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Specifically, in the case of GaN, crystal quality can be improved by pre-treatment of
the growth substrates, e.g., by nitridization and other chemical modifications; by growing thin,
low temperature buffer layers of other Il nitrides, ¢.g., AIN or GaN, by thermal annealing,

25  and the like. Methods such as epitaxial lateral overgrowth (ELO) and its variants (PENDEO,
FIELO, etc) have proven successful in reducing dislocation density. However, these common
methods often utilize lithographically produced masking elements that often produce materials
with a non-uniform distribution of surface dislocations, undesirable in many applications.
Some alternative methods of dislocation reduction for producing homogenous surface

30  dislocation densities have utilized in-situ (or ex-situ) deposition methods to impede dislocation
progression, in some instances with the addition of etchants to enhance surface dislocation
dimensions. Examples of such impeding methods include US patent publication

US2007/0259504, Tanaka et al. Japanese Journal of Applied Physics 39 L831 2000 and Zang



WO 2010/ 056952PCT/ US2009/ 064330 et al. Journal of Applied Physics 101
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provides semiconductor structures fabricated by these methods.

Generally, methods of the present invention produce better-quality, following
20  semiconductor layers (or "final" or "overlying" or “over grown” layers, or the like) by taking
advantage of certain types of dislocations commonly found in poorer-quality starting layers
(or "substrates", "initial" or "underlying" layers, or the like).
It has been found that, up to a point, the more prominent the surface extent of
dislocations in a starting or underlying surface, the better the quality of a following layer
25  ultimately fabricated from such a starting or underlying surface. It is believed (but without
intended limitation) that this surprising outcome results from the interplay of a number of
factors.
First, the dislocations in an underlying semiconductor surface may be enclosed and
terminated, in such a manner, and a final layer can be grown in such a manner, that the
30  terminated dislocations do not propagate into the final layer. The final layer can then have
fewer dislocations than the underlying surface because those dislocations in the underlying

surface that have been successfully enclosed and terminated are not represented in the final

layer. Second, it has been found that the common surface indentation (e.g. a pit like structure)
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dislocation emergences includes enlarging their sizes (e.g. depth, width, and surface cross

25  section). Enhancing can occur as the intermediate layer grows in thickness. Such enhancing
is also referred to as "opening" of dislocations, i.c., the intermediate layer is grown under
conditions so as to "open" dislocations.

The intermediate layer is also grown in such a manner that the enlarging of the

common surface indentations spontancously produced at dislocations results in the

30  intersection of two or more such surface openings. Such intersecting of two or more openings
(or pits) is referred to as pit “agglomeration” or pit “clustering”, i.e. the intermediate layer is
grown under conditions so as to “open” the relevant types of dislocations the “openings”

intersecting one or more other “openings” to form an agglomeration or clustering of openings.

3



grown under conditions so as to "open" the relevant types of dislocations
the "openings" intersecting one or nore other "openings" to form an

aggl oner avpanioarsessk ust eri ng of openings. WO 2010/ 05695PPTT/SRIH20625064330
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this is because the discontinuous deposition occurs in the disordered regions about emergent
dislocations so as to discourage subsequent lateral growth from more disordered regions about
the emergent dislocations (which would promote the propagation of dislocations into the

25  growing material) and to encourage subsequent lateral growth from less disordered regions
about dislocations (which hinders the propagation of dislocations into the laterally growing
material).

The invention also includes performance of the above steps in various combinations

and orders. For example, surface-emergent dislocations can be enhanced by careful growth of

30  an intermediate layer on an initial surface, or by careful etching of the initial surface, or by
growth of an intermediate layer followed by careful etching, or by etching followed by growth

of an intermediate layer (optionally followed by a further careful etching). Lastly, a following



growm h of an internediate |ayer foll owed by careful etching, or by etching
foll owed by growth of an internediate |ayer (optionally followed by a
further ocsoebulosetsehi ng). Lastly, a following WO PCT/US2009/064330

2010/ 056952PCT/ US2009/ 064330 | ayer with reduced di sl ocations is grown
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opened growt h [.I)I ts into aghgl omerations of growh pits, and third |ateral
gr owt h owbstaially centinuous following semiconductor layer having fewer surface dislocations than
25  the initial semiconductor surface by epitaxial growth on the intermediate layer under third
epitaxial growth conditions selected to encourage lateral growth over or from within some or
all of the growth pits and the agglomerations of growth pits.
The methods of the invention also include forming a IlI-nitride semiconductor
structure, the semiconductor structure having an initial IlI-nitride surface with a plurality of
30  emergent dislocations, that epitaxially grows following IlI-nitride semiconductor layer under a
sequence of growth conditions selected so as to encourage, first, opening of growth pits

associated with the surface dislocations, then second, intersection of two or more of the

opened growth pits into agglomerations of growth pits, and third lateral growth over or from
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WO 2010/ 056952PCT/ US2009/ 064330 within sone or all of the growh pits and
the aggl onerations of gromh pits at least until formation of a

subst ant ivabI2g10086452nuous | ayer, wherein the di sl ocati onPdens2a0/06433¢ he
substantially continuous |ayer is |less than the dislocation density on the
initial surface. Al so, the sequence of growh conditions can be entirely

carri ed \Gitin kfmad oBhINEF ﬁe%%&%fbi@%ﬁ@[ﬂ%%ﬁgg}@rﬁéﬁﬁiﬂns oeBRVAh R att Bt LAdi- ni tride
sem conductor structure fromthe growh chanber, and further, repeating the

s equenc douhatgnmitarsubsitrdially sastimionh byer, méweimthestislodagion densifiytin thge | ayer
bei ng forped fromithe growth. chanber he openi ng..and i ntersection of
oroncn oePSinlsisThbdBon: B risirS M e A el R U P s PR TG

growth pits haye thateuatceofioeditts cahditiessScdnt@renédytarbie@out id QASREE S wall
t hese net hods include repeati nIg[ the steps of formng the interned ate | ayer

and &f fapmbagvithet supeveaat thallllyiedasemissnduaten sugiuryiemyke sionsh ehanhsie
oS, Rl il Ifegén%glgﬁl{/ &ggér{&%%gﬁoghﬁtgﬁ?cﬁﬁ&s%ﬂ%ﬁ?Eé%ﬁoda?%ig{h'e ififde! ©

form ng the subst Nt nu OW ng sem conduc l"ayer; d
appl yi ndayger bemgdotnaduars thagrevtioghambdr.eTedpdningnamslkin tacscominasfi gadbwthopitshe

intermedi at.e | ayer. 15Aspects of the hods al so incl| ud rowth condition
f or encwpaw%@r%fﬁ@béﬁgﬁg%ascﬁ pl@?@i}wﬁ &ngduah%rom p%@dﬁi%{%aﬁat?%op less

i nterseghiPihoRf sgrPWh pits that are substantially simlar; growth
conditions tfor encouraging the opening and intersection of growh pits
conpfi se t enpespattoéthesd metheds inchde 9§@21@0)g the eeps pEdrmingthe attemadanlagiout

100nmb, or .bath. .The present ..invention.al so ovides a lll-nitrid

sem condUECorBE P LE B I GO R HOPS g Y HAG: ot I ey of

def ect s BrRRYK inRGMBHhRIBmiddRdh@yehydnprid: t_B'fb&fnﬁh'% e sabstgiglg.cof@@lduyoi d
associated wth one of nore of the propagating defects; and a substantially

cont i nudaowisig|semicegdicigrelayayend apphdng atseeritinooey lgyowil diggeric wapking
substantning}l Jiz}ll nalevhq{eldnsle 1Qtd labae}’i ng fewer propagating defects than in the
first Iaye?. 'f?ns SEHUEre®Chan have a plurality of the voids have a
nar rigwer apexAspetiion thehtethddssdlsodbtiaye groafth Wi ditiorafor ke@sikagdiethd @pathg of

term nates, and have broader bases adj[‘acent to the boundar¥ wth the

f ol | owi rgOVENRESand foy encapragipe e iaryestion obgrppiispity thylerre arhytantinlly siwlarig
e
uni f or mtympureturdshe I thiackS) °Onpressurdsatiipratertthen dbouet0oedi, at bothayer and of
e ol o o Leyer Ay RS o RIS bk, Dt LEman il
ot 1 e e Lot Rl I e
cannot nrwoid assediytet evidvque off etbre of the peapaghtetgdofcatnpnd avahssantielly cartpiuetel vy
fronocr ysfloﬁéx!vfngqéye? rovecr?yq}ljé Elt[e%llyov%;grg% layer with substantially no voids and having
fewer propagating defects than in the first layer.
This structure can have a plurality of the voids have a narrower apex within the first
25  layer at which at least one defect terminates, and have broader bases adjacent to the boundary
with the following layer; a plurality of pairs of a first layer and a following layer, each pair
directly overlying a previous pair; dislocations emerging at the surface of the following layer
are distributed substantially uniformly over the surface; one or both of the intermediate layer
and of the following layer with thicknesses of between about 0.1 um and 1.5 pum and
30  preferably less than about 1 pum.
The term “substantially” is used herein to refer to a result that is complete except for

the deficiencies normally expected in the art. For example, an epitaxial layer cannot routinely

be expected to be completely continuous (or completely monocrystalline, or completely of one
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WO 2010/ 056952PCT/ US2009/ 064330 crystal polarity) across macroscopic

di nensi ons. However, an epitaxial |ayer can routinely be expected to be
"subst antwel2bw/ses2i nuous” (or "substantially nonocryst &Criusefos/0e4330
"substantially of one crystal polarity") across macroscopi c di mensi ons
where the discontinuities (or crystal domains, or crystal boundaries)
present @yfalldRsRy)axRAS hidrdstodid8indibiors. OHok BRrPAOGRERIa NGy & irbhiRRSy bd he
material quality sought, or so forth. Further, a sem conductor |ayer
havi ng "exppedietticalshstandialy sompapnsrior “Jubstastedlylraprsicrystadlinggar t hat t he

sem conduglor, LAY SF oAt QAR Y Rlodhelocal L OR ABh: lfcdlyd cast |ow or a
very | ow’t conp I LN YDA & OO RTINSO MRS Material of the
sen condlissofinliflysor cfydtal €xALAs,@r chyital Beurkiaties) Phesctre RubstROtct @k the aft0

di sl ocations” (or a low or very |low density 10of dislocations) is taken to
ref ef t dohdedrercsvngiandiions thamapiyisd ALy sfughb9s s AW appr oxi mat el y on the
order of 106/ i l.ess, i n:t r,.of
1051 cme.  The st SemRaRBG A tnferiSfig WARARPE) B dorRgis e BEER g
met hods mednl thitnibywdnaicoriims®r tagpt hasar dansity diedislbtations dlav th andgastelbaenira vieey ce

m croscopy,. optical mcroscopy, scanning.electron mcroscqopy and
T ansmi SEIGR CBPBETIOBAO Hhetis SEHRPR ITHE aag@réfrerr@aeﬁ@t%lae RemConsiar [t he

15di sl o [ S ' r 1, SS] : W -
L0 005 LT SR SRR T TP Toenit

| i ml0at iddnlislgvationd) ey tabén toatfer enloarsinade distichaeh dasiticn pf kehethembpprexidiasdy osur es

of whi ch e i hco r at-ed herei. in their entirety, .by reference »f al |
ot pos o T iR PRI nd Shetidh b haF winsfiitel Ty b ari Gt ap Gy Fhe
char act Qﬁélé@a@ioﬁ@@ﬂﬁy 1h $h 8?115 11editadshE hRhsur & B ﬁie@h@&@%il RRAoWfto tHGe SUbj ect
matter clai med 20herein. Further aspects and details and alternate

conbi natfroisr of thelet, wichwting, stopfic fhitemiaosapy.cptighlimicinscemp staanmgfetastron he

foll ow ng. detail ed . description and.are also within,the s e of th

| ovent oneRRE Gk R ARG B AR G i e By 3R SeBlurkldne,
i nvast i afislo@yiohdchd@tyds byltraysninden slceesh Micrésebey €rmd).t o the fol | owi ng
detail ed description of the enbodinents of the invention, il]lustrative

exanpl es of JpRAEINEP Ao APIFENI0E Clarity oy pid wihpWany petended Lupigdigaed fi gur es
In | ChyunfdeP St re}é%gllc;e.? alielgrb%eld ?F%ml @165&1%?@@1§{:}§${1{é§/ of virﬂltlﬁ Me%&r&g}%%g%gﬁ'n{m nt

of the invention; strates a er alternative e I ment ;
30Fi g. 2nsladiesmmiréte byl nefartdcasor Al @apapeowFtrthprt onad tieggicd net@hed, gipanldss pi t
. 3B, 3C,

structure_produced by enbodi ments of the invention; .Figs. 3A
3D, and Dy harerey PV 16 AAPHEIES PHOT Lo PRIV BT the RDicst Tt it on;
20 herein. Further aspects and details and alternate combinations of the elements of this

invention will be apparent from the following detailed description and are also within the

scope of the inventor's invention.

BRIEF DESCRIPTION OF THE DRAWINGS

25 The present invention may be more fully understood by reference to the following
detailed description of the embodiments of the invention, illustrative examples of specific
embodiments of the invention and the appended figures in which:

Figs. 1A, 1B, 1C, and 1D schematically illustrate an embodiment of the invention;
Fig. 1BD illustrates a further alternative embodiment;

30 Fig. 2 schematically illustrates growth pits and agglomerated growth pit structure
produced by embodiments of the invention;

Figs. 3A, 3B, 3C, 3D, and 3E schematically illustrates a further embodiment of the

invention;



WD 2010/ 056952PCT/ US2009/ 064330 Figs. 4A, 4B, 4C, 4D, 4E

schematically illustrates a further enbodi nent of the invention;
Fi gs. 5AwWBBp10&&s9sand 5D schematically illustrate the repeaSeanss3of
enbodi nents of the invention; 5Figs. 6A and 6B illustrate practical

exanpl es of embodi ments of the invention. DETAILED DESCRI PTION OF THE
PREFERRED EN&Q@. WRNAB, 4C, 4D, 4FNchBaBE1 I IBud@lds AWl ABkrda ot inkidt 8NtHeS o
predom nantly directed towards enbodi ments that fabricate |ayers conprising
[11-nitrhgatioaterials, it should be understood that 10 enbodi ments are not

limted to suygch t enl aks. Therefor Wit hou imtation odi. ment s . of
the i nventi orf Guner aht fardny 7 et 8 iie s et QR0 SRR, S5,
sur f ace thayeent@n;a sem conductor structure from being present at a

foll owi ng surface |layer of the structure, such that the follow ng surface
of tRe structhige 6darddd/ Bluptigie siastcad gaamplys offprabedimenty 9f hedayengenper f or med
once to inprove the quality of the following |ayer, or can be perfornmed two
or 15nore tines to successively inprove the quality of successive foll ow ng
| ayers. IBETAILED DESCRIPTHON OF THE PREFERRID EMBODEMENDSI Si ng a

R o or v o S
surface gxt@icald [afers %ﬂ%ﬁsiﬁ%ﬁl-ﬁﬁﬂﬁ@ba%fﬁakbﬁ sHbah gggﬁ&& Sodinyeady present

at the underlying sur rm ng aggl onerations of enhanced di sl ocations

by 20 preaomwidiments fre nohtimitse ot $ush noitereath dieeefodti, stitboutlinoitegionaerdbadimants of

encl osi t he enhanced.dj sl ocati,.ons b rowi ng over, or within the

2001 omertle ISreTBy B Rreea §eRerins Mok BeRdl et W&o materi al
havi ng f@ii@hdi@oltRIcRE&FbAMNSeing present hih RAMBRHIRIMaSe Rert dTeh SMRALE, A ch
directed to Ill-nitride materials, dislocations are enhanced preferably by
epi t axi dghatyhgfodpivieg suaice af e veudtatcecan fger infrapvddagpelity) Tfesamstiods ean beps
different dll-nitride material...The jnternediate |layer(s) dnclude growth

oi t - acaEeapele TR I L AR b o REL Al SUE ke PR Haer | yi ng
|11 -153i t rhele tisnsftaceecag ofy enprociide dubliyty afidudtssiveefollowaigiloptgs.of sone or al |
of the dislocations in the underlying. The internediate | ayer is

grown so t hatBidily. beginzas vaheni ungsryiag gurfagscomipas g adH-HEEEHPr #PCHhe growt h
pits gr diy i - - hat & r i nen.

B owt b JOHBTY L BEAPARe b B0 o PR ik Rhal B EE Mol DuBBET. g
gr owt h dFhetdtgpsicomerisedihah@ng eheesurfatdextgrt dind. kvigthtand tdepidl) bOthadisliscatibns br oaden
and deepen and becone pr essi vely enhanced ("open").as the thickness of
Che i nt GNTSAGH BicePnf alr U drbeRwe Ao fPrgpE gévaﬁdélpa% Pﬁﬁnilﬁvceéfdm?%tla%w h

pi t 9 nCﬂr%@ti%ﬁilie%ﬁt@ﬁ@étio%rbfleﬁﬁeﬁfcg&id@focﬁtﬁlﬁm?ﬁﬁﬁ?‘th&{ chdisitd W chRhcRyr am d type
WO 2010/'056952PCT/ US2009/ 064330

dislocations by growing over or within the agglomerations of enhanced dislocations with a

following layer of material having few or no dislocations.
In embodiments of the invention directed to IlI-nitride materials, dislocations are
enhanced preferably by epitaxially growing, an intermediate layer (or layers) of a same or
25  different IlI-nitride material. The intermediate layer(s) include growth pits associated with
already-present, surface dislocations in an underlying lI-nitride surface and are induced by
and at the locations of some or all of the dislocations in the underlying.
The intermediate layer is grown so that the surface openings (e.g. the width and depth)
of the growth pits gradually increase, in other words, so that the growth pits open. Growth
30  pits usually have an inverted-pyramid-type form, so that during growth of the intermediate
layer, the growth pits tend to naturally broaden and deepen and become progressively
enhanced ("open") as the thickness of the intermediate layer increases. All or substantially all

of the growth pits include a dislocation located at the apex of the inverted pyramid type
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structure. Therefore, upon opening of the growmh pit the originating
dislocation is proximate to a voi ded regi on produced by the growh pit.

I n addi t iwo 20m/3620t i Nng t he opening of growh pits, thecunuseslows43go | ayer
and the internediate |ayer are forned in such a way so as to pronote the
intersection of two or nore 5growmh pits, such that the conbined surface
openi ng @ ctufe THEHAEbREGHINEAMRWIMMPEHNtH P HRAT RS AD g ldNFodaRbRls protialadd
extent of the surface opening in the internediate |ayer. A group (two or
nor e) oftojarvoeted eegipmprogresst ty the gwowitb pitef erred to herein as an

"aggl oneratiqgn” .or. "pit aggl oneration” .. and.the surface.opening . ,of a pit
aggl omer at § ondign & prafepipe IC dichity of B S RE b daB ik ERME & BF the
i nt er medh@tBedi@ty tdyct BerefirdEinGasini WagSso as fl prombtd the Gfterddttiag @ ene@bamban
areas produced by the intersection of two or nore gromh pits. An

aggl SnerseVorpits ighdkaipha ewsbined wiiges opAnstoridhe BrRISqcHaa BEIVIRDIE HCIEsse of
) ! TRATOCY ; .
the areg (. t%gé y%&ala&&é&u%iftﬁe%rfh&d#p‘ré&&%gﬁh tﬁeﬁ}ﬂﬁe@%g@a@{%w g%ro@]oﬂggg)rvol Uires

expansi ve Vol region resulting e Cco ern

of the imére)yskiatarsegtigy gotshh pits 8.refthred eblycreintae as Uidgharacrapendtiorgpitof gr owt h
pits can be enhanged or even greatly_ enhanced. 151t can he appreciated,
her ef orgElonttattioRed %alrfa@e PRRHYEHDH BRElamFrefioy 1%@%&656%? ucing a

| ayer Pf"aggggﬁl_%@a%ﬂ a8l Th sirfact QfH{eQHt.‘éﬁﬁecﬁé}? ila[yeﬁfhw&@csmhaﬁxe%ra %ﬁﬁﬂwéﬂ ng a
plurality intersecting growh pits that torma plurality of pit
aggllénmeraggloorsatidBurtasgnodustébyrddi iatessebtayneof thavor mepre ghvewtb @ds.aggl oner at ed

wh pits i I f dt i "pitted" .| In furth
ot s lrtsFe i ed Gt B BB PefRn® acBlst b b by e iy
20( pr _ef %_p@i@ bf’th'é)fncﬁbﬁbiﬂﬁﬁw)e_r@ﬁ p‘yfuiiﬁﬁkwnﬁgm%%irﬁ% \Io%le!a%%i'bﬁ %sﬁftﬂng fRME thér age
posi tioni n%;ff enhanced di sl ocations (i.e. growmh pits) in an internediate

| ayer atcogibsnadantcinahsoigde@selnmes af thhentareesingygrenythspiist ddercbgubp sefecgt chi ng
step can Qccur 1prr%f ra-tgslé/ eefe(I)l gncgroyvt\bnofreaag einﬂjgmecre di ate layer, but can
al so occlr aig%%rggrov&”h of e %Prr%cﬁ at & yayer, nd can even be

per figr med al apeanvbd dpprdcidged) Widicfofe, tHat hdtbeline i tht envieAY® a fidd 63 en prodnsEdg t he
aggl oner at ed %r, ow h pit openings induced via dislocations in the underlying
sur f ace 4lay ot drcgcaspd Awdisyisdp gradyge prlnteymeriage lapericoprpsiseemivghy afol | owi ng

o te ar diehs iR pFRahaRe il A YRR s Sy ik A
i nt er medawirdatiay enhandedsgdlymoahtodef@ethitshis dlberdferrdd talhetciy ey 3 "fitel"dawaat h
condition etc.,. so that the surface extent of the intersecting. gromh pit
openi ngs ar eclgéglalquieex%@ﬁweytssqfrztﬁ%imgsmt%&n 190 PR CRRPTEF H@aglf%or span) a

mul bt ug r@Eraily By Qe HRA REQHNES G Re TPPMrtiBHA rRUERE Bositioning of N Ot her

wor ds, e Intermmedi ate layer is grown so as to open and I ntersect a
pl ur al i tephafced delidatignist(s.ctgopthopitss &1 sumtcamediepdayargt wistokatapnsiprasestuntlzbl e t o

cluster a plurali of, WO 2010/ 056952PCT/ US200 é, 64330 di sl acations at the
base of 'PHETURRAHERS” SHEN b ERTRE SRRaD BroF SR TSORe R EUD ST ER growth of
fol | ow ngtetrhédifte ldyied@®ut eMLAsEREUPERS dritrRtheITHRNGEIMSdibfcatRer OCRRINIaAGven be
preventing further propagation of the underlying dislocations.
performed alone without growth of an intermediate layer.
25 Once formed the agglomerated growth pit openings induced via dislocations in the
underlying surface layer are enclosed and covered with a continuous uniform following layer
of lll-nitride. The sizes of the agglomerated areas of the growth pits are therefore preferably
adjusted by, e.g., the thickness of the intermediate layer, density of defects in the initial layer,
the growth condition etc., so that the surface extent of the intersecting growth pit openings are
30  sufficiently sized so that ELO processes bridge (or span) a multitude of dislocations producing
a continuous surface.

In other words, the intermediate layer is grown so as to open and intersect a plurality

of growth pits to produce surface opening with a size suitable to cluster a plurality of
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The surface distribution of dislocations across a final surface will be
substantially 5Suniform (up to statistical fluctuations) if the distribution
of di sl ocwDI20r569520Ss an initial surface is simlarly ®Qrfuseono/0dd3B6 | S
because the steps of the invention randomy reduce the nunber of initial

di sl ocations without significant, if any, surface bias. Therefore, as the
number  ofisib&itibh@ht tHE BALGAtHARMBahRd pRDPERAg. trRSlcForéli stibdgetitiRBral Srohwdh 8Lk Y
preserved. For exanple, the randon1d|str|%ut|on of dislocations present at
an i ni t ifellosngflHowtridicllayeh endotea tweehhangeid nyria® apghwgguesntiog dwthiar of  an
interned%aggaﬁquﬁhghg%gp%gé&rOs%&%ace etching), and the random

di st ri bdfPIBF*ET" Phe® ERfant 5H§?oc§tions present at the surface of an

i nter medi at e TrRsarfaé¢odisteibtti@tof diklbtadonb ayess)a fhdl lsuSaecasHesubstahirligncl osed
during subsequent dislocation processing., Accordingly, if a random surface
di st Pi butnifgrmeep @i Satistigalifnggratignsg glsthe disfributipn of dislpcafiasasross apingtiadr t wit h
an initi I f.ac Vi . i ! i

i si ocart adt R RGRA THG & pE AR b B e ThRplib bR Pduee

st r uct urmesnter oflinited djochtiensabichomt gighifiaist, ifSug susthcalsingr Biserdfawe aothser vabl e
evi dence of such. enhanced and intersecting growth pits and di sl ocations

arr angedwiﬂ}bebpgwg@l 5@ auQs Hglue tl?&r41%¥%3%t1%lstlfﬂéelb’rﬁ’f%FlﬁlEg-i E@ree&aagp s in
whi ch they  MB6& diQfifRtbn IYRAGoAEHAL hietnfSSAT ihial QRfcOTill BE LAKR &Rt TENt S
of the invghtéonlare nom120p?esent%§,nbegiﬁning mﬁfﬁ Ehe enboalnentéﬁgf

Fi gd0 1 sabfquditiesevthiofun egeimhddirgt tagtethtiven for sudegadtcliieg) andgcaofindonef er r ed
enbodi nepts,in a henati c nner. In rticular, these figures are not to
scare, i fhurty S MBS AT PSishs piRRE bl igudics ofdF iR 65 0 the
actual pesHeanmaacey@f wilhbkctRIRERYcRAcloled RN UBEqHsRIdiddbatibh Rﬁa@s{u .al so
be noted that although much of the follow ng description of the preferred
enmbodi neltoordingly hié airandent sushacadistribbtipe of dislocateongad dasuablai it sintefcradletos, this
shoul d_not. pen aRASENYEASIL I grbSmIvER QAL L oS dagBigrial but
enconpasses ﬁe whot'e aﬁq}/(ﬁ HEHE YAt e aR% Ot hier™> €& Conduct or

mat @i al s.  FiThe ih#enitibh Ub hadl@des Al-difMde iséhicgadihdtetBit furdseo diesd bp Hbbos

| ayer that has been epitaxially grown (or otherw se placed or transferred)
on a subBethedse Sk stpciurch havenbseaable coenagmd wasiyeignead anddntgisetinesgrowtly. 1B
illustrat t - r '

pr oduced Gant AR S-ERs FroRhodin i ik RRnfe ARUME HPMTARIER bR

I nt er secthiolgthepiviesé fomedi nt er secti ng hol l ows, cavities, depressions etc)
(equivalently, a "pi.tted internedi ate" | r, or "pitted" layer, or the
like). The | MYeR<RAgosTPIoR 08I B PgA maRg |05FP5¢rlaYeél&06@rec4%t ered WO
2010(056352RCH LISRATN QR AR ALARCAL of BLOW R'DPITHEL Rludfifustild hed” | ayer
are induced by all or a substantial nunber of the dislocations present at
t he sur fraweipef feptugesi afipréfatredyanbodimentistin i dehchmyiemaniitre Inpadgicsketthen of a

I TR A R
i1 T ustralchnl perRirRhaféd SUhBTRRALIE M iniftovh] §haldy dIteh8eltalse Dealoid thit mat eri al
'S although much of the following description of the preferred embodiments of the invention are
25  specific to gallium nitride layers, this should not be construed as limiting the invention to said
material but encompasses the whole family of the II-nitride and other semiconductor
materials.
Fig. 1A illustrates an initial gallium nitride semiconductor layer that has been
epitaxially grown (or otherwise placed or transferred) on a substrate and that has dislocations
30  emerging at its surface. Fig. 1B illustrates the results of a first step of a preferred embodiment
that produces an intermediate layer with a surface including a plurality of intersecting “pits”

(or intersecting hollows, cavities, depressions etc) (equivalently, a "pitted intermediate" layer,

or "pitted" layer, or the like). The intersecting pits (equivalently, agglomerated or clustered

10



deposited to assist in dislocation reduction; such nethods of the invention
are described later in greater detail. In this enbodinent, a thin |ayer of
maski ng meioenioalseds3l is applied to the surface of the pipCras200essed at e

| ayer 120 preferably in a manner so that a portion of side facets of the
growth pits and agglonerated growth pits (preferably the nore disordered

10por ti ofpsk o&r %m%v e4iRf oMb |“?ltﬂe§’a}é?r919aré Iimue@wgy Al 682 RYstanQASHSebeMmRb! Y
the | ess disordered portions) and the unpitte | anar material accessible

for s ubs’e&ig@@pnﬁm@e@m al thg swifiade. of Hresthistat gdhnmskindg laymt. eTh%mmser&e@ﬁpm pé@

subst ances whi S ti-surfact S. L9 II n|tr y
it nd ohe ah gt BE AR A el st Mol AR fon PEER Y

Fi 9. 1Blprinddfty gsthe bhscldfithd teglonat e overgrovvt h of a foI lowing I1l-nitri de
llayer_ on the upper surface of the pitted internediate |ayer according to

epi taxial | atféga]IBtbl\l'l@ﬁtgaftW We&‘éTeﬁ§mbﬁ6WPanﬁ1Wh’éh&rdtlelem? aygr efeatevdrigr owt h
process {, pﬁel{égifﬁés (fhslrogeﬁ é)fn 9 b RAHR! cf neého%g'oifﬁfé'lﬂwn}’m VRS B Y5 3Ry

encl oses d voi regi ons’ via Intersecting growth pit
t her eby isgedatengcqadr tn dmsembochimentpaﬂsn layer of mashlmgmdieﬂhlotsatls apysiddac diced at

t he bases of t aggl oner at ed 20 and preventing their
pr opagatSgAq ﬁhtﬁep e piprnpadiate, a@’fﬂi ma’&%@ﬁwnw NS0 Bt AGORoBWESIdEd. The
epi t axi I | | ayer

p Fhedl OB %&gﬁ?ﬁ%hﬁ&' usm ﬂa!edggkl&m{?lﬁ (bl%keraa‘ly Eﬂ& mﬁfa diQuide | ay

coal esces, form st an ntinuous fil h point the
gr oviOh rpmdimns)iarelmevabd sthdd lctamqgl“tbtrrmn&mgngmhlooﬁ (Iaeﬁa:m’o@ ther¢ss dasordgrasint h f or

P O S ubs sy fad e e BT Bab R PSR TE B I Fa Rl Rk Rin  mat o 1 om

or are imgreed nﬁxklﬁgma%rws EnSirRe 3tbseSed Whidh abindeintiYu8cthits td Bl nitride
[11-nitride | ayer erefore, when encl osed, the dislocations cannot

cont i nuegr¢wih, fhrethardmmigng ither anaunt of nusnhgahign épimessedaiortiqns.of thersteturagidriggr own
on the p1 ted layer. Because the follow ng |ayer grows, at least initially,
above an 0ver the aggl onerated gromh pits via epitaxial |ateral

overigr owt h ( Bi&). 1 Cthellgtiatcasatdronth X fatlewinpabl-gitride 1hys va ehdicosaticoos
into the following layer. In preferred enbodinents, the material of the

f ol I owi rfBe Piigd; antﬁ%neéi%% ot gogpiding Repaiel latsral greTRENVER Ay koW B s &t e
very cl %ﬁln?é tﬁ c%r%g Wi ﬁr&clé?s tﬁg At A, Hf:trhg rfolmhﬁé ga@ller @Jlta&ﬂlﬁ 'oggﬁlfcg%détﬁlt e

pitted laye e Inter ace et ween ers uce few or
no di sl Gmatols@rthe oxtentles voddilirogisnd formbe via\MicR0d0L69B2RESThtSRY M 1894 330

foIIovmngIa Ther eby, i.n odlrrets of the invention, the follow ng
| ayer W%Péw&l&ugrﬂ%wﬂ%as SRUIqTS Wééedraémbaa?ssqﬂﬁ%&g%%ﬂ@r?érgr%

pr e%nt p’i"@s @rﬂlﬂr@\'?efn'tlﬁ% W r@ﬁa%atlon into fulf@r ARhiti§iaterigMPedbBBhsipkdwatpat ed
by Figs. 1B (and 1Bb ' 1D therefore proceeds by produm ng a pitted

| ayer wi Th@ cpitpkiak gcbwﬂyls @bnmtmeé ugetthe mptpia sf the followiag laywt emamdesatf@nﬁhgy er

Wi th suit nhanced ufficiently aopen), pit ratlon areas or
Fegi ons Bty iaepRg e Bt a5 e bRt stonR gt phEReET LM

di sl ocatdrenth &fa théR VeRARI vkl fdrprddudingl rAMeHial tb B%@s@e@&hicl@ﬁes@ﬁ}{ fbRNs of the
pitted surface by lateral over growh of a follow ng layer of Ill-nitride

mat er i aleffertivamppencgetail, Fig. |Aillustrates an initial Ill-nitride |ayer
100 2(56 9. gaAlll bt! subrslga}l{lalijy ?211 of the growth-pits of the pitted layer originate from or are

induced by emerging dislocations in an underlying initial IlI-nitride layer. Therefore, when
enclosed, the dislocations cannot continue (or propagate) into a following epitaxial Ill-nitride
layer grown on the pitted layer. Because the following layer grows, at least initially, above
and over the agglomerated growth pits via epitaxial lateral overgrowth (ELO), the dislocations
30  arc unable to induce dislocations into the following layer. In preferred embodiments, the
material of the following layer is substantially the same as, or has crystal properties very
closely similar to, the semiconductor material of the intermediate pitted layer, so that the

interface between these layers will induce few or no dislocations or dislocations in the
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10grown on substrate 102 during an initial epitaxial process (or otherw se
pl aced on substrate 102, e.g., by layer transfer). In addition, the

conbi nat iwo 20fo/dsesser s 100 and 102 coul d constitute a si mgiraSk@yms4306
material such as a free standing GaN or Si wafer). Dislocations,
represented at 104, 106 and 108, can arise at interface 110 between the
initial fhayRmgandrt MRebPSh ERALEIinRhESIT tREGIUFRNT he f@;ma«%ghay@f RRSHpr&=d( and
ot her physi caﬁ properti es) of the initial 15l ayer material "do not

suf fi ci enelity mltl@ﬁéetHw hewastdidenagensthan e prescet dtah infialsubBes.at e 102 (or the

oropagat o) HangH ariRg b kEU A e P TR R | Gt EneREang

di sturb ﬁrb&e@i yssp@kiuahg u?itw days V&hﬂ'ﬁl ﬂu&lh@fl@ﬁlh&ﬂsebﬂ’lﬁgeplféﬁﬁtgs ah hgci QMO g

| ayer surface. For exanple, dislocations 104 energe as surface dislocation
112 wherlayar athswitally gnkaneed g hanf cientheepang P eeloBICHION R OF §EHINSt ur bed
(in co f r n
e B N R

obvi ous th¢rsteatibapations oftthe pited sadace Hydateent angp go'aﬁnbfrwtbllbmﬂgdajzermf ied by

t heory, the S|gg ificance of the surface disturbance resulting fromthe
ernergenc"lé“&e | ocation at the grow ng surface can, |n certain cases, be
dependent on Ih%‘or@ hakACE; %ﬂ&ﬁl‘hfs%aﬁ%& ah N SiTAL Iﬁﬁﬁﬁe'l%r% é&lﬁ@rh%tn@k’)r gers
vector, nature i.e. screw, edge, m xed type etc. (see anpl e H no et
al . IAppI grewn Physbstete KRt during 26 uﬁtlzljcpit@@@b protaess (cbreatb@:s@eqﬂao@éun subsgdatecat i ons

numr ousi P £a 6l REERTRT ot GoaPope s e PLRER P BRE0T Bug Soa on -

106 can Rhsudrd s$fs1é Dyt e MnbKalQfic fiea ﬂé&%ﬁﬂtﬁné GhN dRish Wafle). "BisRich@dnsand
continue or propagate along with the grow ng layer to energe 116 at

30i ni t i aeprcsgnead a$dPf.aldé andd 08 megiemt ytpef@rfgte hi()sbe@weﬁn tbﬁmltlgldamlanqnheess
Signifi Csa tt{r 5 dltst éc% geht% Scurs i rtle z otger % g‘l%lego te?t?‘t 1n1E1aC !
however “Or7 gl r‘laifglﬁi can ﬁelfy e \Rnotpﬁ P er G P esE OIS ?558 ur bance.

A grigat dayddingdtetidddo@et ﬁﬁﬁmblﬁt‘;}} slosly ﬂlatdhlthmtolfateadatbﬁaleifeﬁweeel 02%3r the
depressions, or hollows, or the Iike, that are apparent on unai ded

exam natSubtrateon wlichlayopd09 apws b obrsetislgsoion)/ can samougi(Qt rentsae e an
i ncl ude, , 1&@ With H{%t r@\k grﬁé{eﬁm&g?ﬁﬁa %%é geh&aﬁt&b%‘é sfim‘imét‘dfef AGfe

di sturba corrrm apparent up exam nat| . vVia scanning
el ect rordlmmtloﬁmmelﬁtSEMgrowtrrgrtayaerfsmfm m croscopy (AFM. I t | S common

practice to r veal r rred to a "d oratln") such di sl ocat.i ons
to meke them r%@éarpé‘aoé% %ﬁaﬁéﬁ?@e@%ﬁ su ofienil iy Whpredhe sgucture ot

20  the surface is more significantly disturbed (in comparison to a defect-free portion of the

surface). In comparison dislocation 106 emerges as surface dislocation 116 with little to no
obvious disturbance of the surface. For example and not to be limited by theory, the
significance of the surface disturbance resulting from the emergence of a dislocation at the
growing surface can, in certain cases, be dependent on the characteristics of the dislocation

25  e.g. strain, Burgers vector, nature i.e. screw, edge, mixed type etc. (see for example Hino ef al.
Applied Physics Letters 76 3421 2000). In the case of GaN, dislocations 104, 106 and 108,
are most commonly threading dislocations (TD), and can be numerous in layers epitaxially
grown on sapphire substrates. Dislocation 106 can also arise in the bulk of the growing I11-
nitride material and continue or propagate along with the growing layer to emerge 116 at

30  initial layer surface 118. These types of dislocations typically less significantly disturb the
surface. It should be noted that any defect, however originated, can emerge with greater or
lesser surface disturbance. A greater disturbance can include, as illustrated by emergence 112,

depressions, or hollows, or the like, that are apparent on unaided examination. A lesser
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A subsequent [ll-nitride layer (the pitted or internediate Ill-nitride

sem conductor layer) 120 is epitaxially grown on the surface of the initial
gal | i um nvornoesbeger 118. The pitted layer 111-nitridePCagseomnessast ai n
enbodi ments has crystal properties, e.g. lattice paraneters, thernal
expansion coefficient, that are substantially matched to those of initial

LI - 10nidthivdBod @Y ehcldR0 as ThStraBd Egbﬁi@rg‘éﬁc&f 165 h &dss BigRPREA @Ffalediv@faned t t ed
| ayer 120 and initial l[ayer 100 substantially preserves the nateri al

qual i ty dorsmertyenlyrippérant ypoh-apdedreikgrminatige £.gt viatspannyig ¢leadron|micriseeriyde | ayer .

Since t LRitial layer.can co i.se.galliumnitride the, pitted | ayer wll
subst anto iy bR toPRkaicR RO BRENT ot 3P vy Mh Pl G b Sy Ry Ffeed”

| ayer, @o@s “@Rbpainablsackiislee@disas s ichymotd rehdilyt §PacBiiRId. S65 agalchingm
nitride or an alloy thereof 15Pitted Ill-nitride layer 120 can be

epi t axi d"PS§ESyr own by vari ous nethods including hydride (halide) vapor phase

epi taxy (HVP gani I . (FMC -\ ul ar
beam epi taxy% R}g]{:%@&l?é?kgf gﬁ@h@cﬁ%@# I@{e}%zl&t @%géﬁtletl?@@ﬁels? %P‘%P ?lgéetgﬁcayer

sur f ace 135id8) 820dis ichieaxgalbvgrowa@ndhé swofise bbthepnitinleghlliay aitrid@ iyar Bl 8opkhem zed in
order to.pronote the. formation and jntersection o it like structures that
| ead to Riff %@ﬂﬁgr%?&{ﬂjﬁb’% 0 Eqridt @P%%f%aﬁsglaﬁ ﬁfyﬁt?{ @%Rj?“z% Sénl4¥eeat pitt ed
(e.g. r }ﬁﬁete@%&%{a@eipa%@{omsgfﬁ%%ﬁt e %{&ﬁ@gthml%y%tb&d' th W5RE HR G R -

resulting in growh pit structure 124, however growth pit structure 124 has
not 10nt enseEetigdr 1 0.t Her mgicbimgiof pitskl argettive betnaee pitted Layer fl 2¢ endipemnl tgyer

pr oduce t rface 126 is . less significant than t. produced by .th

0l st or d0SHOREYRRaraeaas megrasra daat iy iartg! BFMRLS BYGEP P HAT e
initial feyigideddydrasmcd 4 inAadalyBecagrcowphisé F&Iﬁu&l%tﬁ@@l%{biﬁ@d Rt wilt he
thickness of the internediate |ayer) are selected so that the surface

emer gencebstaitiallygresgyicdheerasteduptiieithg inidal dHenigide dasr.«. S icemgatablebe
reliably,agnd. effectively overarown. .ln addition the. agglonmerated growh

i ts ar &gPERRT R Bod et ee{yh Ridrer S APV of di sl ocat i ons

at tigei r basepitt@DiIDABridd la§emiQ 0f dad B tphigaxiidllyeFrs & thiyNgrigliometo insludfm@r

exanpl e, aggl gnerated grow h ,%)it structure 122 conprises six separate

di sl ocathygrdc (mbdoraper phasc ppitaxgdHVRFarmatpBorgams vpraPhase eppasy MOVPE),

subst ant j al . l: Y :

composed el ATREm - RIBEE Sh ok Qi FuelOfER WO MR B shitice

i nt er coni@cing dhaggrowtihequiditidne dvryriesd (& 120airclsptimiepd esadens pedmote thd-or
exanple,_ it has heen WD 2010/ %56952PCT/ US2009/ 06433 foung that syitably
opened AR ARfersPEiRn Pt Bt ea%rféctagﬁiﬁéhl%@eaﬁé? HEPERIOMSTHIER AT ¢IPHEEF redi at e)

| ayeps r‘g?‘é!‘jx/ﬂ%[i)ﬁshf OKIHRERE It g@%gﬁ@@ Hrtdd, bbRofadl sd£2eATb. Dislocatibf 18¢fli tion, in

certain enbodi nent it may vantageous to enploy an initial Ill-nitride
| ayer whlledirab@isasacsiltgry ihigremth mietwotike 624, dowteaerovt pesticoms 12 kasatvy

8; gvrr\f Li Fn}ﬁtte}rsigﬁtpg}lgrrgg? tgiEﬂ?(ah %F‘fé gléc? ﬁfegefgriettﬁe s%?gcie ggern?r?gsli)rgguéegeat E&r?abcgq% |1$t y of
less significant than that produced by the clustered or agglomerated region 122.
The density of dislocations in the initial layer surface 118, and the growth time (or

25  equivalently the thickness of the intermediate layer) are selected so that the surface
emergences of the agglomerated growth pits are suitable sized to be reliably and effectively
overgrown. In addition the agglomerated growth pits are grown in such a way so as to include
a plurality of dislocations at their base regions arising from the intersecting growth pits. For
example, agglomerated growth pit structure 122 comprises six separate dislocations.

30 Therefore pitted layer 120 comprises an upper substantially planar surface parallel to

the underlying substrate 102 composed of high quality gallium nitride 128 interspersed with

interconnected growth-pit features 122 (voids, depressions etc.). For example, it has been
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in certain enbodinents of the invention initial Ill-nitride surface 118 may
conprise a surface dislocation density of greater than 5 x 107 cm 2, or

al t er nat iwe 2embsadsaent s a surface di slocation density ofPcyrisatenecssdan 1 X
109 cm2 or finally in other alternative enbodi nents a dislocation density
of greater than 1 x 1010 cm 2. 10lt should be appreciated that the

i nt er seqbi@thef suitaBly BpeMddinRirdestih Ngloen Pitd 48 GhshdMyab AR iﬂtﬁttéda(grﬁérrﬂe%i’ﬂé) to
aggl onerated regionS (wth two or nore growh pits) having substantially
di scr et dayes$ bgviexthedkdesses batecerd imgamut.faoe openi ngs 122 in surface 126,
pref erabl y wiih) g SUBSa0kE ally ol f arm.distrlbutlan, ¢ br oughout g pi t ted
| ayer. Thereforg, PP s prefeer gginet at"the O gl%aolu SUYTREE Qi sfoca i ons
have a siifitadlet ahich Hapafspificdhshdtivbtkt dfBarfhet diflocdt@nNabrebypt@sainkliBe The
grow h-pits originate fromall or a nunber of the dislocations present at
sur f dce femgation affgeowthipits gnd mereaging thejeropalybty of gaovshirdtigtorseeoemyhl harefory a

portion :of [ I I | A } i i 4 are
PP ust r g g obodfftal M TROLRIR ihmkEonlile SHREP P gy SopBRL PIREYC

t o for mdislpeitivh dongify cdgedacareliat ed 101 dm Stor utitmatvel@@bddimbty e surfae.

20However.,. some surface dislocations may not | ead to aggl oneratjons. For
exanpl e, Jipaige 4o of e 5ot 19 of H BF NP8 031ar dLSBRU frpbdments a

di sturb : .aC wuch does not induce a growth-pit

struct u?de}ﬁ:gcrla%%}lt%?%%t%logéeg&efg%& ﬁ%?ogg} i'on 106 can therefore propagate

thrgagh | ayeryt Jfi1d S SIPRE@RcPihablEiREBedRB OMIRS Bolvih-pANINMBSPidedi N @ surface
di sturbance 130 of | esser or greater significance. In addition, dislocation

108 pr odoisEsedjatolyer adpiotaggmangioh régamsdwitbiweor meee grovdh pidlibavag| ayer,
however d t.oprecess cqondi.tions and the distributi densji-t
Aol voniSat P RERRS AN b RAn RS 8! Shhlteh 2 BPIREY %0 1 Capan

of i nt ergefetdbRowith bRuBMtdi@iallg oMb Pistribsitionl eHrouigdSut ﬂihp[@m?w. Thekfeatit on
108 forns a single oper]i‘ngl 124 at surface 126 which is reduced in_ | ateral
ext ent dopAGEd thettthe prgael syrfack ¢islgrationg Ay wibsenfigtyeptosm dyribaemipt her
SO pit st > di : | . rface 118
put onstSa S S B SRghard 1B BPE Y e R B M S or 120,
Such gr gutdenpattsarfadeeri&foditiee imitial idniteidt &aydr drar axtigild thifvagke all or & pyrtioh ofitict ed

I1l1-nitride, ] ayer 12Q (this layer refers to all the nmaterjal  between
sur f ace Pi%e! Birgmediptedar ray cxapmple. disioafians lpﬂatar%flp’%i‘tﬁﬁs as ’m%s RS WO

2010/ 05689t ¢ V979 @ﬁ/ﬁoﬁﬁ%’eﬁicﬁ Bh st Q1O RrfSa h&rAGH B g%lg?&ﬂ&ﬂa{éa i sEhyeGd | o0 108

within layer 120 so that the apex of this pit structure is not directly

adj acentintaycsl2d.ace 118. Al though a majority, or substantially all, or even

near)y all of . the growth-pits.. extend through the entire pitted | ayer,
e ahuld be HierLross SRt GTRPGEn R gpbien e R ek SRESHRIE hr ough
a fractifflo@hiohnNo6 @bédRA fRYEI formd HRIs&r QiFace il BABIY & shifi®i N 8ta@d b suf f ect
that growth-pits originate at all or a nunmber of the dislocations at

sur f ace dpegneffindures argsathapiestrugyuse i pidigl dryanl 2¢: Diskochtinrel(r esndleraforexcl udi ng
ehod 1t %l RGN SO o MANEPL LU A RSe ATLHALLK £ L ifigt e W thin
disturbance 130 of lesser or greater significance. In addition, dislocation 108 produces growth
25  pit 124 upon formation of the intermediate layer, however due to process conditions and the
distribution density of dislocations in the initial IlI-nitride layer growth pit 124 is not capable
of intersecting with other growth pit structures. Therefore, dislocation 108 forms a single
opening 124 at surface 126 which is reduced in lateral extent compared with those growth pits
capable of intersection.
30 Further, some pit structures may not be directly adjacent to template surface 118 but
instead can originate from a propagating dislocation within layer 120. Such growth-pits

therefore may not extend through the entirety of pitted Ill-nitride layer 120 (this layer refers to

all the material between surface 126 and surface 118). For example, pit structure 124 in Fig

14



Fig. 2 represents in exenplary fashion a portion of pitted internmedi ate

| ayer 120 (delimted by dashed |ines) between upper surface 126 and | ower
surface WO 20mwhiseds2i s t he 10upper surface of initial |IPcmiuseeodmed3ayer
100), and further illustrates individual (non- intersecting) growth-pits
and growt h-pit clustering or aggloneration as commonly formed in preferred

ermbodi ey §r1§lﬁat%§‘ﬁ*oﬂn’bf§%htg'aﬁﬁg diddRatidacti0gi whdkaih | 8/eP Y MsPinkiSthe awtﬁlstﬁke on a

hexagonal geonetry at t energence with surface 126 (when

sem condtwriore mpédlrfalﬂwﬂmﬁé tppurfasd lll&yérlth@ug%m mgj@sltﬁ or pubsteintipilyiellLwii ch
has a hexa ona cture int rsecting. gr it 124 is
illustrate n%lar aﬁfélfsth | n e eXtenfih rgllﬁl% ggnﬁ d\/la G’ lt V\?ugii (W) and
a depth dn@bﬂsto@adhaa@omwﬂfet @fimnu E)ﬁﬁhﬁybkiéﬁd shlyuBtoupe a\ﬂabhoxa@mhegltfeaq@es 202.

Dislocation 204 is illustrated as propagating into pitted |ayer 120
r esubPt i nkpergforchitatementgthicen tofthg eagtrhasigroveth i gigmatex allpre n@m@@hOthP ) of

wt h- t ed
Payer 136 ggeffnt f Pt LTTR. Ay ERERRRATRLIG AT ke Mt Rhull 0
20t hr ougimtaldimefts inhehiph tdred gtowtthpittstriud@rdsayemlly originatelwitldo idyeas1(. t h e

intersecting growth-pits. of aggl onerated strucfure 122 are illustrated as
enconpassi ng e’ BREPFYS a\eﬁmeﬁlpg%ry Ee?sho@& NFORP R GibT t%@ﬁlaﬁeyerdbpg. nati ng

in the igiihild JialshéHThﬁBsBrBétqscﬁeﬁ s Ts&mte 19BN wer sbff'écépl@qmadh% tl?end

energlng at sur ace growt h-pits and growth
aggH@nenqmﬁnmnﬁmmoﬁmnwlﬂmmnﬁpbhoerUMDpM@dbﬂhﬁ1ﬂmﬂmsmnmaeﬁudﬂhbme 25p|tted

| Wt hout | tati bel d that, th tent t
et . et oy RiniSand et bR b Tt o o S G ia bR e

char act gfref%i:»rb&: ém%dlhﬁﬁtsdif%eo@aéﬂt@ﬂs ThB @R UM A SoroWehTpitsf @irfldndy @kabhans t he
depth (D) may vary for screw, edge and m xed type structures and al so on

the str dicnagonedl ompsiyst thectnoargaice with saHfabo B2 (vhen thmetmiconguetonmataiel of dt h
O et OB Kl PLimBRET LM Bk Wil AGR AR fo PRl ABRRTISDNGon L he

characteri Btics |sloca i on iced”

depand dnten@ttieeerotvtithis | D€ Rtill@dratedRs hasing ah MnteRESt with surfacé\|1 36 haxtlﬂg awi dt h of
rom h-pits increase in response to the growh thickness of the pitted

P11 -ni t videh (Vhyend apspthdldahyidean mﬁ%ﬂe\%pdt?andd%wkrﬁctmetwazan%%faa‘etﬁﬂ% h (W)
R e
t hi ckneggodtecpiessesurec A24.i Thuééptha‘(lég off grdtdy- pi‘r21 2t4h'e ilwsttated ai ergrom@tamm t 124
\?\}Lerag ggnltl%g{)%ql@agﬁ pmefi%éegs ﬂO gf.t nt: hgzrglléq%%nl er n%lwvc\{tugl grow f)ll?snca?lsex)[/é/nd

20  through all of the pitted IlI-nitride layer.

In contrast, the intersecting growth-pits of agglomerated structure 122 are illustrated as
encompassing the entire depth of pitted Ill-nitride layer 120, originating in the initial gallium
nitride layer (not shown in this schematic) and emerging at surface 126. The width of the
growth-pits and growth-pit agglomeration can vary from place to place at the surface of the

25  pitted layer. Without limitation, it is believed that the extent to which the growth-pit extends
into current semiconductor layer is dependent on the characteristics of the dislocations
themselves, ¢.g. for dislocations the depth (D) may vary for screw, edge and mixed type
structures and also on the strain and Burgers vector of the dislocation, and also that the width
of an individual pit opening at surface 126 is in part dependent on the characteristics of the

30  dislocation that induced the pit, ¢.g. W may depend on nature of dislocation type, strain, etc.

Also, the width of growth-pits increase in response to the growth thickness of the
pitted IlI-nitride layer. For example, individual growth-pit 124 has a width (W) at the
intercept with surface 126, however the width of the growth-pit would decrease if the pitted
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stage of growth is given as W It is clear that wwdth Wis greater than W.
It is believed without Iimtation that the increase in pit wwdth is due to
t he diffewenom/ismwszurface energi es Sbetween the angl ed prrtusdobacsss 000
and the gromh facets parallel to surfaces in relation to the growth
mechani sm proxi mate to the growth-pits. In this manner, the pit structures
enhance [h19 tifibki{c3¢ e8¢0 Ad PRstPItEHHOaE, pmetwheth (%ﬂllt i3 QGathARE 1N
both a | ateral and axial extent. Such éxpansion t he surface profile and
size of stdze ofipgieddHtriitidle(apics gwethu&)gw@naﬁa%mm 9s thiigrosythpal witdgh atiarlgtet he
hi gh quality e surro i |de cr a es It easier
o pr aocuig g Bipiidy ZVET S B8 Ay W iEE-Gr Tl WO By <t

sem conduigiout limddon that IheME@YRE in pit @idthasdlead sheldisteanad inistace energlesT he
| ateral extent of the growth pits is further increased through the

i nt ePs ed%eiwndhe pgdobpittag fascly rOQWaad &etgrgwluf@@m paallgite sgggrpmeicltiPBiP (or
cl uster e[g

growt h pl% pro ugﬁﬁlﬁ&ﬁéf"r’f@?ﬁ@m@}, nG %th g%fgﬁ Oﬂche‘&;t}\xgéﬁ %EQPI vi dual

i ndi vi dumhaneithiedirfaegdsnstiaf plodecddrryahe gﬂh@ﬂ@bh\t cpslbceﬁionmﬂwtba laenabamie t o

forma significa i ncreas ed r 1 on \Nlt t hree |V|dual

di sl ocataix §X‘1€B‘t§%\é CAAPRE Ogggf‘e“‘bgc?l’f@ slgeaty @H ocation’  The
growt h- Fth&nc%HQnt?g\%@{%ﬁﬁ’{a%ng EHRM: O atlﬁ bf'th@' d%f‘g'%a@milﬁﬂ%ﬁé chRyer 120
are preferably produced by way of 'y se ect owt h paraméters. In

cer tlfi n rerdvs di qasint ®, pre@ss clHywvicegPer muhatethg swftck o thel failewin:g%miics)nﬂmmld to

enhance 1t he.formation Fi ta I n this context | ow tenperature growh is
def i ned AT L GERF: f%ﬁﬁ% st QSIS t han that comonly used for the

deposi tion ofTH |gRrlieRkhtof thd froWith pitsBFurktor IncréREd BRbldhUAE Midkddien of two
approxi mately 1000 - 1150 C). For exanple, the |ow tenperature growh for

f or mat i on nadre gedvth gh smlt:tmrqﬂe Pifraggiomepitios (mdlus:tert@é) gructure 1 34 thpresotts thess t han

950 C, or,on the der an, 900 Iternat ve R or der
o 1 655 isRebito A g Bl At el W ERB b S A s S b ERen 1
mai ntsai Neé 1aa1vtdaatvdimmg1bns usid tfre¢ glivgh pﬁlslﬁhd:ttmés Emhlmn@rt@mrhl 4e.g. z 1000
- 1150 C.for galliumnitride) and the pressure of the growmh reactor is
i ncr eas SRBHGREY inragasedHAEd sﬁgm Withy g thr@f: lrrﬁlgﬁu%}@aqlwgom loc#pq pfj the base

deposi ti Qe ﬁ?ﬁblﬁé‘c@&@h@%regﬁh galliumnitride films the growh pressure
0

woul d be on or der reater than 100 nbar, or on the order of
30greater thai’he@ﬁwmblatsandragglomated proaltly- pﬁmlﬂﬂsl&ed)sejm.COMuc@md}@teeﬂz(l fran 300
nbar . od| nts, ping level of the Ill-nitride filmis
vari ed tpaeftehaﬁ TS{ f@ Y Fiiderpivitspargmetersy dpseriain eghodimegis.
exanpned iy t@ﬁeeﬁ&r@mmﬂ 8f %&epzto i9Rou¥itdl AIRMBRIH GBI PR Ri thisdensity
decreases with Si doping. Thé growh paraneters for pronoting the WO
2010/ 056952ROPMUSEDOSNGE 4RBC findafaci ema gfovgh M}bﬁr{imte lessktbars thaticinomessly nay

o e R S RO R P L SRR OB BT
arrangenentoaoy EenshhplcOfhelld® tehptaitareetho @O h’orﬁiahﬁn shealitmberg ghowthat |
Hpon pits would be on the order of less than 950 °C, or on the order of less than 900 °C, or
25  alternatively on the order of less than 850 °C. In other embodiments the temperature of the
growth is maintained at that commonly used for high quality film growth (e.g. = 1000 -
1150 °C for gallium nitride) and the pressure of the growth reactor is increased above that
commonly utilized for high quality IlI-nitride deposition. For example, for gallium nitride
films the growth pressure would be on the order of greater than 100 mbar, or on the order of
30  greater than 200 mbar, or alternatively on the order of greater than 300 mbar. In other
embodiments, the doping level of the Ill-nitride film is varied to enhance the promotion of

growth-pits. For example, Son ef al. examined Si doping and the effect on void formation and

found pit density decreases with Si doping. The growth parameters for promoting the
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5sealing portions of the pits, sufficient surface area away fromthe seal ed
grom h-pits (e.g., surface that is at |east free of significant

di sl ocat iwo=o0mvosésgor der) remains for subsequent epitaxipalr/usc@bestsson and
for support of the follow ng epitaxial |ayer. Generally, at |east
approximately 25% or nore of the original area of the surface of |ayer 120
shoul d rgfRitidnl JHBSH thafElild 8RicRiresAHD) ATRFARP RIS oM dnofHef Ak vaTifls
preferably at |east approximtely 50%or 10 nore, and nore preferably at

| east appendxiatanedipar8vstors may enhance the farmatipe of e tehewthprisfie theddl-witrtsdi ment
of the i 1venti on, illustrated in Fig. 1Bb, a thin |ayer of nmasking materi al
131 is aprpnl‘ied to the surface of the pitted internediate |ayer 120
preferably iR aanp&hcs and dédsits of @ictdl@tered giivdR-pitacidusd B¢ sddnehgl @unh pits
and aggl omerated growmh pits (preferably the nore disordered portions) are
covePed SRMiNLPArdens aigha pits, peigicAl wgfaesatss pwvpp AonY the seadedgyoy th-REs (e s

di sor der ek, RORL 205kl b LPGi Rl di Qe ANGY 0iTBHISH b BhaiRCRE SHRY forf OF
subsequent naterial grow h. Breferred nas ing materials conprise substances
whi ch acditasialbmicicagon fuat forQigpotrtoofithd fohiotvinglepigrmhtager. tGerceddly, htiloasti ng t he

amount of nucleatign in masked portions of the structure of Fig. 1Bb.
Deposi PRSI ADS 2Py %fﬁ‘dﬁttﬂ?rg?%‘lﬂ?lﬁ? %tjﬁb%sgfageegfﬁasrr OheoridTamathanges
the surfiace &H%fbfiﬁg%%{efﬁecp h cva{igﬁ LR LG pPet GBI 1696 %kcﬁ;‘iﬁ%l;ﬂm% or Lhe
20 probability of adSorption P a chem cal gpeme on a é) rface).” Therefore
i n tlhe owvere, ofd mbe pGeblrabhaitt [¢dseappnoximstelf 2% anmocan substantial ly precl ude

th d ti I ti f to t ti- fact f d
subsequent |y BBy BRbE RRER S EPRadFRsa of DEAR i QLA B Mod BReh e t he
ant i - surfpebaftasiiBg alatdlal CONMRrppRS] BitBE Qetdck 6f fmgﬁ&édahfehn@dqaméﬁ 196 such

e

material s COI’TI’_I se silicon oxides, silicon nitrides and m xtures thereof
251 n an nesierablyaimye ipamtce o thdt @ ndivigh ok side ddcetstod thengrewth pits, ansli dgigtooreratpd ri de i s

utilized_ as,.a .diel ectli ¢ maski terial 131. The sijican .nitride can be
For e ORI B PrlEb i TRBIR ol hiyRiont e o el bR PBb ik e EM,
enpligyi n@ritormRypRREsralsll; theEbhotisordatd pkiiowns) and tihidwgh-pitted pladhr @XRAPI e MBE,
sputter deposition and spin-on coating techni ques. However, it is.

advant adebuseqysgnt mpfariglappyih. j ypfeprd ninekine srasertaly compisr isuptanggewvhigh act

per f or Lo t . i - ing as it
is des irrsdgt?kg Spﬁg%%ﬁg%r%?lﬁg&ﬁ Ir ét%%%)l\?dtlﬁﬁ%%l g%e ur(gun\?mgfﬁlfcﬁgdéﬁgilﬁg%eﬁepeact or
SO t hat parisaBslf tiat srubriregf igotitls sBdpdsitionatf aat posfedarit anatmas prte naecomtd aiyf

ex-situ processing re perfornmed). . The abhility to exclude ex-sit WO
2010/ osé@?@%ﬁﬁ@@f@%%@fﬁ%@mm%&@ HetCiRhilg sErkipe Fﬁrqdf Sioprbedas
probgc O!p?olpe!:l‘ﬁli@ lo® stro?ﬁi{%eog_acb‘ﬁ@ﬁlﬁéal %@ies 6R %Fsﬁrfgéé?_ THRr&I iR Ease of the GaN

sinplifications. i scontinuous silicon nitride |ayer can be
deposi t gtlatlie Qs pfaotes sassubstagfiallyfpreriudgatbe adrgidnaand 1i@inpdtptianel Gaomni a

NH3 it k in th . t duci
11 omi ¢ A ety S BRI SERAT BRI AR AT USS) ShEFT b scur sor,
t her ef orgnyb@ARASItS iRANAIsuFhdth@ORatMidl CbABriQR| dclb@AH hiaFialshexAtslts dngh of a

SiH4 input to the reactor chanber, along with any additional auxiliary

fi xturi rgateriie ceynprnictpilidoncoikides ssilpfontiigidss pndcmixterics theeref] ayer 131 i's

pr ef,er abl e intain t a-.nmean value 2N r oxi mat el. A,and 30 A,
a5t et er abi ) bat SRR e baguisRar 8 S5O SBBA YISSRHiRle R EHRET T e
di scont idi¢ledtiic @fasliQg iniigerti$Ki.NThd dhi€dn wiaRIAg e Bitaiedlion@hssilrticant phtly

pl anar portion of the surface of internedjate |ayer article 120. )
During theldepdsieeionieraed gioarth pith 1 2earlgnmng suwagder af/aetheds well kpewn i thei de,
a rando L bRNPUS) REDIE i e I i i e
Singl e Ukaoa  ARnp Ry YD, BEM RhEHer dipbehin WIRTIELFEL By SARRREE HERRRATE |
pl anar neadyintagectisrthitahd ddposition of the dielectric masking layer be performed in the reactor

30  chamber utilized for the proceeding growth as it is desirable to perform the entire growth
procedure within a single reactor so that a substrate being processed in not exposed to

atmosphere (at if ex-situ processing were performed). The ability to exclude ex-situ
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15Silicon nitrides and silicon oxides (and other) masking materials are
provided to substantially reduce nucleation and pronote | ateral overgrowth
over the Wotostosestures in order to further pronote thePCedlseano o306

di slocations in the followng layer of Ill-nitride material. After
growth of the pitted Ill-nitride layer, e.g., layer 120 with clustered pit
st ruct urgodeddn@nek dnglbivd pliigiad E]I%'céss%trétué‘&l%@t alfred il oPérhtiSial Usdtd@Stoar € next
seal ed (or spanned, Dbridged 20etc.). The sealing growth step substantially

pr event sqdipstent sinipbifisaticosat ed at the base of the growth pit structures from

propagating of ,nducing further.defects jn.a fol].ow [1l-nitrid

e oral ond dBH i SRR ki o R BB ArBiR b Smg

L 11 - ni t rdad@ulBil@fei (siHr{%/iaﬁ@ alinﬁﬁ)ﬁlﬁlv@d‘lgﬁ uaddricynditios kndiwtininahd #ducwo @dagbgcat i on
density. Preferred enmbodi nents of the invention seal the dislocations

| ocaPed far profucipg dié-niride patgsials fsaquaetueraglon Nibasa @iogVhelement Pefussarow ng

| ayer of -0ty rial:. . ; U he
upper niSh TSy e TELEEbEhid O K ReC e ARG AL Bk o FaRe!
qual i ty dhhinbei, tlongevitheingradaitioh@&uaiitry fietariagnThe grwol éfickness aflthistiivad

growth pit. structures d.their associ ated dj sl ocations, thereby, sealjng
Phe. def StFids b 4 1S£r%%iwwm®@aWPWé ° bFEYRAB APPIOR B b BB lt" ons.

Fig. 1CAlLustcalady B&sgiea@%dx%aémgg@mfﬁy b@R&H %ﬁﬂ%%ﬁ@&e e di¥Rlintoof @

following I'l1- 30 nitri terial. east until the growh-pits have
been 0ovehgmavinnghyebrdvdged obgr thaydistah82l]ly plenatiportomsofghnsuréacs ef ederedtdiace
prom)telELO %?ﬁ]]k wn in the art. For exanple, see H ramatsu et at Journal
of Physi'&¥" 2Eidensed Matter 13 6961 (2001). Subsequently conditions can be

changed to progiehyasfdsimn @i, dikBentinbed RYeBraMddn AUEHE at88dom
substantially fromthe high WD 2010/ 056952PCT/ US2009/ 064330 qual ity upper

pl anar |depositien isdehigreceinithat thd meigripkic den@@cd pvyistngdgunageompsdcdgeowthyer 128
and less.significantly fromthe faceted regqgion f the.gromh pit
arruct orid SRR e e Sl B e R RSt Rt acet ted pi

struest ures argiliggnogtaes afd ghcetuadiddsyahd bthor)fidskiegmedteidlahre psodidkal ool | owi ng
| ayer inherits the crystalline quali t){ of the nucleation areas. 5In certain

enbodi mewbgantipdlyreduce apelgation andiromets laaiebpyapi WA ECT Rt BY BRICtFD P Hfes
cl osel y t? 'fﬁ?tﬂe?rprc}n?otg hRS 4o 3¢ d\%?cfcﬁtri&%! in He foﬂ?wiedgil 1%{950? it 'd% bRtklapyer,

so that Tew it any dislocations arise at ace between [ayer
120 and f ol | oAftergrdathesf tiSRitted hidméthiyie 1ayot, le@wi lager 112§ evithlcBktared pit baveudset t er
quality, i r di sl ocat than the initial er 100 agld pi.tted

.e., fe i.ons, I
|'ayer 1262 ahd lﬁlﬁéwéﬁ@%foiﬂﬁuﬁ@m ek {iHfeP it BTUCBIRF© Hﬁ%téﬁlaq? {QgspRTRFe, brilgd s
10supst ad i, at ﬂe)’seﬁlri"@g SdWkh &ep Eﬁl%talﬁ'tiﬁltl}eﬂre!x@}f_? HisTRLESHs Bbca®dd ot A bkObr @xanpl e
if the pitted |layer conprises galliumnitride then the follow ng |ayer may
conpr i segrgathl pitistrusivres iemgromgataid @yinddcigafurthandafedts indefollowing 1ll-sitredeal
over gr om h of Bﬁl | owi ng | ayer 132 .is continued until a.c i.nuous | ayer of
ot or Al datiedc SRR TGt pobaniRten G e GG TR et
di sl ocaty,i@nsnpk8dedGuali8}, i.c. with a reduced dislocation density. Preferred embodiments of the
invention seal the dislocations located at the base of the pit structures by over growth of a
25  following layer of llI-nitride material. The overgrowth layer can nucleate from the upper high
quality non-pitted regions of surface 126 comprising high quality III-nitride material 128 and
then can grow over the clustered growth pit structures and their associated dislocations,
thereby sealing the defective material and preventing further propagation of dislocations.
Fig. 1C illustrates the initial stages of lateral growth of layer 132 of a following III-
30  nitride material. At least until the growth-pits have been overgrown and bridged by layer 132,
conditions can be selected to promote ELO as known in the art. For example, see Hiramatsu
et al Journal of Physics: Condensed Matter 13 6961 (2001). Subsequently conditions can be

changed to promote vertical growth. The lateral growth nucleates substantially from the high
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15continue into |layer 132 because they energe in agglonerated growh pits
whi ch have been overgrown and seal ed by the overgrowh of Ill-nitride |ayer
132. The wozeltz3dsgzepar ati on of the aggl onmer at ed gr owt hPpirtus2@mwm643pt i m zed
to facilitate high quality ELO growh, i.e. the separation between ELO
growh fronts is maintained at a |level to prevent dislocation formation
upon coa|gRRaIpper SIRhdraN-HiRIcPatédid] bf Aehcb WDEbf hittel ﬂﬁe&ﬁéﬂ%t@la%rer PReangL O
growh is 20illustrated in Fig. 1C where the |lateral growth has produced
subst antlpsslsignificotlzfien the diastes rogionneldht grovgh pitstrugtordsoihadpterpl gravtly i de

| ayer, the high guality substantially dislocation.free.sem cto

i o | alvgot e B oy ot S PP Bl RN P RS,

cont i nuadatbigdlek alc fBrewil, laydrentvaittht atysellidechiafligl Jfaké mg:ldakibn Bidag.i de | ayer
coal esces to forma continuous |layer. Fig 1D illustrates that the

cont Pnuous f dRIcedipipgmbagisrentithe &llosving l-atrige matgsialsinye lewat ponertiebnpar ed
with theqlnjtd it 11

subst ant oy sl thRieRlidrdte iEwRiod ey Syl RU M RRPH Y

di sl ocatdidacatiofs wilharigeran gagatcefacab@wtdrelaial 120wnd dollayieg laybr $320CHidrery, 106
ext ends rou initial layer 100 into |ayer 118 since the initial |ateral
ext ent of%”?w%z@feréé Wélﬂ)gﬁ‘i’eﬁ&“ﬁ? Belidedch %eéfdé%?cafe%&mtﬁwmlﬂ%ieé@ to

i nduce a,grauan,Rirti 20 3% SHVEbifcRs, thE it BRltcrREb£GL1Q8 i s therefore
capabl e (I)l pfurtﬁ%grr 30 propagat i or} ien Si he @(r)blqyrlo% r?gerl ayer576132 tlo pr oduce
emerl§entsubstaritadly tikefagot ascpepittad lay@0material of D0sfooecatrmpla iD8 ppteddaced gr owt h
pit structure 124.that .did not intercept other growth pit .styuctures.

Rener al 1 gt aif hah S ol Sirea®les St oaHREwen it ntidsel hafShebauce
a furthesn)dinghegad i on upon coal escence as shown in Fig. 1D. However, in
certain circunstances WO 2010/ 056952PCT/ US2009/ 064330 (as shown by inset
133), duri ng lagrelrevcrgiowit of follewingdayeatl 83 isggontinkedpintil 2 2antyvebekyenefe in t he
foll owi ng | aver. further..dislocatd.o 08a_mmy, be produced at is energent
e a1 oRar T sty w8 g O B IR, ARSI Dot e e Pure,
whi ai§ upeRAtieEhy 1aydr 3D Ok omise #ice Rehcv@ idadgloa@raed d36:th Pitsivhicathaenbech04
associated with the agglonerated pit structure are unable 5 to propagate

t hr ough QVEEErOWR dedisqadssi Ryntha Aucraroavth RE HENHFide taypid Rat T sigetand sepasgion o

Lo e oAy 0, D5 RSHES EHEL, AL SAA 1010 QS U o
t hi cknesspahtidrhiectivodd BuDngowthl frotitd isinentamyge at 4 B2el 6 prevenedisiedationt i | a .
PR I T T e G BT
filmg ;'-%lﬁ@f%’fbdngiigﬁ@g@ﬁ&e e bRl AW AW Brdldtitdn s%%&ant?all@q%cﬁa&@fe%%ns of

di mensi onal growt h" nbde can be encouraged in order to produce the desired

t hi cknegsatofial wé ther iobwofg lllayierdertoyae, the haahtquabtyysubstantially Ao dakiom dilce pr ef er r ed
enbodi ments of the invention are now described. A first additional ..

ebod neReogEuCP Bei e Y BT LEL Ay ge rarits iR PO Srtecdpove
enbodi MEpfera@ ¥R, thbalatcrial 6f GBIfEhvhe PI1inStride 14yeF FotksBEsl 8 ForinPa 86MubuPf t he
pitted internedi ate 15l ayer. A second additional enbodi ment, described with

ref er endeyaroFie Y2 illwmaps thay thsroogeruaus palboying layar kasisobstantially d¢werthe i nventi on
(e.gs t err Lnment of . Figs. . 1A D dj ment, of Fihas., 3A-E) so that
{ e Z3ual 09 BP0 RUFR e i1 IO BRI AR R Che

st eps ofsubfiestallgddididledatibneird Qekil sk RbBc Uddcafit s, €lgQadliocatied d0&dak Propagate
correspaondi ng steps of the previously described enbodi nents are only.
briefly igedhe fadlesringnlayer. [dislogatipms] Ogrextends through initial layer 100 into layer 118 since

the initial lateral extent of the surface opening produced by defect 106 was insufficient to
induce a growth pit (as shown in Fig. 1B and 1Bb). Defect 106 is therefore capable of further
30  propagation in the following layer 132 to produce emergent surface defect opening 130.
Dislocation 108 produced growth pit structure 124 that did not intercept other growth
pit structures. Generally, the lateral growth over the isolated growth pit does not produce a

further dislocation upon coalescence as shown in Fig. 1D. However, in certain circumstances
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20 Figs. 3A-E and 4A-E that are closely simlar to corresponding el enents

of Figs. 1A-D are identified with the sane reference nunbers. Tur ni ng
now t o arwaaddioisessal preferred enbodi ment illustrated byCFU$2009864380 and
particularly to Fig. 3A, an initial Ill-nitride layer 100 (e.g. gallium

nitride) is formed on a suitable substrate 102 (e.g. sapphire). The initial

| ayer 1Qfs iHdshusiensa 1B Hatihg datdhl Howthasat is@Ia%ed_Z%‘iA% pil 084 85308 e ighet O

dissimlarities ‘between the materials of the initial 1ayer and the

subst r atfell¢wing layga) furtiigralizglpedtion dOBomgy bf prascedibe ialemicegeat ati dislegation tl 34.

surface 118 resul.ting in various degrees of surfgce disturbance dependjng
on the. dPPSRRESIbY PP YR AT R SRS S frean SRS Bl e BRERL o2,
in the proalddasgiby 186sDisidatdogntvadissinted @itk titcalkioierdid phsedueesart iidble or
no di sturbance at surface 118. 30l n nethods of this enbodi nent, the surface
of tRe itAiPEarapate thropgh the yeided yegion amgl grg thenefprectemainated gnthay bRiingrmmdidess
prior t i 1 I i ) I ng process acts
to enhaﬁ%%&?ﬁ%ﬁfgig%gﬁ:exhgﬁﬂh%?&gﬁgggggggﬂkﬁ%ﬁ%yggﬁgdgkgg%e initial |ayer
to a degree @dnicomaih@nibbéinicneniy@nceatesdcnéyy tigy thivkhessfof tHeefopowingdIlHayale. Such
etching is sajd to "decorate" . 2010/ 056952PCT/ US2009/ 064330 t he surface
di sl ocatlFia o HREAAIYILH 3@%&?@%&@%@&@%@%@% oY e fit BIGHLCE 15@%&#1? ace
di st ur baggesinpnadieeds Q)(te?,l forREd wﬁ_%érarwe@r Vindh lpr&{%lc& BRofkiRIoAE &lrh ON
energing at surface 118 of the inmtial layer 100. The increased extent of
t he 19ur flape aiakscembantibs folmving fibh dRR naymeiagthidei doapdignal pemda sesle ichiebe

probability that. those dislocati,on producing.littl r no surface

G ot ur besRcsirke g 0Bt do BioBurohe s8R ek Sbwaistal o ut KRG o bact

i nduce growt ha@iitignall Eretfé_}?edséﬁﬂ%ﬂ%@fﬂ& bythe ihoPhletdd) dR¥eledt Refigby further
|ncrea5|ggfthélproba %ghéy q&ﬁﬁwgﬂugag%t% of géggéhéplpf éﬂégréggtlng to
form a pidditpggl comiadan seq vith referaies tadyes. L.{1p gpalar @ e eeeid ons
energent _at surface 8. (e.q... thase having surface ences that little
i ot or b PRodTHU S ot i o pPuing PRRIEP SRS PP LR ETREAEBAER sk Bhedil
i nduse daym - Rcénd fRfitMABehBodimbhe dedcAB&S wikR Befeiched @aSgs. 5A-Dhéorpfrideabi ity
of gromh pit aggloneration and are thereby@grevented.fron1Bropagating into
a final 'FREMERE ahRMERdigEAT elifhe EFEREOHE. Hfthe RRpediswat offdes thp-D. the ~ gych
selectivy ' ES, NONW j ' b ] o Fig.
35, The “TYSERERr ks S SO T R g AR ha1BRls th wibet EhothE i
step, prieedsdseyepsnf theas adiitidriat crakbddnicatsahat st flacdy dilgtdirobmnegsonding
enmerging dislocatiaons by farmng cavities in the initial 15surface 118 at,
or proxiH@s &t ftg Previgusly dossehed SROdmRRS ath e brighy deseribeg AaQesierengs ¢

etchgd ungenAcpigi ihomshas Sreldiiiblyi il BB @bH&dpoRfiink Relends @ Hit e A bR i al "
material) 1s renoved prinmarily or exclusively at or in the vicinity of

sur f ace idé¢mgifed atithoths sqroe raf¢rhese dingwrder ed regi ons), but is renoved little,
if at all, fromthe defect-free portions of .the surface. vities (.or
ecesses or dupPEagPBS R IAn oS Bt bR B R e R - Eow
| ocat i onsrt@duldiBsth Fag. 3, lan MitiZI00L Sitrahy@N B0 08g t afiih hitAGS i9forhd¥ 8h 2110. 1t
is preferable that dislocation etching conditions be selected so that
resul ti rigitelle Rulstictlildde.ar wpphiapedhe siitieldayedQ0 arctudes e v wality of dislasatiens
general |y coni cal , Qr | indri.cal. sh s that exte own .al on
ot ey et 2N Bl PURLERYATPARES A SN PR ARG ¢ n cepen
f rom t hejubstwitel@sg. 300 tTiherissl@datibieofIbie frdt@ layer intersect surface 118 resulting in
various degrees of surface disturbance depending on the characteristic of the individual
dislocations/dislocations. As seen in the previously described embodiment, dislocation 106
produces little or no disturbance at surface 118.
30 In methods of this embodiment, the surface of the initial [lI-nitride layer 118 is
subjected to an etching process prior to growth of the pitted intermediate layer. The etching
process acts to enhance the lateral extent of surface dislocations of the initial layer to a degree

prior to their enhancement by growth of the pitted layer. Such etching is said to “decorate”
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Etchants (e.g., etching solutions) are known in the art that etch surfaces
preferentially 25at regions of disorder, and | ess "powerful" versions of

t hese et cWenvw/sees2be used for this etching step. For eramuise)ooloesso
powerful versions are less acidic, or |less basic, or |ess oxidizing, or the
| i ke, than their usual fornms. In the specific exanple of galliumnitride,

di sl ocatth@urERb akld BRI AMhOBiteA 'Ihy'é?bjpﬁ{cféaélﬂg thed iR bf tHa-s8Hhdb diuiRh&esa
grow h reactor, or ex-situ upon reéenoval e material fromthe deposition

react or .predugsdrity ajloo Bubstensiplby @Rdof the dishgratibre pinerglin gt dusfagsolr | Spﬁalsfemétad; hi ng

are all sthat ¢ ud rles can
b ompl ot 180 The BlirR ST bl D She bt e R aEh L BB

hydr Ogeﬁnérbwéﬁ tl@%rotkh}bﬂ[t?@ﬁiﬁ tieRt disiodetiohyddegen]itcerng sudngd driytdﬂfag@r(

i odi de), OH, sulfuric and phosphoric acids. In exanple enbodlnents

the Sel éh%lp%loaul@ﬁb@éb@ hrergcctickging in g, Fotiog emszpwt@sz@@gﬂ 330
per f or ’Tﬁ e{%ﬁ{t%djlagér tEa%Qy hﬁ{ﬂaf{n%}e%ﬁ tl oGt 'o?a é/eb?%rﬁ'ﬁt{l%fsl ' zi ng

vapor or “exanpl e gas onpri s an be
enpl oyednmm}mng«bcfmm e pithigpioneeaidntregos.. Td thissiviy aédhahna‘l digivcatessascrphiey

reduce cost _an i me of e .etching step .9.,.loadi ng _and unl oadi ng of
CWD reacdt éﬁlrchgqéé &F- aeﬁ}ose Q@\tm% il e@@rg?aéeédgﬁtﬂa@e %6?1{% Besrofel spstucof11s
that arepl ﬁﬁ?ac@ 'u§91"e%£&1@e HPé’tcllﬁﬁ%)VlhaH@c' ﬁataeawglﬂtma%m zbymaresiy ng

than is otherw se achi eved at portions that are nore disordered
exanpl e,ths p@bphlit Qfgrswdlt msa@hbmdatuérBandZaﬁs 188D y(120GDjed fFang prdiﬁgattiﬂguatoraat es

nore signifjcant etch the nore disordered surface

r egi onsgf?rf%laé'ﬁli @ff’hl% an ftoae(rai %ftolnCTS?SegEﬂB%%ﬂme to, the enmergence of

di sl ocati ons/siicﬁlsa@awemlﬂg‘)é noW RS & ibidsh @fatdr @B&il WAtH RfdreHdR t@FiggBBat i ng at
interface 110 with substrate 102) and less significant cavity 302 forned

at | ess Hies ”dr:@éataul"é@lscf mf@‘rérdetgw@ fidistoeaticmaisyatization” byterp peodepdit by inercasing

ener gen 6. Because. of the .ef h| ste ven ess
signifi gtg%?xtan SPosulr a 1stu %clesn uceerémg Vﬁi,[lsnoca,tl{)s : nP ?ﬁnmgfc(%]v Jres; 11}_] he 1n1%1f1

| ayans andrfatiel & 0 & pr@ﬁﬁaeéta thb &lishcabiad. |THe)SuﬁﬁceFkbﬂ1n1&1@Ql|a9éfelr1@tls eﬂahedmer eas
W t hout etchin t hey woul d have i nduced a dislocation that could propagate

t hr ough Wider gndlitions i%rla%lﬁ mierial of Byar Fi0dhe Tiniiak’ mateyid) is sapeedd spnastly t he
etch st gog’ex%ltlh%%l?qp&dl'tlr{ﬁ@%cﬁl Qr(ﬁ?c%%lﬁq%gﬁ)@éo'r ?J{Hey dﬁérd@fe%\%%gﬁ)%/%u& is

describ S case I ayer resin
ni t ri de)remsvgl lowin, it aoall, tfoen thelde&bt fret yoreibadetthe nurfaical Calitien(driredssdsayer ,

the pitted | ayer risi surfac with hi quality _material and
a aggl orfEPEEENY; 3583%&1@56 Sf‘o%ere foined @ %@docaﬁen% | PPYOF Pﬁpés t hat
di shgcatd;Q8ca188s Mmeﬁﬁﬁgé@&ﬁafbrgﬁ@v‘iths Pﬂe?er%lé Hiat HifocaSorfetSIANS BANERGER wRf the

di sl ocation selective etch process, whereas previously no such pit-1Ilike
f eat ur e sakstegsodhat wuktmgmp:alrcevﬁleg arc3@amidt kbizéd, gnd diBanged 38bY to Mdve gauvdilly onal

grow h pit oduce defect 1 g%E et th def ect, decorati.o RLocess
Pher of or8 IR od o sMPas Biur et e Bph e TEnE AT ehePar RENEHeh: on
pr oducedeasrall grdda@lnﬁﬁasﬁ%hgwh&iep@%aﬁ&haﬁ widder Ridiodshetidisstagat i on
25produces a single ‘aggl onerated pit
Etchants (e.g., etching solutions) are known in the art that etch surfaces preferentially
25  atregions of disorder, and less "powerful” versions of these etchants can be used for this
etching step. For example, less powerful versions are less acidic, or less basic, or less
oxidizing, or the like, than their usual forms. In the specific example of gallium nitride,
dislocation selective etching can be performed either in-situ, within a growth reactor, or ex-
situ upon removal of the material from the deposition reactor. Plasma, photo assisted, wet
30  chemical and vapor phase etching are all methods that can be utilized. A multitude of etch
chemistries can be employed e.g. commonly utilized chemistries include halogens (e.g.

hydrogen fluoride, hydrogen chloride, hydrogen bromide and hydrogen iodide), KOH, NaOH,

sulfuric and phosphoric acids. In example embodiments the selective dislocation etching is
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Alternatively, the surface of the internediate |ayer just-grown on the
etched initial surface can further be etched. In a further alternative, the
i nt er nedivaibaoioagesszcan be grown on an un-etched initial pemnfSawe/ 064301 n t he
enbodi ment of Figs. 1A-D), but the surface of the intermedi ate | ayer can

then be etched. And in a still further alternative, the etch step can be
30cont r glekBensPit HAtat hiph teinpliakdd, it atip®e éhvE 800 %‘tdtﬁhzﬁig% 6191ﬂ1a§@ t hat
grow h of an internedi ate Iayer can be ski pped. Fi nal regar dl ess

of the octdeng. oﬁor@z@mphgg@n@cqmpmmlaa@ €SiHayean bgreowrleycdringer IQIDV@ dtehingt rat e

e e erehafibb. Gt it Ao iadeher e Son Mt oD BR BBt ¥ 'y g1

quality lbédlnglaﬂd’mrﬂ@adﬁﬁ%@ﬂCVD fogutélels bidgidéd)e aggl onerated growth pit
structure 306, but nucleates rarely if at all on the facetted regions of

the aggl oner df ewulsl brmaiegibet parsans of(sprface lsliﬁ)thaq a5¢ koseidiserdered mayi e i de gr owt h
308 f

rout b SRR (kG B0 by chdibhe ARON I G EdcKicOUPY: phRTyBIRY IR

| ocat ed ditordidred. lFas exafiplt hiec R gdianemat Sdligi (B) 228 385 (2001R06ig. IBéllsates al
overgrow h contin Fig. 3 nti] islands .coalesce to form }

s;vjbs? antrp%fﬁ|8§gnéfiﬁ~7put ?f&l%)&;é"%ﬁqsl 3@0 fglfmq'drﬁt'éhee%amw oD eHIEASR EePDS ﬁHéFlg 3A)

di sl 0CalhanRe hllol Qg&ﬁ@éte ol {he@n&e&%&%e bMﬁrocét%s%\r@caha&yﬁﬁd(ﬂ&@ewbc%csn%

whi ch have a rsected to produce a single agglonerated growh pit
st r dét urie turlh tmelgh‘flatih@ pooesice $10 Weh elilpteteclddabind lah sepdamaningvith 802 farined

extent of (th ted gr It 10reven|ngthe ro ion of the
under | ylaﬁbesélﬁ’sqiblgjgﬁﬁl%ﬁace reg%nq%hl?éllﬁ} L%Bﬁn@%%i& i ﬁﬂé IO Mocess,
the growtos. mBEsuse dNtRtHIAE S et l@sfs%[ghﬁf?caﬁpﬂﬁlo‘ézﬁ[dn's @olv 1ﬁd&‘éﬂg‘?owlﬂht jifs ih he
| ayer reaches a desired thickness (not shown). The resulting final |ayer

t her eby thaﬁﬂbmfrl@m@e@l laygr grulctbergfose mmanse)ﬁledmbtlyy PhPit eggamemdan.t wharees
I n itial out ete ]t%%h gvnvgo a‘th%‘%gtmﬁl LF ag%élot%a |1oeﬂc ttht ? aérlgf)a?% hrodlgiﬁf hEhiRRG € to

Fi g. 1Bb & 4P ESRYTTHBLL eckrT
maskKisng mwraﬁdaitoum‘mal 1@9@ i nternedi ate Iayer or upon an etched (decorated)

initial surface) is now described with further detail and el aboration with

reference to Uipayscomphetion of jile ?Fél@ﬁéﬂ_sth’éfen%méifﬁ%éﬂﬂ Ih@ﬁ?edéﬁhﬁ@ﬁ@éw&ﬁi lizing
ety

structue5|m ar to that o net hods
but al sgrowalfiedi thg selccivetyetthaiuoitial Hhakiidglalyery dre. plffétbllagérmompmehﬂgca@aﬂaor t he
formati on f theh@ruc.ures of. Fi C are not eat ed ergi n for

br evi ty, UBate Vib high A SaBdFRt GeR agglégge%}rtﬁgmt SRR GPfrm OBV
o o s O B D e n e A o
cor r espahsgloeagosselnentestdf proceys,. whchedd p@a«mwsmec) swheit3licHeatuee was produced
(compare Fig. 3C with Fig. 1B or 1Bb). The additional growth pit produced by defect 106
due to the defect decoration process therefore increases the lateral extent of the pit
agglomeration region produced as the increased lateral extent of the all the dislocation
25  produces a single agglomerated pit 306.

Alternatively, the surface of the intermediate layer just-grown on the etched initial
surface can further be etched. In a further alternative, the intermediate layer can be grown on
an un-ctched initial surface (as in the embodiment of Figs. 1A-D), but the surface of the
intermediate layer can then be etched. And in a still further alternative, the etch step can be

30  controlled so that the dislocations are sufficiently enhanced so that growth of an intermediate
layer can be skipped.

Finally, regardless of the order of etching and intermediate layer growth, Fig. 3D-E

illustrate that a IlI-nitride layer is grown under ELO conditions so that it preferentially
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identified with the sanme reference nunbers. Turning now to Fig. 4A
whi ch conprises initial Ill-nitride layer 100 (e.g. galliumnitride) forned
on a sui twbl2elmsbestrate 102 (e. g. sapphire). The initi alPCrawesosnheddse ncl udes
a plurality of dislocations 104, 104" and 108 which are utilized to produce
aggl onerated growth 30pit structures 306 and growh pit structure 124 with

crystal ljyjoRafcd6R IR mg&) qhAlitPIl @A dé HaRr e B6AEEng @a)é%@gl%ﬁ@rdﬂéd érb%/'ﬂ{‘ﬁt net hods
of the enbodi nents of the invention as previously outlined

2010/ 056982RcTIAisho0grctens3acly if at allron thie fadetigdreghs whdKi argglomﬂr@tﬁd glowil31l s

et wrid e SR R b BB Al Rl ST B ki s, 08 ROt ™ T

i nvent i abtetalg oﬂf&sﬂhb AggloBicRitdddrosh piepesdtirede. §96%rgﬂ0ahn@d1§lo§&wht]mum6 | ayer
of a dielectric maski n% matertal is formed on the gl tted internedi ate | ayer

120 wheradir 0B dpcatedris therbasnef thr egelamsratdarhitichire 3Py Ehe lafaiel|avareigvth
crystal [ j,n Vﬁl ‘}ef%%g@hsﬁ%tﬂﬁslé&ﬁ c8§1%§cﬁ%9§orﬁ{‘é’ ﬁ%ﬁ%g@%@ﬁﬁ&&ﬁ%ﬂ tIQ %@Sk' ng

mat eri al portions o ayer are not
so covereadmpla*erﬁdﬂnmerﬁmllttlﬂ@dld]osamm |u1numwsl MIayteide ddyct h@0 bavel irdiced grovea ki ng

mat eri al rise a . silicon nitride randonly distributed ross the
ur { ace I WG i mqﬁmﬁrsegte%Fmprpﬁ%ceaegﬁv%ﬁég%ltbmsw@fgyraw&*v@lﬁstmlge fhe _
i 11 ust r%m%&eg 3 i thefBoreld RI8bE ﬁﬁmg%@édm RSk 19 é}ht%%@cﬁﬁ fprise

subst ances act as antl factants to Il nitri growt n, er eby
| i mloi ng)rc\rmtlagﬂwrmopn‘ganmcbﬁaeModﬁrlymg‘rﬁslloeailopsrt| ons of the structure of

Fig. 4B. Dep on of ant.i mat er j al nto .a se ary, materi al
may change tﬁfﬂ‘ l}'r’ PRYEC Q}W‘?{l%jtﬁ%kﬁ spr8‘§ﬁs? é‘b‘% Pi"ghfl}‘?geﬁlfﬁ?iﬁﬂe@e({@effl ci ent
(i.e. tf}ﬂoﬂb&bﬁ&b'v’eﬁ%a@%o@@l’ﬁ@ﬁtﬂ&h@ﬁ y&fre@che§g abGRY tBiPRdse o ShAvidurhace) .
Therefore in the case GaN the 15anti-surfactant nmay substantially

pr ecl udecsuhiengidizad dgyer therehydiap aewtuged sirfage dstocaaen danyity it epnppegison to the

ant i -surl}‘11 crant surface and subsequently prevents the nucleation of GaN. In

certain enbod?fents the anti-surfactant material may conprise dielectric

mat @s5i al s;  exXERpna®dahers Wirbadyeirtilyalcscritay watpfdr&re $6 FigcoBb@@ das, silicon
nitrides and m xtures thereof As a non-limting exa a Si Ilcon nitride

may be uleppsitiolasdiscamtiapeustlaycs Oﬁﬁéi!ﬁl?f@“mlaﬁﬁl@%m@@ll’l %n ﬂmélt@’mefi%‘n
nitride i 24 and
aggl oner gf&gpﬁ}r)&%rﬂ&gk}egi @%%E{I:tt% @ﬁg@%@%%ﬁﬁ%@@g%er 0 ep# S known
in the aldbordton veidargidrenceRYBjgsMBE;E.sputter deposition and spin-on coating

Looht aues.  Hpuever. L4 TRy B aduontsgeol et e depaslil gn ot tbe,
t he Jpr 0q8gd] NG BEPUpARs bcRYndRIGSEERR] Sier AR EBERSLIRg250r oWt h
procedure within a single reactor so that a substrate being processed is
not expderued oy the vowphetlods dst dlso woluldhg o dlaoonsnuanspnaskmgslayag Weerefore
perfor msdgthodshfgr ﬁib fjorrna?{lon of %ecsltrlflgglreesxof%l igs. 1B or 3C are not repeated herein for
brevity, but rather the additional steps involving formation of the discontinuous masking layer
and subsequent growth methods and structures are described. Also, elements of Figs. 4A-E
25  that are closely similar to corresponding elements of Figs. 1A-D (and 1Bb) and 3A-E are
identified with the same reference numbers.
Turning now to Fig. 4A which comprises initial III-nitride layer 100 (e.g. gallium
nitride) formed on a suitable substrate 102 (e.g. sapphire). The initial layer 100 includes a
plurality of dislocations 104, 104" and 108 which are utilized to produce agglomerated growth
30  pit structures 306 and growth pit structure 124 with crystalline facets 400 in pitted
intermediate layer 120 utilizing methods of the embodiments of the invention as previously

outlined.
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processing not only sinplifies process protocols but also reduces
operational costs due to equipnent sinplifications. The discontinuous |ayer
of di el ecwoi2eivmasdseng materi al may be deposited by CVD BOTacawssss) e. g.,
from gaseous silane (SiH4) and anmmonia (NH3) under conditions known in the
art. CVD reactors for producing Ill-nitride materials frequently enploy NH3
as a Goup V ghareibkr of BekisOmatckRErafiobsp AARO Ml dufRcObf the bitel MntBinkddiAe
only requires the additional of a SiHA input to the reactor chanber, al ong
with anaamdaﬂ praslabing dixg $tivgruye of Riguf Bndn ccriaen gmbedimentyof the methods of the
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preferabP% nal ntal ned @t ca rean KAl e et weén aBpro Pﬁdpgfy EUKENG 30 A
and pr efipiskblgmbretigvis appiceshmed sittyd prehrdall Myd0 20 wierdidhbArhs 8Nt ptddhe

di scontinuity of the masking |ayer cover&?e over gitted i nternedi ate | ayer

120. Spuriptegmediete dsiso Snelnding sTystahlina flagats 497 alctbapith dfuznd ki pregiovetic ivatin
nitride ; .50 [ - I hat
The' di olrbarE AU R BRI o8 T SR e S o o 2

i nt er nedhatiditibayter didcd@tisumi l4radf theelidiesie mgsking efateadal 1Blmhg corapdand y

D1 15 306 IEQMSr e SR PRARG oI A BH Htchs 9oviasfs Ta BB 1 on't he
di scont i QB%%nhﬁ%ﬁﬁ#ﬁﬁw%ﬁgﬂsQ%ﬁﬂ'ﬁnﬂﬁﬁhﬁ%§4@ﬁteria' 131 may cover portions
of the crystalline facets 400 of the pit 10structures 124, 306 whil st

| eaviOng r emailnigneptaictailomssiong thterialsysayaddnmmesc fSalotdrscst@dicbfact dsenpi t s
structures. 124, 306 exposed and gvaill abl e for subseqyent growth processes.
S 11 con Sirarres e HRaTER ey S ducimaia Tot REPS RROW grondt B Aeporpers

t her ef org¥ tiRS @MicEREof PigSHRS D%Pégi@d,d Of dn@iiieRctaCh8efihl9 BnRNkeRERIIB} Malctber al
growh fromwithin sonme or all of the growth pits 124 and the aggl onerati on

of gr owtray¢hessathe surfeecedrgwil kinolasdytrbeucerctho sigkenpfoctBiggonrtdi.orthal | of t he

grow h pits d | oneratd on _of growh sides. and.furdher ..or onot the
Peauct i OnOGPRTS of SRLAERrdeRle-PuRishoRy il &0 e ibh R ATRML GRS,

| n nor e Matatfactaitifaypams@angdlcirocludd thy aHsorpticH arfd ifcorfézatibn biShIliamasntd he
initial stage of a pIuraIit% of lateral growth regions 402 fromthe exposed
por t i onshepntgpwipckngsyrface ape pihsequently RFRYCalg drormsteation ofgPadt An pertait r uct ur e

306. Lateﬁtﬁd}{géﬁy‘% ahﬁ%gggﬁ?rﬁg%ag% R BERRM dfeﬁe%fﬁ%gﬁt%ﬂﬁlé%&ﬂﬁ?él o??{léeHAOns

of cryst acets pr't structures 1 and agglonera
gr owt h phitesdls oay womprisOGlicohexidaest siliedn sitradpe andmittatestiadrear owt h r egi ons 402

therefore nuc|eate fromthe exposed portions of the crystalline facets 400
whi ch are sutf&% LN AMINAS PR a&ﬁ’é’Pgé‘ttPﬂ%%g’ﬁiuﬁ z Sé‘r‘%@?@“ He

par aget ehsefiar3enaht kifdoh A8l @haPbOWrihea R cbAMBULLY oh & &irfac@BERavIEpREEN

outlined previously. The lateral” gromh regions may conpri se one or nore
124 and agglomerated growth pit structures 306 employing a number of methods known in the

art, for example. PVD, MBE, sputter deposition and spin-on coating techniques. However, it
may be advantageous that the deposition of the dielectric masking layer be performed in the
reactor chamber utilized for the proceeding growth as it may be desirable to perform the entire
25  growth procedure within a single reactor so that a substrate being processed is not exposed to
atmosphere (as it would if ex-situ processing were performed). The ability to exclude ex-situ
processing not only simplifies process protocols but also reduces operational costs due to
equipment simplifications.
The discontinuous layer of dielectric masking material may be deposited by CVD
30  processes, e.g., from gaseous silane (SiH4) and ammonia (NH3) under conditions known in the
art. CVD reactors for producing IlI-nitride materials frequently employ NHj; as a Group V
element precursor, therefore deposition of silicon nitride only requires the additional of a SiH4

input to the reactor chamber, along with any additional auxiliary fixturing. The growth
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25 free surfaces 406 which evolve (i.e., proceed in the growh direction)
with the continued grow of |lateral growh regions 402. In certain

enbodi mrenwe 20tveseese or nore free surfaces may alter theprprasagaos4so direct
of a plurality of the enmergent dislocations. The sem conductor structure of
Fig. 4D illustrates the epitaxial growh on the internediate | ayer under
third ephicR¥dsabf HeQMcBn GRRHE 1dyeNEs3 1S hREEEH clfai fARRH AR RchRUAL&betdomt h 30
fromwithin sonme or _all of thé growh pits and the aggl oneration of growth
pi ts. Fowpeximpel,> endiBAdean areerablydretont ronosximatedy aicfunldyih & wofugher 402
may be perfaq ral_gor hre |ons 402..coal esc to f
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pluralit Iy I r es 406
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alter their at i,gn d| ection r| n eral .growth praocess. .15The
oo surdeBYEARh0 B Gttt 8 bhPhbR b b nBRRIR MRS TRr, ot

t he 18ergaitorall roffﬁﬁa%rdwﬂi lﬁesadndgggloamloma:tgrdm sfdek bedfurthet pmﬁron@g the
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sen condagtcyen ofidkpsations in the fpHowingdrycs b binHEde Brakriathe met hods of t he

| nvention, any, el gent ! tﬁggétﬁl%gn(ﬂlc‘%r%ﬁaéth%rbfgﬁ% R éaﬁsnﬁ{eg’@ﬂe%%f)@ V\gé g&etion

and intercept a secon emergent surface 0
i nt er cepilunbityerféstgen grosulh fégﬂxmsdllOQ Ifecathc@nposy partitnk iof gtosvtl atitrotther124h e n

th t f di s| t t h t ,
when' { neMiiBEPREERELEPP AP BAEH QR 0BT ARED e O SELPT RS THa B wle Mo
0ppPoYi t Gfec BYHPE! SorhEas & o?ystﬁHﬁ@fa@@ts @U@Qﬁgﬂmﬁ Rftrhdifrciedh Qﬁéa%florh&%ted

invention is illustrated 1in 4D by errergent di sl ocati ons i's
evi dent Igrowth pistrustuees 306. Fihg. 1n141@l, steges 0f &xtralsgro it gnins HOZ Hicrdors nliokateal t er

propagatd on direction 25du to t |nvent| .0

e R R P O A T e TR AL It 0 SHN
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anni hilation of dislocations 104", and a further reduction in the

di s ocataroimddiane besp quilinddeprevipushy. Fhajlatonslesp il regions may comprise one or more

25  free surfaces 406 which evolve (i.e., proceed in the growth direction) with the continued grow
of lateral growth regions 402. In certain embodiments the one or more free surfaces may alter
the propagation direct of a plurality of the emergent dislocations.

The semiconductor structure of Fig. 4D illustrates the epitaxial growth on the
intermediate layer under third epitaxial growth conditions selected to encourage lateral growth

30  from within some or all of the growth pits and the agglomeration of growth pits. For example,
continued lateral growth of lateral growth regions 402 may be performed until lateral growth
regions 402 coalescence to form coalesced lateral growth regions 402°. The lateral growth

from exposed regions of the crystalline facets of the growth pit structures and agglomeration
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In other enbodi nents of the nethods of the invention, the energent surface
30di sl ocations may not intercept and termnate on a free surface of a
functi onavocawiasyssand in addition nmay not intercept a secon$asog/0ess8s gent
surface dislocation with equal and opposite Burgers vector. In such

exanpl es, the energent surface dislocation nmay propagate through the

sem CoNQHGIANthSit Wakhir& ﬂi\égﬁ Slglgblﬁceglﬁ]blﬁﬁtlig%ﬁuﬁ@ﬁ&ﬁl cdvlcs WA PhGeinRUEK 8Nt

di sl ocation 108 WO 2010/ 056952PCT/ US2009/ 064330 of Fig. 4D is illustrated
as i nt ertbepluralgy pUhwciienhraveiass myy ggaprisedoneymore gaesugaaes Hlosjubstantiadly 108

i nter cepts fo eeledcitgl e%tkrii C ae%lgl ng material of functional cavity 404 and

t herefore e re%]fnl cated 4N he fol I ow ng sem conductor material 132
(Fig. 4E) as Hmgenmdlé stosaticensdds the plugal B 0T AADAOE] 0dviséy40atbaycalel Fi g.
4E illustrates the epitaxial growh of follow ng 5sem conductor |ayer 132.
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surfaces, 406' of. functional cavifies 404 and therefore nmay.nof propagate in
fol | ow rfa%m%lﬁla%@%?n Iy diskocaciph, 1951 l{lP%W,tedear%éPtﬁ@ﬁfgﬁ%ﬁ Bl on 104"
may i nt encephoand anni hilate one another due to methods of the invention
and therefore such dislocations my not propagate into follow ng
seml@onduct orAddyenral ¢3Bodikens\wdithe erertpemiaydilsd opapriserteriiBatmgys Puepagett e
past fungtional cavity 404'.and propagate jhto and t hrough . follaow ng. .
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a group Ill-nitride sem conductor structure may conprise (see Fig. 4E) a

first |epeiticaoBycoemrigsi thgcacigent arfoeydisiocstionsto atralthaapiopigasiondiecctiger ei n

each fungtional, cavit conprise one or nore free surfaces 406. The one
or nore (ﬁlglgé?%eulra eé%gg%gg%%%eﬁs'be substantially free of a dielectric masking

mat @5i al 131 whifr&tsutfaes phyaaltd preveit thelAsthicop@ipagdivh toff @ pluralyty aif e conpri se
one or nore bound surface 410 adj oi ni nﬂ 20 the dielectric nasking materi al
131, boUHPrEtit paEcs disleratigys %hﬁ'ﬁt&e foRewingrlpyee 68 sppicomiictas meaterih Aps

caviti esfe&groﬁrgey?é 8@10'3@@&{.5 AL TRE if.ié?[:se ?/cog?@cg(?tj ?Iq The sem conduct or

structure may SO conprise a pluralit S oc%ﬁ'ions 104, a plurality of
t he di sl ocat ilansharambbdihenceftthomethods abthe ifveagors un cacegendfistacotliskratiorof

t he functi or] cavities 404 of the first I%?ésr 408, vvhereiFn g Fl ur.al i,h@/ of
the di sIB¥atIBROMEYosglEHoN fitgteregpba sen ey quicrest SiFase diasatiey Mo
i nclygde t@/oqﬁt@lédeﬁﬁ'l’{gl&n&%éﬁt%ﬂ'ff@& diﬁ%@itio%@@a%}fﬂibé’te”&cﬁ Bt Wheh tﬂef&‘r?e"rg&@B

havi ng fewer dislocations than in the first layer. In certain enbodi nents

of the isuvfert dislocdtives phvr @irainyphybichlpropdroeral.c.carhien theswdGdterraptingoherdentan

apex 4125urface dislocations have equal and opposites Burgers vectors. Such an embodiment of the
methods of the invention is illustrated in Fig. 4D by emergent dislocations 104", As is
evidently illustrated in Fig. 4D, emergent surface dislocations 104" alter propagation direction

25  due to the methods of the invention (i.e., including agglomerated growth pit formation,
discontinuous masking material deposition and lateral growth) and intercept one another
resulting in annihilation of dislocations 104°, and a further reduction in the dislocation density
in the III-nitride material.

In other embodiments of the methods of the invention, the emergent surface

30  dislocations may not intercept and terminate on a free surface of a functional cavity and in

addition may not intercept a secondary emergent surface dislocation with equal and opposite

Burgers vector. In such examples, the emergent surface dislocation may propagate through

the semiconductor structure without being terminated. For example, emergent dislocation 108
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within first layer 408, the apex of the functional cavities may have a

random di stri bution through out the thickness of the first layer, i.e.,
such t hatwohelmpesses are positioned at differing 30t hi ceoneaseaotbu3sughout
the first |ayer. An additional preferred enbodi nent repeats one or

nore tinmes other enbodinents of the invention (e.g., the enbodi nent of

Fi gs. 1AsRig UneisemRadidaRRtinteicefti@Stund il caRity 308t NgEwe W emergent dislocation
2010/05695£%CT/U82009/064330 enbodi ment), and is now described with

r ef er enclé8tintericpts thadielpctrigaedskinglmaoiiad @f fengtipnal savity €&iandshérctone magbe r epeat
can have successi,ve i roved quality. .T i fil.cst to Fi.o. ;5A,. thihs
o oY PR ool TRE R FOnlngb! ofiorif T Pl f Y arhrabieti O4hioh T0%

embodi ment  ofTHehemiidvvweidtboitruch@é oDFigVAE Yhatetes e RhARCEowtHbSoBbWihgt ur e
Sis illustrated as being the sane as the structure illustrated in Fig. 1D
whi cR hasmiseadugeilgiriedZbyubsiantiallygentinyoys follpmang pemirpreiictor faypr 1 i smay

illustr IN..Fi : i ) [ i ?Hﬁgﬁg i.At o
and thrgﬁggﬁggﬁfggﬁﬁuélégﬁﬁggggnf%g%pggﬁﬁégﬁgﬂFﬁygur%ggﬁéggé ur an%%s?go on
11 -ni t mekodswfithecmva@dn greviewkdy duthinedli sl ocati on 108, whi ch was capabl e of
producing a growh pit.structure but upable tg intersect. wth qther growh
pit struct ure/%S, l\f%ﬁtb%%fg’é‘t%%-‘ﬁéeﬁﬁﬁeﬁ B RER AT 108 T o CCUANES BB NEE S { he
growt h pigk: : | Ao i i I : rface
ayer 1 D S el RO R A oo 2
st r U6t urleyer TB2. hraadulitool cmsrgeht dslgeatieB, 10/ pay b@emept ahid gnnibidateioht asdathat e t he

out cones, when steps.simlar. and, correspondi.ng to the steps |leading to Fig.
18 (and & 4QMefoa B Thyenfjon ded dtetieg guch ¢ Peatious iy dioy Progpita e, £ or e
starti ngoMbkimgkbMiconductdy lh%érrl@Q.i YRMEve0 B cQlenOdIs[Beont 108 nliyed8pddatCpaRBSki ng
step illustrated in Fig. 1Bb and the etching step illustrated in Fig. 3B

can al sdubeiopel dagityrd84 cndi ngpaghicgntoapd dhrough followng ssinneprfduetor layer 3% mai n
bodi es of Fi . 5B- Fi.q. B.illustrate row.h of further pitted
PP et de Phpstiegm il BE iy hiREREY ERe $RRb R B s @R oS oot e

f or mat i dBrméd ROGE @Wlhed intcshald d Fohéxahipl & aGe@ip WRnidfidsisatic@idavbhstpichget 0
produce agglonerated pit structure 500. Aggl onerated growth pit structure
500 is iMBUEEIPTHY (395d 18D adBstdpyd dPP spmBESIAE aphEalityof fuctiend cautiset Ok

di sl oc ig\jéﬁé?éin jegé} ﬁlﬂ&m}r@%a‘v’f@'rﬁi} c%rn?p\ﬂsg Wik ¥r AR RECRRARLEAH MHRYAR of AlotoW ng

| ayer to surface
free surfaces 406 may be substantially free of a dielectric masking material 131 whilst the

plurality of functional cavities may also comprise one or more bound surface 410 adjoining
20  the dielectric masking material 131, bound surfaces 410 may comprise the surfaces of the
functional cavities upon which masking material is deposited.

The semiconductor structure may also comprise a plurality of dislocations 104, a
plurality of the dislocations may intercept one or more free surfaces 406" of each of the
function cavities 404 of the first layer 408, wherein a plurality of the dislocations may

25  terminate. The semiconductor structure may also include a continuous following layer 132
overlying the first layer 408 having fewer dislocations than in the first layer. In certain
embodiments of the invention the plurality of functional cavities 404 may include an apex 412
within first layer 408, the apex of the functional cavities may have a random distribution
through out the thickness of the first layer, i.e., such that the apexes are positioned at differing

30  thicknesses throughout the first layer.

An additional preferred embodiment repeats one or more times other embodiments of

the invention (e.g., the embodiment of Figs. 1A-D, the embodiment of Figs. 3A-E, or another
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Fig 5Cillustrates a further follow ng | ayer 504, which as previously
described, is 25initially grown over the agglonerated pitted regi ons of
pitted | Iwonbtwisees2] ayer 502 until coal escence of the sepanst@gsasa h
fronts (Fig. 5D), thereby producing a final layer with reduced dislocation
density. If necessary growh with a nore vertical gromh node is then

per f or neghyyatrhéntf, Uhd Refow dsbAMENGith Bf&n&0 Fi?%s. 3APD eEREN Rl LHD&SRatl S
formed. As illustrated, dislocations 106 and 108 now i nduce growth pits

whi ch i nesisdiom eash3epebean huygiservessatalpmproeed @odity.n pitted | ayer 504, and

subsequent gr.owth not her, .0l kow ng | ayer 504 b LO seal.s. the
200t oner at i orf oS RELE St 1t U M BNSh R G BERl P e

t er m natRefoahinigltinge hiay@bodR@EnOsr the tnvehtda galr ®eevititadd @ondhicaug hik yiridigik
foll owi ng | ayer 504. Thereby, the second follow ng |ayer 504 will have

bett &r dtidlustryted paheing thefsamgtas the stipgiurgyiliugiyaed indgg. 1D which has been produced

2010/ 05%%?&}@%&%&9%@%%_@9 é%?zl%: fA"ghﬁlfi rait&it ll&_:elﬁlgeégis {a%ndrﬁé’.q géié]]%atﬂ)ﬂailo%t y.

t han t he”i ayer pecifically, Ies-o ocations in
| ayer 50dspropabssdintdaml throughysemichbddyctovlagdr 132 résuitingan guifasslidtindandent 0ay er

100. Finally, the invention includes seniconductor structures
pr pducedmbw-lelfr@%%‘ffﬂ&f‘d %flnﬁﬂsi%{orlmﬁ%mi Chh¥ecapakl 04 BEP M PBin
evi denc e bl pit AR BaAhaBle b MiSisb VARG BaV i BRRNACHIALIRE AN Of

nore ti ch a sem conductor structure can include evid a single
r epdi t i bsloation H88enrodioaEntcncahvahhagromwth Fit gtrudDie respftingainlthe coengenses a

plurality of .enhanced and, intersecting dislocation structures, e.g., growh
pits tha‘gské‘?aéloflH?@F‘E%’E&f%&y%ggor nore other growth pits and that are
arranged al ongexd, tht pRYidullyeIcB@ betl Bteh§ BreSlppHEd tortBis sBubtiFd IMBE mdULhbdies of

sem conductor structure can show evidence or two repetitions of the forner

ermbodi neEng. SBFIASG andiig. SB Dl lugiaehthe phigemee wham steppsimalt gnd qeeicspimdinggoor

nore spaged apart. es @l o i.ch,.are.arran . a ural j-ty of

"ot or contt aPRitied oRES B R E BOSF R € BRE LI Bh ity e

st r ust urRsforritéeitetiablwith Kipes Ale Astetnat el 9f orevr ®bthedttthddicibcslcat@lkingibtep
structures decrease fromplane to plane towards the final surface. The
above delestiagsldn &g JBbrvdithe efelaing sica ildusirated ihEige XBregh alsy be perfpmred quringi ng.
For 156)%%%1%&t met hods of the invention can include differing nunbers of
repetitions ‘and differing arrangenments of the basic steps of the invention,
e. g., di sl ocakurningédmitandemanh bodics bbE@s | 5ByD, Rige SBattistoungs gaonlthl afyferthaver

growm h, that _are. wthi he previously described principles an oal s of
Phe. i nvatitsBHE gk ke S0P odP By ﬁ%ﬁ%%*sa%vaﬂis afpbinedife H&g}@f%ﬁﬂgﬁ%&femm
can Jge N%B&f@l{:ﬁlﬁqmg)fhé)itnt@éepﬁgﬁ Bf RichtRswhdi &' to Efda%é‘%églorﬁ&ﬁﬁhw saeuosdeor t h.
20 EXAMPLE Figs. 6A-B illustrates a galliumnitride structure produced by
pr ef er r ediggoboicdegne wthafit stheturayehisiinduceSpg thef suctakd gistuaban0Gldt thesapfabe r e

SR MR L NS I RN TR O AT
substr atigygligamn agray¢b®).to remove unwanted contaminants (e.g. a high
Fig 5C illustrates a further following layer 504, which as previously described, is
25  initially grown over the agglomerated pitted regions of pitted II-nitride layer 502 until
coalescence of the separate growth fronts (Fig. 5D), thereby producing a final layer with
reduced dislocation density. If necessary growth with a more vertical growth mode is then
performed until further following layer 504 of a preferred thickness is formed.
As illustrated, dislocations 106 and 108 now induce growth pits which intersect to
30  form agglomeration arca 500 in pitted layer 504, and subsequent growth of another following
layer 504 by ELO seals the agglomeration region. Accordingly, these additional dislocations
are terminated at this layer and do not propagated into or through further following layer 504.
Thereby, the second following layer 504 will have better quality than the first following layer
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tenperature bake in hydrogen containing anbient), nitridization of the
upper surface of the substrate, or further surface pretreatnents dependent
on t he cheoistwogewdd both the growth nmaterial and t he bageTdaisbabvneatsao )
Gallium N tride | ayer 100 growm h conmenced with deposition of a nucleation
| ayer at a tenperature of approximately 500C for a period of 20 30 m ns.
The t empenaluict i@turh el hEACERier Y@ty tHAR eetUiantal Yaybal e K debifichINg i@ ensitics
treatnent of the nucleation | ayer and the growth of high quality gallium
ni t ri de.ofidisledatignscindamysic §04 hes lessrifyay iatleyes 187 witieh metaot oe lesashanadh saydr 1¢0.a

t enperature gf. 0Q Cin.a time period of 20 m.ns and qr was, carrd ed
out for 90 mirtbe egmPeRnehTEP SaROpdd dulb 05 P uPRE M edfnsRe *Cvg
2010/ 05605 2MRhibISABQ 164 33Mided Ivithin eviibiénck €iap eicah ethedOsf thiRénvedeh Biveras
then reduced to approximately 890 C for the growh of the pitted

i nt ePnedicar eerferpied onp @r moke ke Sé&lawr@cwhwﬁg% diedaretcepprslude pvidegeodih was

continu M N i t by g r.0xl 150
o i s pro oispoiH SEuLBbodhell, Wit di 3 Ble, 1D BERGRS By R L ARARY
m cr oscaphar(cAfihd ofterkdreing Galdcation struotees fetge rgrewthppistthanrointdrietiap oneorst eps
(schematically illustrated in Figs. | A and 1B).. As noted the surface

conpr i séaorﬁiO&?%r @Mtpys g rhah?ﬁeﬁ%@%%@lw éﬁéﬂ s e Rguman TS o i
openi oS 0f s@hitoldutfor Sttt ShoW X ATBAR dirko kikRisid dithRmcLRb AR
Pit structures simlar to pit structure 604, are single unclustered growh
pi t d0andAsindFigridd,sgdusvidoct ken gpoatly ipilidepmodu csde vpaged pgdroplandsamonk08 i n
Fig. 1B. Pit structures simlar to pit structure 602 e. 10 | omer at.i on
i eas wHEHE EgTaREiL BugBue it e Phe e s Saereae BNGEY ol RATOYB0E ¢ o
st ruct urgt skdidturdy. E’r&eralag/, tHQAEnYitie b Biatc@stptih AsRIcBGoSitiudairt ®RrdadyfoReen

| abel ed; other clustered structures are apparent in this figure.)

Aggl orrerpaanedo pianc sewards thedmaksurfdcar to pit structure 602 have increased

| ateral exte of their .surface.openings in the Ill-njtride er |

corpar | son- toeriebt dusrog) v e RRT R lrd dbercseaPlhLbitel BB dor 15 e
exanpl e gambieliMetiods bflthe Sawcheee ca0l clubio Wifdring hughbeBA NGSetiviIBhd ardludiffetind or
further growh processes, e.g. lateral overgrowh of the growh pits and

pi t aggl®FEEHRIBNOLPEREsIE HEPPRICBRETVRRIAR £ IdUPTOR sWREPET R adiblorRtiof! | i um
nitride ;nRLeLER and R§eSIH GloWR, MRS %hﬁ&ﬁg Pfe?h&u@@ &tfslé}a A g){n E@e%g%la“d the

t enperat ure and precursor g{ OwW par aneters e Ini ag bul k
growt h vgenBl odphd inva@ewnf GurtkbrOn alesasdtive embbdinenRDdglocutidn enhdecenidpocanl el
nitride 20. coalescence into continuous filmthe flow paraneters were
agai n vAIFREMEHPY afﬁs AN By er grat i0ﬁ§tC[aW|gwné;éwaﬁ}-eri al Fig. 6B
showg a cross section transm ssion el ectron nmcrograph (TEM inmage of the
[11-nitride sanple upon conpletion of the |ateral overgrowh stage of the
process (schematically illustrated EXAVMBEE 1C and 1D). The | ower portion

(bel ow the haqt.i zontgl..dotted 25line) .of this TEMI e corresponds to the
nter medi at o it PRBILGTRS STy fnudhite PO aR e RE ESRRO el per
por ti on JfshanabRpauSpbafitd1s, heddaWsiphirayebst@ic wislutilizbd fdil%r(ﬁﬁﬂﬁ{fiam .
produced by |ateral overgrowmh, i.e. region 132 of Fig. 1D and is again

| abel ed il 1N layer. (Nytgdhatagiuorbenpt pioacssistagkecadd® ricrforsed piado grasithgl e
0 08 Bk NGRS PSR! G500, LT BUALETNR 00
wi t hi n tte@péeturovdkldn hagepedfontdihm@iahibidhe), ratiéizhtin of The Sppck busidcatfes t hat a
single substrate, or further surface pretreatments dependent on the chemistry of both the growth
material and the base substrate.) Gallium Nitride layer 100 growth commenced with
deposition of a nucleation layer at a temperature of approximately 500°C for a period of 20
30  mins. The temperature of the reactor was subsequently raised for thermal treatment of the
nucleation layer and the growth of high quality gallium nitride. In this example the
temperature in the reactor was raised to a temperature of 1100 °C in a time period of 20 mins

and growth was carried out for 90 minutes to produce a layer thickness of approximately 1.0 -
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unclustered gromh pit may not be successful in preventing dislocation

pr opagati on. The region within circle 610 illustrates an aggl onerated
area for w0 2bw/asedser section of the plurality of growth pcrascevdoesdo by

di sl ocati ons 612. The outline of a nunber of WO

2010/ 056952PCT/ US2009/ 064330 i ntersecting growh pit structures can be

di scer neds wht Thotdng@r A& e REASH WhLAbA YoduB W aBpRixim&dly doobersants ot her

growmh pits. In the upper portion above the dotted line, it can be seen

t hat Galgrowth Qfathﬁeplétled yntevedgptolasicralddh tmtbrsmamnleemﬁre@ineledt taeiperabne gesivth he

ori gi nal dl Sl Caetl rSn:{‘ Ui a ¥ t?e qa th1 knless ) ?o\éi?rglatt altSOdI{rI?llOCraél s 612
have beeh™t% rm n t % THhe™a 8 rciler%etrl ORaRY° é)\li’ergro h procespg, “the

i nvention. FQTAQf)ﬁWldeb@n limmgbeﬁro@licedlvsd @ﬂﬁbmmmeﬂnifcﬁﬁcé@(mn) éf\RE gr owt h

region 132 is less than the nunber of dislocation in the | ower gglon 118.

A fiAal QY ptaedurgiadirheonnleipefiiBe eioveptegalschematicatly illstatedimEigsy B pndf | ess
than 5 07 t

exanpl oo B s TS 8 3y BRS S0l sod g BRI o IR 00 dnb OB HeRhoddP

t enper atsurfesc @icaings ef pix Gkp ktauwgruros leyxaapid paﬂldcermmcmoeslmztaak 604 aBit lsiradttuieng.

For exanpl t he owthte erature ran etc are suitahle
for 111 W’ﬁ‘i‘f tg it Sgru@ture Egpjare ﬁ&}gﬁ%?%lfstqr% grm“fth PH%a‘HJa%ré Apglpgousia the growt

par anet 1§prsaﬁbea wﬂalmt)eattﬁﬁtlogmﬁlgo n &f %mﬁc&l?&%%magm%mm& mva%@t ion

descri bed ‘above cefo not Irmt the scope of the inventi si nce these
enbddi meggbnargidnl dresstwietrd tmsorahomgrwdnl plprlmﬁ@nn@decw@dme ofalagdoas to

of ?X?Qtsiﬁﬁ@@aﬁ%ﬁn%“%&?eﬁanw”F (4 TBlafa e B beqle Pl g e

addi ti ontluerutRQsECaaRiNRinRe FRS A%%rﬁ@fﬁ@u rlm s&uéthre@%uﬁlhatr% ?ats@uétﬁﬁfaolz
conbi nati ons of the el enents descr becone apparent to those

ski | | ed hame tiisecased lafard exteneolsthpis é@flf@qmpd@gg& ingh¢ Uhnitgde lyaodicoinparisarie ar e

al so i nt.epde o, fall wthin the t he appended clains. In the
fol | ow nﬁdlzjl(ﬁlaflim SchCkur AURr O Sorﬁlcélge §64 Whol ), headi ngs and | egends are

usedsfor cl arTHe}éxamgleOngM hiAdeswficy 600 shown i Figndrewaoivell elisdeoe aathrr e
cited herein, the entire disclosures of which are incorporated herein, in

t hei r erﬁrPWﬁltRfoc%§65r e Btk @veigrovahiof thar pewispitsrpd i gloRmpionareaidot t ed
£t ersgiuiRAR o, 0 DOVCERRLAN AL gR AJRLR, 3 MG ol A 1
2010/ 056R& giewTh HE2(00 9D 3&@perature and precursor flow parameters for the initial stages of
bulk growth were optimized for ELO, resulting in a 2D growth mode. Upon III nitride
20  coalescence into a continuous film the flow parameters were again varied for growth of the
remaining bulk GaN material
Fig. 6B shows a cross section transmission electron micrograph (TEM) image of the
[II-nitride sample upon completion of the lateral overgrowth stage of the process
(schematically illustrated in Figs. 1C and 1D). The lower portion (below the horizontal dotted
25  line) of this TEM image corresponds to the intermediate pitted layer 118 of Fig. 1D and is
labeled as such. The upper portion is analogous to the following layer of IlI-nitride material
produced by lateral overgrowth, i.e. region 132 of Fig. 1D and is again labeled as such.
The region within circle 606 illustrates a single growth pit produced by dislocation
608. Upon lateral overgrowth and coalescence, the original dislocation propagated as
30  dislocation 608a within the following layer of IlI-nitride material. This illustrates that a single
unclustered growth pit may not be successful in preventing dislocation propagation.
The region within circle 610 illustrates an agglomerated area formed by intersection of

the plurality of growth pits induced by dislocations 612. The outline of a number of
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THE CLAI M5 What is clainmed is: 1. A nethod of fabricating a

sem conduct or structure having a reduced nunber of 5surface dislocations
conpri si MyO 2010/056952nhanci ng the extent of surface di sturbanseoloeisso a
plurality of emergent surface dislocations appearing at a sem conduct or
surface; ~ depositing a layer of a dielectric masking nmaterial so as to
cover | rlnt%rs‘ébt%ﬁg%%biwﬂﬂﬁy StriBRBEEan B dibRaRY withe rabiG 61100 8k cPRally Ofrswa pit he
surface about a plurality of enmergent surface 10di sl ocations,  portions of

t he sur fddeantgesicety othoy giosdh wits- hinthe kppry patitoarabaye thhidoticdlimeit gobeiseansthatf  t he
surface bei o .covered, .and .. form a follow.n m_cond or
aver wih Lol By ShE dee RS rsor g4 il Maktaf o e O PE A I ARG o
sur f ace 4 sisitat it YiselietdZhatldiglosmioho 81 Dhavel rRbmMetmMaesieiynthe hgslembarieh agd
further conprises formng an internedi ate sem conductor |ayer under first
epi t axi dverrowti reessenstaf dirsinsitivat dbctedprerfbe nrager Apkesessgons inghelitdalpi t s
associ at 1 : J j . o of im?2
ahor o n TRk 24p LR BTl 8ESt distocarion n e NS AEAPHSC fb

i nt er medivsfuee dislotatondicasiorofl gajiam netidhomthetonder o€ hdss thiad Got 107 canlf fvace under
first etch C%Sditions sel ected to encourage etching associated with the
sur f ace ¥ElVBtat i ons. 4. The nmethod of claim2 wherein formng the

i nter medi at e B EPRdudRloddARE fof theREHpROREIBES: GE ANLUD AfYsiGecONd

epi taxi al growth condltioH% selegteg to gncgﬁﬁgge 25int§rsec?§@h of two or
nor d0gr qutdmgiérs se.assusi Bigdraichethe swnipbop odiysindeat i@ be fakon as limiting.

aggl onerati ons of ., gr om its. 5., The t hod .of . cl ai \wherein the
nnanct " FURTRGr hE GBS Fotehs Tges KNS M GO Y SHoblr PRUERTHEE &1 r s

et ch congiN i pasoth&! 1BCHiBH clrRateRAOtHe rhileRash bY difi@chtat eral 30ext ent and
formation of cavities. WO 2010/056952PCT/ US2009/ 064330 6. The nethod of

cl ai m 1 wher efhe nréferredpmbodimgniserithondensionrdepeiiped abevef dor ias dimuhide scapisiafd

epi t axi rowt h condj.tions, sgl ected 1.0 encourage encl osi th face
a st ur bans SV SAElh eGPt B RGP AREo G BT RupER SR

15 invention. Any equivalent embodiments are intended to be within the scope of this invention.

Indeed, various modifications of the invention in addition to those shown and described
herein, such as alternate useful combinations of the elements described, will become apparent
to those skilled in the art from the subsequent description. Such modifications are also
intended to fall within the scope of the appended claims. In the following (and in the

20  application as a whole), headings and legends are used for clarity and convenience only.

A number of references are cited herein, the entire disclosures of which are
incorporated herein, in their entirety, by reference for all purposes. Further, none of the cited
references, regardless of how characterized above, is admitted as prior to the invention of the
subject matter claimed herein.

25

31



57. The nethod of claim1 further conprising repeating one or nore tines

the steps of enhancing, of depositing, and of form ng. 8. The net hod
of cl ai mwowhavmsses2t he di scontinuous |ayer of the diel eeCrius20mski3ng
material has a thickness that is | ess than approximately 20 A 10 9.

The met hod of claim 1l wherein the steps of enhancing, of depositing, and of
formng are performed within a singhgg ¢gagvy chanber w thout ex-situ

pr ocessi ng 10. A method for/formng a Ill-nitride sem conductor
st r uct urWhattipelageed Bonduct or 15structure conmprising an initial Ill-nitride

surface having a plurality of enmergent dislocations, the nethod conprising
exposing the initial surface to a sequence of epitaxial growth conditions

sel ected so as AencgiRidfifagating a semicof@PEIMGuolurdidMdn Ridbced tunder of
internediate IIl-nitride |l ayer growing on the initial surface, the growh
pi t s Sheisfacsdisleraiond coprsitgie surface dislocations in the initial

i ri de. 20RMAARR: evontof AL EREHLA. Slout UBLONIIRF GOl NG ALON D Pi s

opened in the growhg |n erme ayer into a growt h
pits; antislocations higiceriag atgargmtukbndﬁctar fwfdcowi ng | | I -nitri de I ayer to encl ose

sone or all of the growth pi and t he aggl onerations of. wth pits,
wherei n the [9%Pey4pe @f@ﬁk?ﬁ%&iﬁk?tﬁlﬁé‘éﬁs&ngl’g@éﬁﬁﬁﬂﬁ fo "EOrYS“ZIE?f Fq%‘ﬁg S ayer
has sub%%%f al | eththefdamgbg% IﬁBﬁsr@f*th@%(ﬁr%Te abder H@hﬂ&lli eftﬁ%lr%éﬂ%lﬂ%cleayer s

formed wth a dislocation sity that 1s less than that of the initial
sur flc e dléu(dltmhg peitrons € thHeatighed bagrpeuviradueittesgsng materipbwhilooheoporgomsat h

pits, tions of wth pits, not covered by a discontinuous
| ayer éﬁgﬁq’éﬁéﬁl‘? bc?mrga?kqoﬁgr ﬁ’aqngri al . 3011. The nethod of claim10
wher ei n the goaMhb agemekinkQBSibAdu@aARW T 3aNGLERELQ higudls 1 88aNEHeR t S
are substantially simlar to the growh conditions for encouraging the

i nt er secid@nediceg nomber gfi sugface digoog0s.056952PCT/ US2009/ 064330 12. The
nmet hod of claim 11l wherein the gromh conditions for encouraging the
opening and intersection of growmh pits conprise tenperatures of |ess than

950 16, pressur. ebhcahetBo@af €hint Davhcadd®the chBfiving PEthBadomprdSformhe et hod of
claim 10 wherein the sequence of growh conditions further
intermediate semiconductor layer under first epitaxial growth conditions selected to encourage

opening of growth pits associated with the surface dislocations.

3. The method of claim 2 wherein the enhancing further comprises, prior to forming
20  the intermediate semiconductor layer, etching the semiconductor surface under first etch

conditions selected to encourage etching associated with the surface dislocations.

4. The method of claim 2 wherein forming the intermediate semiconductor layer
further comprises growth under second epitaxial growth conditions selected to encourage
25  intersection of two or more growth pits associated with the surface dislocations into

agglomerations of growth pits.
5. The method of claim 1 wherein the enhancing further comprises etching the

semiconductor surface under first etch conditions selected to encourage increasing the lateral

30 extent and formation of cavities.
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conprises conditions encouraging growh of the dielectric masking nmateri al
that are subsequent in sequence to the conditions for encouragi ng opening
and i nterweabioodewt growth pits but are prior in sequeneeTius2aMmee438ndi ti ons
for encouraging lateral growmh. 1014. The nethod of claim 10 further
conprising repeating the sequence of growh conditions w thout renoval of
the I'11-nitrigeriayahodsf 8inf PWHREH HRMHIARInG OMBnENABHEYer is formed undeko-
The met hod of claim 10 wherein the opening and intersection of growth pits
cont i nuebirdspitazmg gaasvth cpnditiany sejectsid t gadoriraigainclgsiogtie pirfase Histrebange er al

extents of |ess than.about 15 . . 16. The nmethod of claim 10
wher ei n at%ﬂ'ét aldﬁ?l Eattl)lrt’?f ?fn it rgeqt5§§?£oﬁlsl?%aéloa§‘eI ectric masking materi al

conprises a silicon nitride randomy distributed across the surface of the
growh pits and the agglonerations of growth pits. 20 )
5 7. The method of claim 1 further comprising repeating one or more times the steps of

enhancing, of depositing, and of forming.

8. The method of claim 1 wherein the discontinuous layer of the dielectric masking
material has a thickness that is less than approximately 20 A.
10
9. The method of claim 1 wherein the steps of enhancing, of depositing, and of

forming are performed within a single reactor chamber without ex-situ processing.

10. A method for forming a IlI-nitride semiconductor structure, the semiconductor
15  structure comprising an initial III-nitride surface having a plurality of emergent dislocations,
the method comprising exposing the initial surface to a sequence of epitaxial growth
conditions selected so as to encourage:
opening of growth pits in an intermediate II-nitride layer growing on the initial
surface, the growth pits being associated with the surface dislocations in the initial III-nitride
20  surface;
intersection of two or more of the growth pits opened in the growing intermediate
layer into agglomerations of growth pits; and
lateral growth of a following IlI-nitride layer to enclose some or all of the growth pits
and the agglomerations of growth pits, wherein the lateral growth continues at least until the
25  following layer has substantially continuous lateral extent, wherein the following layer is
formed with a dislocation density that is less than that of the initial surface, and wherein the
lateral growth nucleates from portions of growth pits, and agglomerations of growth pits, not

covered by a discontinuous layer of a dielectric masking material.
30 11. The method of claim 10 wherein the growth conditions for encouraging the

opening of growth pits are substantially similar to the growth conditions for encouraging the

intersection of growth pits.
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12. The method of claim 11 wherein the growth conditions for encouraging the
opening and intersection of growth pits comprise temperatures of less than 950 °C, pressures

of greater than about 100mb, or both.

13. The method of claim 10 wherein the sequence of growth conditions further
comprises conditions encouraging growth of the dielectric masking material that are
subsequent in sequence to the conditions for encouraging opening and intersection of growth

pits but are prior in sequence to the conditions for encouraging lateral growth.

14. The method of claim 10 further comprising repeating the sequence of growth

conditions without removal of the Ill-nitride layer being formed from the growth chamber.

15. The method of claim 10 wherein the opening and intersection of growth pits
continues as long as a plurality of individual growth pits have lateral extents of less than about

5 pm.
16. The method of claim 10 wherein the discontinuous layer of the dielectric masking

material comprises a silicon nitride randomly distributed across the surface of the growth pits

and the agglomerations of growth pits.
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