and
the sccond opening may be facilitated by doping the third layer during formation thercof,
Doping the third layer may slow facet growth in the third layer and reduces
stacking fault formation in the third layer. The sccond semiconductor material may
include germanium. The second semiconductor material may include p-type dopants.
30 Forming at least one of the first, sccond, or third layers may include epitaxial growth.

Forming the first layer may include using germanium tetrachloride as a precursor. The
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the second opening nmay be facilitated by doping the third layer during
formation thereof. Doping the third | ayer may slow facet growh in
the thir®92YUP338hd reduces stacking fault formation i PGIHERIEHS ayer .
The second sem conductor material may include germani um The seclond

sen conductor, material may include p-type dopants. 30Form ng at |east one
of the fiedod miydprber igrudenific ﬁprayréf@e pad [yl rodleviepintiexpationgefoi h.  For mi ng
the first.l| r i nglude i n rmani ymtetrachl ori de as.a precursor.
The 3 SUBGTTRGHS i BT ERG A% O T st e 4 Mt e Bt e

form ng pRectmid Aybayer shcrt(ﬁw'!i(ﬂgis%&&dewtﬁfég&iﬁ% of fig f'ltr:n'iehgr hayer to
renove defects. Tﬁe nmet hod y further 1nclu ormng a photoni c device on
t he thir deflrepdnccahoepatibd to oppparfhdeat thessubarapy €the third Q@el;gﬁdiy lb&;{c&l'fDL t he
first_layer may define a facet non-parallel to a top surface of the

subst? at é‘.anﬁrﬁéy& rﬁmlﬂf‘%&'y@?f paRbosel odnpnzad v ing itheghird ek pimatily ayer  may
be sel f-]thl,la(r]%)i(ﬁ ﬂﬁ&y growing the third layer primarily in a (100)
direction’ % e rrethod may further include formng a fourth |layer on

top of the thiidnbiBy@iay Fieef RURHO fdrAYEN 4 folah Uk E@ththﬁa%éﬁ?@&?“du‘:t or
material. Afifth layer may be fornmed on top of the fourth [ayer, the fifth
| ayer i ndkdalirtigayerfirmluditg s il sondtuctustor maternl. ad fifA [4@handibe fwakeon may be
bonded to tgei fifth |ayer nﬂ t he Libstr te may be renoved. The third

sem cond$BLEMCHRE} gt g"ﬁﬁ‘@ Y BRI b Haieaskcirabeenal deach may

i ncl yde : teria The subhs e may. incl ude silicon. Tﬁ handl_e
L4 Rl 1 ) T RS LE R LBEHR S LT o o,
may be ghedtenicbfintoa nhendoan @f fduhe s&ﬁlébﬁcnlcﬁ)%Ma@@ﬁﬂ&%(ﬁ{aly%[&fe' @l The
structure may include a multi-junction photovoltaic 15cell. In
gener al , Vinmteiridt hidve sabyiiatst mayeimblodd mmlrs] Tgrk:_hnﬂrtlée gfafce][rlaymhrmyz magl ude a
met hod ;& formng.a structure. The nethod includes formng an opening
havi ng o WPSHEP \se,_?f%seﬁhi ?FEB?&“ﬁ@C‘?IdWF‘ Wiy dsdacaydhang wpdeproaths, ¢ he
substrat g jiff Qéxﬂg%;ﬂﬁc@r fﬂafegiﬁl. Sﬁ@sﬁ‘&{l%‘é%zﬁf ipﬂ?c?ce%{ hodhiig uﬁctgo'nrp%%tolvgﬁa% WAL
i ncl udes a second sem conductor material Tattice-
15 cell
In general, in another aspect, embodiments of the invention may include a method
of forming a structure. The method includes forming an opening having a width w) ina
masking layer disposed over a substrate, the substrate including a first semiconductor
material. A first layer, which includes a sccond semiconductor material lattice-
20 mismatched to the first semiconductor matcrial, may be formed within the opening. The
first layer extends vertically above a top surface of the masking layer and laterally to a
width wy greater than wy. A portion of the first layer is removed, and a remainder of the
first layer has a thickness t; over a first arca of the substrate proximate the opening. A
sccond layer, which includes the second semiconductor material, is formed on the first
25 layer and extends laterally to a width w; greater than wo. A portion of the second layer is
removed, and a remainder of the second layer has a thickness t, over a sccond area of the
substrate proximate the opening.
One or more of the following features may be included. In various embodiments,
t: cquals t;. Removing the portion of the first layer may include at least one of etching or
30 chemical-mechanical polishing. The steps of forming the first fayer and removing the

portion of the first layer may be performed in different machines. The steps of forming
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20m smat ched to the first sem conductor material, may be fornmed within the
opening. The first layer extends vertically above a top surface of the
maski ng Y49 éY104AEF aterally to a width w2 greater than RI/UROPESTINGN of the
first layer is renoved, and a remminder of the first |ayer has a thickness
f over a first area of the substrate proxi mate the opening. A second |ayer,
whi ch i ndhaidgeklay and esemvinasstbarpetind oE thofirsrddyer inay be pefmededhommtdie fir st

25 layer and extends.laterally to a wdth reater than w2. A portion of
the secowcﬁ%'ﬁ‘eb'ﬁi%cd?(ghéﬁﬁcgf mélﬁ%‘“’ﬁo‘?c}g I?Pd\\é@ﬂglfm%tﬁtéﬂ% R ArpREfdR Has a

t hi cknesgptdnOVRLoARSF M @18 Yovkhite &%E&EEQE@U@J&RQ& [l §. the opening.

One or nore of the follow ng t'eatures may Dbe il uded Th-Vari ous

enbodi mestlsfantii!lefieed f5id @atiGedw i gA theicplofibw ONaebf theeddnist | ayer may

i nclude at | east one of etching or 30cheni cal - mechani cal polishing. The
st eps” of S§TBEAHAGION R tarial ey bagisrtciathan p &iovl gigwitirec pdtheisorondf the fir st

| ayer nmay. rformed jn different machi nes. The steps of formng 4
SUBSTI TM@?—‘E&%O{ ﬁ%ﬁcﬁd%) the first |ayer and renoving the portion of
the first |ayarsdoaxiie ReptarTRly ilkiddie AAPR:IRGRLRE £/ ShOgaL o def ects
in the second ssem' conduct gr myillall%ayﬁﬁg&%i%%%g% igﬁwflﬁéﬂ%%yr}\li ng. A
portion ofiybhesdd i sornl @yest @kl eictist [sprhadeccofd ke, Tubsictiatiensmy be

subst anti.al, | { f@a_e_of i fl Ecafi on defects. A vertical growh rate of the
second SEBHCEBRUCE fUminghe fishlaypaipingecypetvmictanblaride 4sat pealsogradgt h rate of

t he sgco 1, ( rial. " si dewal | of the.opening may

i ncl E@e g)q E‘?‘W&‘g?@?@&ﬁ@e@é’l igg fop RRstgn nglgﬁf%%mbémhg‘e%“ﬁ@gflor m at

| east onghdbnit bevikd disthe & ahd idn@f NS Tl LUt her

i ncl ude ? ormng the fi rsﬁﬁﬁg%‘? tﬁ?@gﬂgg{lﬁn}a@i{cu%y?gﬁ%ﬂFigp?%%fdfgé a

pr ecur sonQn-péraleal tofoprsoifng of e ssbwond Thayecondrigrpuiange &clf-planpidg on of the
second | Kﬁeg, a(Pﬁj/ or f rnj]r}g a photoni c device on the second |ayer. A top
portion of® {35l "‘Y%tm‘}yg&?e“f? Y s DyeRraw g g Sepi-limeer armeilytin a4140p sur f ace
of the SBEIP%HB&'[E. The second | ayer may be sel f-planarizing. The second

| ayer may be sel f-planarized by growing the second layer primarily in a

B o s e
mat er i al the Airdolayartindledrey 3 thivdischicoagudnchaudel aAffoutlt lysenhicomdyct or
ponded BTN aAarE oen iRy PRGBSt beAOBT o BB OF BRVELCTENE N 1o
sem condyahRayBBhEY b@boRR (d MRk QUEIE: SRTLEQRMES Rhy BRIl fRY 1nclude
third semiconductor material and the fourth semiconductor material may include 1{1-V
20 materials, the substrate may include silicon, and the handle wafer may include a metal. A
bandgap of the third semiconductor material may be greater than a bandgap of the fourth
semiconductor material. The structure may include a multi-junction photovoltaic cell.
In general, in yet another aspect, embodiments of the invention may include a
method of forming a layer. The method includes forming a first opening in a masking
25 layer disposed over a substrate. A first layer, which includes a cubic semiconductor
material, is formed in the first opening, The first layer has a thickness sufficient to
cxtend vertically above a top surface of the substrate. A sccond layer, which also
includes the cubie semiconductor material, is formed on the first layer. A vertical growth
rate of the first layer is greater than a lateral growth rate of the first layer and a lateral

30 growth rate of the second layer is greater than a vertical growth rate of the sccond layer.
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70 materials, the substrate may include silicon, and the handl e wafer may
include a netal. A bandgap of the third sem conductor material may be
greater tHAAVAOBBAHgap of the fourth seniconductor mat erGEUIS20MMBTEBT uCt ur e
may include a nmulti-junction photovoltaic cell. In general, in yet
anot her aspect, enbodi nents of the invention may include a nethod of
formng a | ay&mbotieniet tlodmithed maefithor intlnde, arbi sbrraipe ticrfistilayea, maski ng
25l ayer di sposed ov(fr a.substrate A first fla er, which includes a cubic
seni condu%‘lng% FrRfeard apenifego nylae e PRier o Pg%{”“é ek lawes 4 fitblst | ayer has
a thickness, s fd 6-808 L@ ] ti.ga ¥ a. top.surface of the
substrat g%kﬁgyeggﬁjéﬁ%%@I,ne{ﬁ?dgﬁndgﬁ{scynf%hghﬁ%@?%ﬁgé‘iéﬂ i C 56 "Ct?gnductor

mat eri al pewecd dicrfest oponitfend the sdcohdyRhingA The Maklciag geomwbnincate of the first
| ayer _is greater than a | ateral %rowth rate of the first layer and a

| at er&l SBHFOWRRIOF adilestra hacisdc dhelfirshgroningsn greeabarate haninaludent i cal  gr owt h
rate of second layer. 5 SUBSTI TUTE. SHEET (RULE 26). = . Enbodi ment s
of the n@ﬁ%i’]‘”rﬁs‘{i’/“%@%ﬁ@?b“ﬁﬁéﬁ“’a’d%‘fl“ billEIEfTO“t he g}“%oﬁé“‘kyl{é‘ufqlﬂ@t[“qcayer,
formng gasacoRdoORRRAIREctMn RSN ol BUEE firsPhpdind DdRLELD A8 Fecond

| ayer, a f[?ljr?g‘:f | ayer may Cbsenfor rreé‘g/\?v! ?lhtﬁ(?lﬁlf éﬁ@gléog) Cgc:‘)lgh? ﬁlﬁt\%’?f'ﬁ% second

| ayer magroveéh coadkbcetohetayeend ihecaing Sic lepaning taptkht keoseeoadngpeni ng.
The maski nP I a‘yer .may include 5sem conductor a dielectric material. The
first opHNidg hanginarevbsrnatiensmeicigrorthdenditiqn 1oy isdrdeté and t he

substg at ¢ sil1con. The nethod may further include trapping

di sl ?)d(j:at ?[(ljnL }ec#(ggl%lgq?% q:he first layer in the first opening. Decreasing the

vertical growriy didtceeticdnl€e:SaRARh Ly Sl @Rl G §ASHN L ghgral growth
of the second IayLer r?a&c i}ncl ude chdangi’y”ngC %!r%gﬂrﬂ {élgﬁ’ddl}‘??’ég{{go#ﬂé&gr owt h

condi t i oH& Vivagtciigie| Tiskecudjdscilamnimsohedteasl and bZ80p@. Defects inTREfigUbI ©
sem conductor material nmy include germanium GaAs, InP, or other IIl-V
mat eri al $YCIERRL G & Le hrd GReiE: ob d%@@e{ﬂﬂ)&b@%@%@ thogrsand Begrediis in the

first |ayer..are, i, 1| the first . Lng. . A.device formed in the
second ?g%crcaﬁ%hgec %g@?@éé {rprcavil/&béA’ QP %hlct)@gﬁ?lgeg%?ﬁ%g%ycﬁ%%gg%%ﬁﬁedi éh of the
secoifd | @yegortisaywf e fRtahad mash dé@lﬁ@@f&@&ﬁ]ﬁ)h—?@[ﬂg% tb QQ?J §L1r1‘2§1i_he bayer may define a

facet non-parallel to a top Surface of substrat'e. e second | ayer may
be sel f -ybatrede.i Hhargeombayes emgrid stlépknanvayg. BRhesetdndliapaniag @dsdifr gr owi ng t he

second | ﬁXnearréz&{ f;}g&:‘roiwlh}/g tih(rcl Ls‘cg%:()r(iéL Bi%l qurrgd?ﬁyg {noan (100) direction.
The method may further include forming a third layer on top of the second layer,

the third layer including a third semiconductor material. A fourth layer, which may

20 include a fourth semiconductor material, may be formed on top of the third layer. The
fourth layer may be bonded to a handle wafer and the substrate may be removed. The
third semiconductor material and the fourth semiconductor material may inctude [11-V
materials, the substrate may include silicon, and the handic wafer may Include a metal. A
bandgap of the third semiconductor material may be greater than a bandgap of the fourth

25 somiconductor material. The structure may include a multi-junction photovoltaic cell,
BRIEF DESCRIPTION OF THE DRAWINGS

These and/or other aspects and utilitics of the present general inventive concept
will become apparent and more readily appreciated from the following description of the

cmbodiments, taken in conjunction with the accompanying drawings, of which:

6
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The nethod may further include formng a third | ayer on top of the second
| ayer, the third layer including a third sem conductor material. A fourth
| ayer, WW@HIKE$SD0I ncl ude a fourth seni conductor mat ePCAYUS2paNP5HE3 f or med
on top of the third layer. The fourth |ayer may be bonded to a handl e wafer
and the substrate nmay be renmpved. The third sem conductor material and the
fourth seni cohtuéiordipgt@rihapllustytcs melosdecctibnalschameiid o wiliznh ELEYbst r at e may

i nclude sjl.icon nd the handle wafer may i ude a netal. A bandgap of the
third se ”[ooii%wg}(’ L%P@r‘qp&l’gm “ﬁ@aﬁf’éﬁi{%?\?ﬁcﬂhan a bandgap of the fourth
25sem conductor material. The structure may include a nmulti-junction

phot ovol taic Pgl@is eﬁﬁé@fm@ﬁ@ ka{?ﬁb@@%ﬁ%‘ﬁﬁm%\%ﬁ% ofuté%izinpﬂﬁ%f and/ or

ot her aspects and utilities o e present general inventive concept wll
becore appiargritcdnanomt endreadivtlyo fdpyrei tdheighsfusiapate f ol 1 owi ng descri ption
of the enbodi nents, taken in conjunction with the acconpanyi ng draw ngs, of
whi ch; 6 SUBSTI TUTE SHEET (RULE 26) . Fig. 1is a diagramthat
illustirates afigrbssidasendiallugerenneioss-wetiuw sahginpey Eudliziop®lOotll ed by t he

use of i i ties intrenches using ART. Fig. 2 is a diagramthat
illustr ap@gg %9&%&61@&5%&1‘?8}% mi@ﬁ@%ﬁﬁ‘f"&%@%ti lizing ELO with repeated
renoval and regrowmh of layers in trenches using ART. 5Fig. 3 is a diagram

that illustratigs)a . §z§ﬁ%ﬂliu@t@zﬁ%€ e?&%%%@@i%&#gch&%tkci (?Filj__Llﬂgzi O of cubic

sem conducting materials in trenches using is a diagram

that il {ssmntaines salaccalsdy slectsic oNAR TsakeiTed.i ¢ of utilizing formation of
solar cells by the use of ART and ELO Figs. 5a and 5b are
diagrams that_illustrate a cross-sectional schematic of inverse 10sol ar
cel I grown onfi&S @8 apRIL aiidiagramssthgdtiviate a cross-scetional schematic of inverse

10 solar cell grown on a Ge ART and ELO substrate,

DETAILED DESCRIPTION
Fundamental ART processes, including lift-off technologies, are described in
detail in U.S. Patent Application Serial Number 12/147,027 filed on June 26, 2008
entitled “Multi-Junction Solar Cell”. The formation of solar cells using ART techniques
15 (s described in U.S. Patent Application Serial Number 12/180,254 filed on July 25, 2008
entitled “Lattice-mismatched semiconductor structures with reduced dislocation defect
densitics and related methods for device fabrication™.
Embodiments of the invention utilizing ELO, controlled by the use of impuritics,
are sct forth in Fig. 1. ELO may be performed on wafers by employing the control of
20 faceting. Faceting may be controlled, for example, by varying impurity levels in a
material, varying the growth temperature, varying the growth pressure, varying the pre-
cursor gas flow rates, and/or varying the precursor chemical composition. The control of
faceting may be desirable for at least two purposes: (i) to increase BLO lateral growth for
a given vertical growth, and (ii) to reduce stacking faults or dislocations during
25 coalescence. In an embodiment, faccting of germanium on Si (100) wafers formed in
(110) trenches may be controlled using known faceting behavior. The same technique

may be applied to other materials and orientations as well. The illustrative embodiment

7
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DETAI LED DESCRI PTI ON Fundanent al ART processes, including lift-off

technol ogi es, are described in detail in U S. Patent Application Serial
Nunber 12YAZ70BP31% | ed on June 26, 2008 entitled "Ml tHCTJUMBOISHISO] ar
Cell™. The formation of solar cells using ART techniques 15is described in

U S. Patent plication Serial Nunber 12/180,254 filed on July 25, 2008
ent i t | edshqvattts epplinntgvetldinsting emittobisduroninasion aEA B ewd Wil Oh butbieiced

di sl ocat i,_oE def ect 1de Si tileatanq Egbat ed nmethods for device fabrication".
Enbodi ment S 8F¢ PREAPAURMA'SH UMY FXPng FLO, controlled by the use of

inpurities, aOﬁlC?@ﬁﬂb(ﬁ(ﬁlgl]E:}?ts i())?th%ii[?f_cz}ﬂion LEH‘!QC TR D& R%Ee[i&h- %vﬂpllné\gf e][ ?)r by

enpl oyi ng the control 20f aceting. Faceting nmay be contro

exanpl e, rdgyowthy laggrs) aspur fotty id Bige? SELO iva moligficalsed wamyh ngsihiehdr owt h
tenperature, varying the growh pressure, varying the precursor gas flow
rates) aRRRY. daryiiRgMHSTbpEsLPYST cotibmag Ak liovivp dxamiaimumhloednt rol of

|t or ol S7EeR o SETLGEA B PR gl R B O b shheblitee ot acki ng
faul ts ofighis) @6 & RS 1 IMGING. 122 (GARhEREERCLow i AL TG if aceting
of ger mani um%’on Si (lob)bwaflg’rs }f or rredgi n I(ait’l%‘y htn’rl Ec g@eﬂgg& éCdérgntrol | ed

usi ng kndillerdhaet!iimg, dedvald lappeiilihehcsame ntaebhoi Ghis wayiqbemappt ied to ot her
welt. The illustrative enbodi nent 7

material s, ri entatijons
SUBSTI TUWEF}%&?@EQ*"’(’IBUEEEL‘?@)M gi@ws the application of faceting control to a

conbimati on of,; N ) the techni que al so.be applied to only
EL. 1 a hgériilgggbli%n b @%&ﬁ“ﬁ%mi\ ﬁl\;@ﬁ #1%9) %%d{l?r[ﬁ%dfjlo ‘é‘ﬁ%‘ﬁ){ (?]E&:) é’ﬁeat ed
removal  and Cafdédihidlindfmdi@yey, 85 s@for8ah HO5.t Qal Qndb@er B.NELO is a techni que
used to grow m smat ched 5epitaxy. A maxinmum | ateral overgrowth |ength may
be |i m t#duiggndactpmtibnuahedazowhblystak sinckone Sondftionkehaf falvon a Agh atierd!

overgrow h. | engt h ma ed by repeatedly thinning the film and

_ y be incre
re- gr owi HYIZOFRERVRIA HEVEhdtey @%wwﬁ &t epe) wey nBEDGSE BRBYIVEE CRlHC di f f er ent

machi nes,, (U NN BQachines  Thi hnj. que may be used
e e Sseglio @l ARBRRT LR LOE IS TR IO BT
i nvent i omcpf BY.0dRuIRhBRASTEOL. g@tmw Vehu ielGs Qi‘scfdém/&&@ﬁmoﬂ?%ﬁ&ﬁ%d‘g

materials, as set forth in Fig GaN and ot her 111-N sem conductors have a
hexagonalorzpyigk gpwet iatgst Uy & exConkdiyt proeess tonatmafy atrorwigh hi{lgh)-safico of

chown 1 op RSy & T HF L aDE T g Gk Hare Teditid peyCeasd tgreors ACS 05 uch s
GaAs or finQ.cuTRinfudBfts BRS¢ under growth conditions conducive to both vertical
and horizontal growth. Then, parameters are switched to growth conditions that allow

20 almost no growth in <110> dircction, but significant growth in a direction perpendicular
to <110>, such as <111> directions. See Noborisaka et al,, Applied Physics Letters 86
213102 (2005), and Noborisaka ct al., Applied Physics Letters 87 093109 (2005). The
key here is using a (110) substrate. This, in cffect, allows one to move from a high
GRyverical / GRuosizontat t0 8 high GRygrizontat / GRyeriicats which is preferred for ELO.

25 Embodiments of the invention including the formation of solar cells by the usc of
ART and ELO are set forth in Fig. 4. The figure 4 shows Ge ART + ELO being used to
replace a germanium substrate in a conventional multi-junction configuration. In the
conventional configuration, a GaAs p/n junction and an InGaP p/n junction arc grown on
a germanium wafer. The InGaP junction has a high band-gap (1.8 ¢V) and collects the

30 highest cnergy light, the GaAs junction (1.4 ¢V) has a medium-fevel band-gap and

collects the medium energy light. In the conventional configuration, the lowest energy

8
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15use of ELO nmuch nore difficult. A possible solution is to selectively
control vertical and horizontal growh rates. In an exenplary process, one
may star WARHHOBEIS10) - surface substrate, e.g. silicon @ECIO)S200a057443ul at or

IS dep05| ted and patterned thereover. A Ge or IIl-V cubic material is
gr own, under gr owt h condi ti ons conducive to both vertical and
hori zont ébhig& elicpicd Phagempananegrastian g wiforimddnttop of tbwChraondit i ons t hat

al  ow 20gl ppst no growth in <110> direction, but significant growth in a
direction? ggr pendi cul ar to <110>, such as <111> directi ons See Nobori saka

et al., Applieg fméqh&)%dﬂcehﬁ ﬁ%b@ﬁ?gﬂqg%% &rﬁgﬁ’@a ARY Neberd zaky, et al .

Applled PhyS|cs Letters 87 0 ey here 'S sl ng a (110)
subst r at expldBhite, geimangih eater. Ahdrows: tanecdsongroy gid, rium, ehchicgha@R el i cat /
GRhorj zontat to a high GRhorizoiilai / GRveitia, which s preferred for
ELO. 525EH&96d1i1 H?eﬁ@%w@?mi!rhé0t1f“muerﬁlpn¢my|bnécmmchg Thpeodtbeipmtof gl sol ar cel | s
set The fiqure 4 shows Ge

RBF/QTt EeEE%e 4y Ay s@éﬁlf’%{ e 1%@@%%@?%%&5% @86@?%&{3‘& qfﬁlcgmélonventl (C);gal /
- As n
nul ti - upGhhash @[‘ﬁép@l‘h@éd e mldﬂauﬁﬂgoﬁﬂrkvfg%h %@dat Hgéelrg(%fa %:ﬁfﬁg&@@er a P

junction and an pin junction are gr The
| nGaP j uttr.Utpmatmld:]é)st @ shregtd e dhegapl c(ole @Wksamd fooh hiewt scthaiuddhi ghest
energy |i t he junction (1.4 eV) has a nedium| evel band-gap and
col | ect s! 0? R the o G | S ReBSG AR BHE Srop f@%éﬂ%ﬁﬂ}erﬁl@tm@waﬂ thetowy lgaittat i on, the

| owe en! = RULE 26 s, _collected by a

ger ngdni uﬂ?%%ﬁ% Q’& g&l o Lﬂiﬁrg‘}m% 5 E\‘B %%Od“ tﬁ %&9 kﬂlﬁ’é ey ﬂ% waf er,

The convegiit Qﬂ@ﬁlﬂpc&@m' gw@tmgnumyu QU iNRTckowBdntiohd] nfidt @BI 11 ELO is used
to replace the germaniumwafer. There are two reasons First, the
ger mani uenndighiatiGuisedeftablyeloew 30 enitioontiicke ai tyickads amiwfaxyccblecchme t hi ck.
The coefficient .of thermal expa SI n (CTE) of gernmani umls much different

from t heSEBARHIAS B 1Y 890draledrow b 4a8S hsprsetie)bapd-gay of gegnani@aisrani um gr own
Is typi Cfﬁg it N LS‘ECL[%%?LEI% ?f is Iggd&P(ﬁML AEIREHRY t"glomﬁlfn%f Ilgj% glsl?thilt ssed after

t he cool ger na |um fress if
the ger nf&ﬂnmwxﬁhﬂnfccﬂlKz@NVBut'fUémgtamk&Kud Wentiflirkpesedidate daYich&ad o 10cracks

is approxi matel y between 5-10 mcrons; the exact thickness depends on the
cell. This thickness is also required because of current matching: if the germanium cell
is too thin, the current that may be produced in the bottom ceil may be lower than that
which may be produced in the top cell, thereby reducing the current in a series connected
device and thus its efficiency.

20 The sccond reason that the conventional configuration may not work well with Ge
ART + ELO is because of the high resistance between the germanium and the silicon
substrate in this configuration. The current can only pass between the germanium and
silicon via the narrow trenches that connect the two. The oxide that forms the trenches
blocks cutrent conduction in the other paths. This high resistance may reduce the

25 cfficiency of a solar cell.

The Figs Sa and 5b describes a possible approach for addressing these problems.
An inverse solar cell may be grown on a Ge ART + ELO substratc as shown in Fig. 5a.
First the high band-gap InGaP is grown, then GaAs, and then InGaAs. An GalnP buffer
layer may be used between the GaAs and InGaAs to accommodate the difference in the

30 lattice constant between InGaAs and GaAs. The InGaAs solar cell may be made quite

thin, typically 2 micrometers, because InGaAs is a direct band-gap semiconductor, and
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grow h tenperature. The germaniumcell used in the conventiona

mul ti-junction configuration is preferably at |least 20 mcrons thick. This
t hi cknes&¥Q 1pPBBErred because germaniumis not a very P§IAE2686THer of

| i ght because the band-gap of germaniumis indirect. If the gernmanium cel
is made too thin, nmuch of the |ight may pass through the 15ger mani um cel

wi t hout Heraigrcabsebslemh! cifisicotyi 4Tt thelsilstuee groducbe phter efafibeflgmey of the

cell. This thickness is also required because o rrent matching: if the
gernaniuﬁ¥%€P?8@§Eﬁ§%d Hi ?“%ﬂ@g@ﬁﬁwgﬁt$E%§Pﬁﬂ%§+gi£b¥@HU@%@ﬂYﬂm@he bot t om
cell maysbg@ ke 3k Whirgh . Jiay: be yced. 2 L 1L, thereby
reduci ng thg cggﬁéﬁgﬁﬁxégéggFiggp%%%%ggggﬁﬁggaﬁggmgﬁakﬁﬁJé9ﬁf§ﬁ% wiciency.
20The sebondsertkasiticont stagtratd)ehas ofly Bntchoned, iclnfigor @i o) coByonat work wel |
wth Ge ART -1- ELO is because of the high resistance between the gernmani um
and the MrawHoBUddCatlehatns pofiramessds Thliveleetois, ot waurbent can only pass
bet ween rhmni um and silicon via the narrow trenches that connect the
t wo, Theg%ﬁFggﬁgﬁgYUV8¥ﬁ§09ﬁﬁh¥ggﬁﬁﬂ§§%ﬁﬁﬁgﬁ%k@%@V@W?“%@Wﬁﬂ td%n in the

ot her pagdigkly bhi el J8nl:88inst@DSBWIE HMGRideRRd eolahlied RRGY:- gfpa sol ar
cell. a %%elFi%s ga gnd 5b ggggﬁ?ggg%gHggggpﬁﬁgég%%pgggﬁﬁﬁogL%ddressing
these priptremsy tAn lcnveosel isahahcreep| antayis bep grmwncoly A cedlodfhg+ ELO

substrate as sho in Fig. 53. First the high band-gap InGaP is grown, then
GaAs, anPFPHEANoshEyas arowpt diflhmlasye thercomagerd saycopdidiasdlabetheen the GaAs

and |hGAs to.ac ?ﬂ“ﬂq te.the.differepce in the 30lattice constant between
Incﬁkg and G&RQ%E e |ﬁ%ﬁﬁ@cg8ﬁg‘“ﬁé?ﬂ“h&&QB@Sﬁ&&ahaﬁﬂPécP%ﬁﬁvﬂkypica||y 2
M cr ONet fdfessddEis ARy RERNS apfoahdMhesicRandroag tﬁﬁmbg&PéjH&%tl&vF’ and 9
SUBSTI TUTE SHEET (RULE 26) therefore absorbs li1ght efficiently. After the

cel | s ar@cyydigh istthie enafgirto rrayrdver dul thpHie dh RV e ELANdbendedthdo caisignduct i ve

handl e Wﬂ%ﬁ[' Iﬁe Ge, ART .+ ELO su?strape may then be renoved by selective
et chi ng. & el e dendle vafe mrovios & oy emetaapt utlfrdha iy calkuratel y because
the silicon substrate, that will be renoved, is air thicker than the
conpound 5sem conductor solar cell, that is not renoved. This selective
et chisng may be acconplished by using a very selective wet etch, such as
KCOH, which etches silicon quickly but etches gernmaniumvery slowy. The

t hin oxi de and germani um ART + ELO | ayers may then be renpved i n anot her
step, and this step is not nearly as chall engi ng because these | ayers are
not thick relative the conpound sem conductor sol ar cell.

10
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10l nspection of the figure 5b shows the two probl ens descri bed above have
wel | addressed in the inverted cell approach. The InGaAs solar cell that
absorbs the | ow energy light is thin enough to be grown on the Ge ART + ELO
substrate w thout causing cracking. The handl e wafer provides a | ow

resi stance path for the solar cell current. IS Wat is clained is: |I.A
nmet hod of formng a structure, the nmethod conpri sing: formng a first
opening in a masking | ayer di sposed over a substrate, the substrate

conpri si Nghad if ¢leigied sem conduct or materi al ; forming, within the first

opening, a first layer conprising a second sem conductor materi al
| attice-m smatched to the first sem conductor material, the first |ayer

havi ng a it hi cknessosof hiineatutQueXientirdRevapashep surface of the masking
| ayer; and . formng, on the first |ayer and over at |east a portion of
the masking | &F8yne %"‘@b‘é@ﬁﬁl‘gl‘%E}WSIEBWPIS%H@S@WCE adnatsehs ebsduet or

mat eri al comprising MNRE QRcéhdvBbt nGRliagr oW h rate of the first layer is
greater than a Tateral growh rate of the first |ayer and a lateral growh
rate of the sé&ummg Walerth¢ Srsgematrey a fiinyar coenristala sgroovdtsemicatducaf t he
second | I . e methad of.claiml . further conprising: . prior to

f or mi ng agﬂ?fPﬁ?e%§§8?fm%g?#FH@“&GQ&€8Q%“%5%R?H&1ﬁgﬁPh§YﬁgEKWﬁ@ | ayer ;
prior totficmeisng tidiet seaomd abayer top Eoratedg thewhdsking [4yee ag@cond openi ng, the
first layer; and, . formng, on the second layer, a third |ayer

conpri si ng thgngéﬁbﬁﬂﬁ§ Wit ddvsaitRc et ieleast ¢ aprriopakhe esking e pd | ayer

coal esceschal WoBM MR hl IR ORRNERRARLiG IR SREOND openi ng. 3. The method
of claim2, wherein dislocation defects in the first |ayer are trapped
within the fiwserciopersitingl growth Mipeofivet hiotlapér iep@itor Ban phearei gnowtheaeer t i cal

growth rgkge %‘stqe@gr e{tfdraslgtel'a?)é%l;vtlll Fate of the second layer is greater than a vertical

growth rate of the second layer.

2. The method of claim 1, further comprising:

prior to forming the first layer, forming a second opening in the masking layer;

prior to forming the second layer, forming, within the second opening, the first
fayer; and

forming, on the second layer, a third layer comprising the second semiconductor
material, wherein the third layer coalesces between the first opening and the second

opening.

3. The method of claim 2, wherein dislocation defects in the first layer are trapped

within the first opening.

4, The method of claim 2, wherein the vertical growth rate of the first layer is

increased by doping the first layer during formation thereof.

5. The method of claim 2, wherein the lateral growth rate of the first layer is reduced

by doping the first layer during formation thereof.



i ncreased by doping the first |layer during formation thereof. 5. The

nmet hod of claim 2, wherein the lateral growh rate of the first layer is
reduced by doping the first layer during formation thereof. 6. The net hod
of claim2, wherein the lateral gromh rate of the first |layer is reduced
by adjusting a growh paranmeter to create facets on a top surface of the
first layer during formation thereof 7. The nethod of claim2, wherein
reducing the vertical growmh rate of the second | ayer conprises doping the
second Iéyer auwmw@Odofﬁ@mibnwmm@némﬂMm38momhemnnﬂhmﬁﬂmfQOaémﬁmxdmherein
reducin LG wh rate ond.l a rises. doping the
second ?a er’u%ﬁl ?gwuﬁhﬂﬁn%%[?ﬁ@?%é?mpﬁnfgp%ﬁﬁﬁ*F%ngﬁfﬁ Y6f 4 hEet in the
second | &yerti@ndeieof. suppress formati on of a second type of facet in the
second layer. 9. The nethod of claim2, wherein increasing the |ateral
grow h rate of the second |ayer conprises doping the second | ayer during
formation ther &Qﬁcth&@oi Afe MRERAG, szdu&l}é‘ll@v%r{tc ﬁB@}[ﬂa&%ﬁ’Aﬁ%@éo%ﬁcence of
the third layer is facilitated by doping the ayer during formation

t her eof . HN@<$ﬁ@“ﬁ§ﬂﬁewﬂdma%xauwnzACmunghmmmaﬁn®emsﬁng, after formng the
third layer, renoving a top portion of the third |layer to renove defects.
12. The method of claimlIl, further conprising form ng a photonic device on
the thir8 | ayéic saémecrottdm‘nmpvimmieaac;hgmree/mmeicgtowaﬁatcwﬂqememad of claim
2, wherejn a tog(gortlon of the first yer .defines a facet non- parall el

to a topb¥ﬂﬁPH@ flopig t@uﬁ@?%&ﬁ§4duiﬁv ORI GRED BB B0 afivH Pe @herei n t he
third | a%@él ih ﬁac%gécfndﬁlely%nﬁfd t%'sﬂﬂmessk@nma]h@oﬁ@%&@ﬁd Qbe 6F AL the sWAGHEI N the

third Iay is sell-planarized by grow ng t
ayer.

9, The method of claim 2, wherein increasing the lateral growth rate of the second

layer comprises doping the second layer during formation thereof.

10. The method of claim 2, wherein the coalescence of the third layer is facilitated by

doping the third layer during formation thereof.

[, The method of claim 2, further comprising, after forming the third layer,

removing a top portion of the third layer to remove defects.

12, The method of claim 1, further comprising forming a photonic device on the
third layer after the top portion is removed.
13. The method of claim 2, wherein a top portion of the first layer defines a facet non-

parallel to a top surface of the substrate.

[4.  The method of claim 2, wherein the third layer is self-planarizing.
5. The method of claim 14, wherein the third layer is self-planarized by growing the

third layer primarily in a (100) direction.
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third layer primarily in a (100) direction. 16. The method of claim 2,
further conprising: formng a fourth layer on top of the third

| ayer, the fourth layer conprising a third sem conductor nateri al

forming a fifth layer on top of the fourth layer, the fifth layer
conprising a fourth sem conductor material; bonding the fifth layer to a
handl e wafer; and renoving the substrate. 17. The nethod of claim 16,
wherein a bandgap of the third sem conductor material is greater than a
bandgap of the fourth sem conductor material. 18. A nethod ﬁf fornlng_gth
structur t he, met hod econprising: .. formng an opening having a w

W, in a ﬁ%skiﬁaeW5@8$Ogﬁg%bgzwﬂﬁéé?m8”§ﬁ%strate, the substrate conprising a
first sem contueiigra ake tdyal dn top of the (fiRr 0¥ d¥the Wil et BEn ARG N@jrda first

| ayer conpr. si a second sem conductor nmaterial |attice-msmatched to the
first se YWBWHGEWBPW"'@EriaI, the first layer extending vertically above a

top surface ofyhhe MMeKiaD& 5¢ AR AURTRIAY i P 1Gc Mol lisiWe a§0 &AL €7 Than
renovi ng a.pof¥ﬁoﬁ of tﬁg #%rgf Iaygwﬁ'a%&énﬁyﬁggﬁ§gfogﬁ%31FFs%L ayer
havi ng asahrekie®smaietiover a first area of the substrate proximte the

00em 19, v coRuch LT P 498 e kB R BT o 51 e
wi dth w3 greater than w2; and ~renoving a portion of the second |ayer,
he- subot Fat o B BXHRADCIE e bAHRS: Crdo Tiiee TR CBrCHEIcamAeTe) whor of n
ti equal grelter tha® @ bankR&p BEHLP A @fse®lBhdckd mat}efi €l n di sl ocation defects in
t he second sem conductor material are trapped 1 n the opening.
8. A method of forming a structure, the method comprising:
forming an opening having a width w, in a masking layer disposed over a
substrate, the substrate comprising a first semiconductor material;
forming, within the opening, a first layer comprising a second semiconductor
matertal lattice-mismatched to the first semiconductor material, the first layer extending
verticatly above a top surface of the masking layer and laterally to a width w» greater than
Wi
removing a portion of the first layer, a remainder of the first layer having a
thickness ty over a first arca of the substrate proximate the opening;
forming, on the first layer, a second layer comprising the second semiconductor
material, the second layer extending lateraily to a width wj greater than ws; and
removing a portion of the second layer, a remainder of the second layer having a

thickness 1> over a second area of the substrate proximate the opening.
19. The method of claim 18, wherein t; equals t.

20, The method of claim 18, wherein dislocation defects in the second semiconductor

material are trapped in the opening.

21. The method of claim 8, wherein a portion of the first layer above the surface of



21. The nethod of claim 18, wherein a portion of the first |ayer above the
surface of the substrate is substantially free of dislocation defects.

22. The nmethod of claim 18, wherein a vertical gromh rate of the second
sem conductor material is greater than a |lateral growth rate of the second
sem conductor material. 23. The nethod of claim 18, further conprising,
after formng the second |ayer, renoving a top portion of the second |ayer.
24. The nmethod of claim 18, further conprising form ng a photonic device on
t he secotig substete is s@BlanThiéy fret dlolklofitioh difeatd8, wherein a top portion of the
first layer defines a facet non-parallel to a top surface of the substrate.
26. The nmethod of claim 18, wherein the second |ayer is self-planarizing.

27. The net hothofetbabMmi2en | WRekain thdcaeeand hi@¥ehes&os@l - pl anari zed by
growi ng the second layer primarily in a (fOO) direction. 28. The method of

claim 18 ;qenplﬁ?qqqglior E@Wﬁfl‘ i iBFrgter than’a latpig} gﬁowgq @te[<ﬁitiﬂqjsep(ayiés|emmn@15@rof t he
second | gyghiq the third layer conmprising a third sem conductor material;
formng a fourth layer on top of the third |ayer, the fourth |ayer
conprising a fourth sem conductor nmaterial; bonding the fourth layer to a

handl e W%.er CTRD lgletlhgcrlrg%/ L%k M}%nﬁ%pgctn{u%’tls?ﬁg, after forming the second layer,

removing a top portion of the second layer,

24, The method of claim 18, further comprising forming a photonic device on the

second [ayer.

25, The method of claim 18, wherein a top portion of the first layer defines a facet

non-paraliel to a top surface of the substrate.
26.  The method of claim 18, wherein the second layer is self-planarizing.

27. The method of claim 26, wherein the second layer is self-planarized by growing

the second layer primarily in a (100) direction.

28.  The method of claim 18, further comprising:

forming a third layer on top of the second layer, the third layer comprising a third
semiconductor material;

forming a fourth layer on top of the third layer, the fourth layer comprising a
fourth semiconductor material;

bonding the fourth layer to a handle wafer; and removing the substrate.



