WO 20101056952PCT1US20091064330 METHODS FOR IMPROVING THE QUALITY OF
STRUCTURES&RMRRSING SEMICONDUCTOR MATERIALS HELRQRThtedNMENTION 5The
invention relates to the fabrication of semiconductor structures, and in particular to the epitaxial growth
of high crystal quality structures comprising llI-nitride materials. Embodiments of the invention include
methods for inXETUNQDS EQR/EHPR MY G0N OHINC OF STRIGIEURES StoMPRSifaGricated
utilizing these methods. 10BACKGREMNELRE I EFORVENERN; ¢  The quality of a semiconductor
material can considerably influence The performance of a solid-state device produced from said
material. Solid-state devices can suffer from inferior lifetimes and operating characteristics when the
semiconductor material has an undesiraRiendersity pixwslITEiects, for example dislocations. Such
problems have hinq%edvthcg1 15? gsetlg ment .%f soenrgﬁ%gldc%ct&r 0irn |ugg1§l Sga{{lﬁﬁltrln Qtjtt;@gle (GaN), other
Group IIl-nitrides (e.g.,uﬁﬁﬂ, WII(F alnl\% and other mixed nitndes fre érred 10 hergin asaxlll-nitrides") as
well as certaf GrepiprHrh\zeBithd Disisaviel atadbytsmcotre copmpsoul matdrimzceals., IV, I1-VI
materials) gemaralimimer Inaemobihasa materalfaytabiansheammescialhamseftd growth substrates
have limited availarliéIit A su'tablle.su strate C%Io[?ely 20 matches the crystal

and poor crystal quality, /£
properties of tHe targe %%.%?I 4 Xe%\% i i%%ﬁl@%t TOpeRfee o Bt ¥dsely match, the resulting
material usually has an unacceptable density of dislocations. Specifically, in the case of GaN,

crystal gyality can be improved byghresierimees o thesg Nt R4l giRates, e.g., by nitridization and

other chemical modifications; by growing thin, low temperature buffer layers of other Il nitrides, e.g.,

AIN or GaN, by thetRfaHRHER g h on & hics 2 MetTorE Sirtly A8 siesdas REdsrBveRirowth (ELO)
and its varianrtso{ld D EQict HnddO;cdiftpinauel praved. sBidcbssiviBiviced vaingftisfacatidardensity.

However, thege.commeneheds.oftentilza lioaraphisall prorluasd maskiig.elegients that often

produce materials with a’non-unifoun distriliution of surface dislocations, undesirable in many

applications. $spieoa kB ErEtHefRotre B i dislestitn gk terbmphsUintsBd Mdgenous surface
30dislogationidensitinst bavetiiizackdns sith(ehagsitaraapositicavy ethads:sampsdeigislocation
progression, in some i with the addition of.etchants to enhance surface dislocation
Gimensions. e DY e e e GG bR B ARGty 0959504,
Tanaka et ata3aprtie SeJoUurhil efpppidy 2Hpsiesta9 088 oopdaht@ems (e.g., IV, II-VI

materials) generally. For many of these materials suitable and commercially useful growth

substrates have limited availability and poor crystal quality. A suitable substrate closcly

20 matches the crystal properties of the target material to be grown; if these properties do not

closely match, the resulting material usually has an unacceptable density of dislocations.
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, e.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 distrijution of surface dislocations, undesirable in many applications.
Some alternative methods of dislocation reduction for producing homogenous surface

30 dislocation densities have utilized in-sifu (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 er al. Japanese Journal of Applied Physics 39 L831 2000 and Zang



et al. Journal of Applied Physics 101 093502 2007. Further alternative methods of dislocation
reduction aim to limit dislocation propagation into the growing layer by, at an intermediate stage of
growth of a GaN layer, enhancing defects present at the surface of the GaN layer by etching, then
plugging plugging the enhanced surface defects with a masking material on 5 which GaN does not

readily nugleate, ang ER ARG Gl grovidh Eapmplesint Sueh MR s B ARyisional
patent application 61/127,720 filed'May 14, 2008, which is incorporated herein by reference in its

entirety. Tedurgigrsrindachysiadigprtionripredesatpraviedif aneyinre Heskableanihligisgitieable
processeg oL daing,3ra5e Availabledn Qﬁﬁa%@%(ﬂ%?é%@%%%@%ﬁ%f%@ %&rfgée gealee; 20 inLedycing

the dislocation density in Ill-nitride materials, a method capable of producing greater dislocation

reduction sieltinmifbeninleienarbugsn dsthie sripnced warRIc ORSTHIEY I VEN TGN BREBb dinents of
the pgesepk,iKeAtNRIQVILE RiaMs.and:BelnPdsforiakHaaINg 1P S8 MHEONELGIGN SIyE s and in

particular fabricating semiconductor structures comprising [lI-nitride materials. Methods according to

embodimeribertaiaciydetio mraisiant Rrewemmlariton &l (Aydri2NitHsthplavdd cAPOS vhidhits, e.g.

with fewey (iSloGalQNReB ORISR, he sfate of the art Embodiments of the invention also provide
semiconductor structures fabricated by these methods. 20Generally, methods according to

embodiments oftaEspresht it oM mMEyHrithiceharerayedig aolowisg dsrbbndubidraagkrs (or
"final” or "oyeflViNg PEc Qe oW davess SrdNsulike) bk ek AdYRNGaeQf ReHAUMBIRE Rbe

dislocations commonly found in poorer-quality starting layers (or "substrates”, "initial” or "underlying"
layel8, orith&siena des dislgasianidsnstpas Hit sereentichett by RfeBradiénsod of
25 fabricaing & JeMICANIHEAI S HC.RRYINGR sedusaspmbelfapriace dislocations comprising:
enhancing the extent of surface disturbance about a plurality of emergent surface dislocations
appearing at a semiconductor surface; depositing a layer of a dielectric masking material so as to

cover in a discontinuous manner, ag el e ydeirPag INVENsaliRe surface about a plurality of

emergent surface dislo_cation;,b{)ortlons of the surface being 30 covered with masking material while
other portions of SRR SRSk Biric861¢E OERBHOBIN IBINRIySEC BN SWih g sBirisof v otBtaatg with
substantially, confiRuRISseralexiaatianshaiteticed Rumber LS RER EISIRRAHARS. comphifiag been

found that, up to a point, the more prominent the surface extent of dislocations in a starting or
underlyindtknitiids, mawiEter Mefipdinreraddiblingrapdimmisatdiyie e st sfithisSarting
or underlyggisHriargort iaRelievad (pybwithautiptendedaimitation) thatihiewerrdsing Mgeomes results
from the interplay of a number of 5factors. First, the dislocations in an underlying semiconductor

surface niABEERRIdedbcaiidterhiisAtd, Fnbodinenmnhitie SHEHinAAlyRPEHs BEYSRIF%uch a

manner, thatdhedetinipatedidslecatignsadot propagate into the final layer. The final layer can then

have fewer dislocations than the underlying surface because those dislocations in the underlying
20 Generally, methods according to embodiments of the present invention may prodice

better-quality, following 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).

According to a first aspect of the present invention, there is provided a method of

25  fabricating a semiconductor structure having a reduced number of surface dislocations

comprising: enhancing the extent of surface disturbance about a plurality of emergent surface

dislocations appearing at a semiconductor surface; depositing a layer of a dielectric masking

material so as to cover in a discontinuous manner, at least, the disturbed portions of the

surface about a plurality of emergent surface dislocations, portions of the surface being

30  covered with masking material while other portions of the surface not being so covered, and

forming a following semiconductor layer with substantially continuous lateral extent and a

reduced number of surface dislocations.



10surface 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)
spontaneously produced at dislocations in an underlying surface can be enhanced, e.g., made larger
in surface crossisagtiobd@ gfdnedeasedup size fpobothileteratransg deptindithensidasy, sxentthdt they
can be mare effectively terminate associated dislocations when compared with less, enhanced
dislocatioqo‘}goﬁﬁﬁw,} HaS'BREE fSLHB‘f?ifik“Eén%% i0E etr}\l(%%er%%ri&%%haéi%i?ﬁté)rséc{%for? ‘gfl%%/ga Pmore
enhancedidislaeafionaitsihie ienhandes thatagninaticiedfiagsacited dislotetiensiafidtiwishingreases
both the dislogation terminatjon efficiency.and the efficiency. of dislocation reductign. Accardingly, a
final layePYFBRH f t%%h“ﬂia%mﬂlé §ﬂﬁ%‘(§ép ﬁa?/%cgo@r?hgrslgg gﬁff en8|é%"§8’?ﬁ¥|é%2 icglrlllénogg% en
havesevemngaewer dislocations than the underlying layer. 10Briefly, beginning with an underlying surface
of a suitable se icon%%c%r material,.methodé. ccordin%.to eg1b Qimegltgeolfn %heti)gv%rgligsr‘ms é;abr{if:ate a
following layer llli‘?‘ﬁt)lI e Sé%‘éﬁ‘f%y‘%t%’bsu ¢ %B?%%naeeﬁﬁ%nné}ﬁé) tHE COMMon surface indentation
spontanegushy eadused:ai seleatedrdishdcatibng jrgsentat boegunderlyingdudavenSub degubat

processes then grow.a following layer having few or no dislocations.arising from the enhanced
dislocatiotr‘?grilgﬁ’?#glﬁair%gﬂ%g%g PAdEO pag%[% &hiRs ?rr%enn sﬁ%ﬁﬁe %&eﬁﬁ%{rg S advantageous
method ofeerhatisiog:tivacammoir sudadeiindentatiorbspantatiesuslshradivesd mtldisiocationg
comprises growi intermediate la or lagyers) having enhanced openings induced,by some or all
et bR R S TR S S e E R
become REgrogressivéiharhandedmktiaetintermakiateudyer griavatiddditiprapehbodimentsiof the
invention promote the intersection of two or more such enhanced dislocations to a produce an
agglomeration (or "clustering” or "bunching") of enhanced dislocations as the intermediate layer (or
agglomeration layer) grows. Enhancing surface indentations (e.g. pit like structures) spontaneously
produced at 25 dislocation emergences includes enlarging their sizes (e.g. depth, width, and surface
cross section) Enhancing can occur as the intermediate layer grows in thickness. Such enhancing is
also referred to as "opening" of dislocations, i.e., 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 30 common surface indentations spontaneously produced at dislocations results in the
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. In additional embodiments of
the invention, a further advantageous method of enhancing dislocations includes treating the surface
with etching agents selected to encourage the enlarging of the dislocation pits, i.e. to open (or to
"decorate") the natural indentations found at the surface of the underlying material to form "etch pits".
As with growth of an 5 intermediate layer, enhancing can occur as the etching process proceeds
thereby "deepening” and "opening" of dislocations so as to produce "open" dislocations. Proper
etching conditions can also lead to intersection of two or more such surface openings or disturbances
about the surface emergences of bulk dislocations producing pit "agglomerations” or pit "clusterings"
similar to those produced in an intermediate layer.

2a



10Finally, an advantageous method of terminating the dislocations comprises laterally growing over or
from within the agglomeration of openings, induced by the dislocations, with a lateral growth layer. The
lateral growth layer can comprise materials (e.g., lll-nitride materials) selected to have crystalline
propertiesmuaianidiybsintilsrdattididecafithe innde dyigljayersuThis gnohwthestepdedging. umdéde
conditions selected t?%gromote sutch lateral 15 %r%v%tnh, and.co ti{f&u %érif ngng‘ﬁcsigatﬁy, dfnggr.ggs dition
selected 8’{5%1130%? orevertica 1gor% Funtl a esweal%gyé)rr tAickness nas been reached. *In
preferredsanhbibdirtientsaprier tete refivatingythenisioc atiansathie disbibathac edreing topthednwvhtion
includes depositing a discontinuous fi a dielectric material, such as g.silicon nitride or oxjde in the
case of AR o BN By Rk O SEbr ot B8 it /e St b iton
condftiong)tdiseasoneeli foundthatdie diblactic digdtertbdephsitedischatiruyotislytsoasatdoreduce the
number of dislocatigns in the laterally growing material. It.is.believed that this is hecause th
CiscontndStE AaSCURISHHBAEa A e AreErare oo e S it A e hs e
discouragstatibisgquénti tatestbgrosdincfiam mMoedisiderediradibnysapavtihfemengenddisiogations
(which would promote he, 20 sropagation.gfdislocations. Inip dne growing materiah.and o shgourage
subsequenf Ateral gr§wﬁ1 36 1885 disoraéered regions abou dislocations fwhlc hinders the
propagatithe ofdislneatiensrinto the laterally growing material). Embodiments of the invention also
inclyge performanceof e abave sisps,in varlgus combinations and erders: For ExXameley o
surfaCe-emergent dis 5Cations can be en ancedyb)g 3y éarefli growah of an intemiediate ?ayer on an
initial surfaeehoals by eadefig] ©tchibgdittesnifidhe irfaot cor foyrgrawth foflawimgdanedidterdayaretbllowed
by careful etching, or by etching fallowed by growth of an intermediate layer. (optionally, followed by a
cebgles AR et S o R et RS A
careful depoditiod af eidiscddiflocumtayeroha ditieotrierhateriirface. Thebsagtisotiprecordingito the

invention is usefully applied to t osen%" uitable") semiconductor. materials in which gccur types of
distocation T CHe B Sl St Ao ckire S U B AU E R RERS

growth, andtkehickdarhnrzesgriassm by processes such that enclosed dislocations in an underlying
surface induce fevupadisigeations inaneverinaverthe agsel isipeaians seleslsd for

1 _embodimen ventl
enclosure by the method accor ng to the venfion can among different suitable semiconductor
materials sacanmattaicds spereiesing tisictatidns df lhaSetscte pypes @ind imethodewhddgrowing

the materja) Qv Jﬁ%”&%&fﬁ%&th %%&%%ﬁdodé%%%gﬁo Beed bg%g“ceogg§ﬁt%g Eﬂ%‘t&{.!,?e!?a%ﬁ%‘s!oﬂ?‘
[lI-nitrides, and espécially mal%érlas compr%mg a ,%ave een found to be particularly suitable
materials uAdadydipgbprthesfallolvigydescniptiomistay elyclirdotedho sudherh batimegstshbetigbricate

%lgg{{ﬁé”&eééaﬁe'ﬂ%x%@&iai{es%f %%ﬁ@.deﬁﬁ'&ﬂ%ﬁ%te%{ﬂg diments,ofhe

layers comprising. lli-ni
preesieént irR}%ﬁ{%r%‘é%eyl mited to Ill-nitride mate can use e applied to other

materials invenBmbodimentofthessrésentiitve ionarovide dbdn pedttictis itpfaliticapirmguce an
icond > mi i A ' N
semicon ggg%fn%;g&%@éf}%%g%m!sm éﬁfn%m%tf*%%ﬁiﬁ?éf&cﬁﬁ?ﬁ&%é% Q£°cl{'éj%‘iiéll3.ﬁéﬁ9aq§_ n

more detaif,"these met pitaxially growihg a layer of semiconductor material on an initial
semicondaytor(sustzdennithtmplapsihyeofemergent surface dislocations, 20 that first forms an

intermediate serpigondlyelor, et hayingauauy its,anshaoglomerations AN ks f.spitaxal
growth on the initia suri% e uhfer Irst eplgfax%\; g%bji% qond%ll%ns se#eg%sgg to enc u%gage opengi?lg of
growth pididesdoiatethwighntes surladesdislergiiendeimesizbefesaibdenibemtiythnded suctrad eysisaxial
growth condiign> SSiRGIMICENSUIRAE IAISIRERHER AL WIL IV A AL Bl BiIRAYIRMmEHgHons of
growth pits, and then second foints a
is also referred to as "opening" of dislocations, i.e., 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
30 common surface indentations spontaneously produced at dislocations results in the
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.
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25 substantially continuous following semiconductor layer having fewer surface dislocations than 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 agglomeratidmsadfigtondh giibodimcAccotflithg tinacstioandaspebtofihepresont imvethtidnpthere is

provided a method for foiming a lll-nitride semiconductor structure, the semicon or structure
Comprioig BT M SORCE e O OHA ot Bl hE R SRR s S aEe

comprisingecxpasing:tbé ihitidl Soctaics tpia, Sefuengenf{epitaxidbgromdh conditiors sedectatoss as to
encourage: 5 ppening of growth pits in an inteiniediate, Ill- itrid,e{ er.growjng.on the initial surface,
the growt ijlﬁ %te%%g%%ré%cé:ia eaﬁ\)/e\:/it?\nrﬁ% %13%&118%% ¢ isa;loa%t%ﬁg in the Mitial | -Sr?i r}t e%&ﬁ§%§§m
intersectignwhivier mere @fthegrwth pitsiopetiedeicitine grovisg prieende distetaykicapening”
agglomeratipps of growth pits; and lateral growth of a following lll-nitride,layer to enclose spme or all of
e row TSR e AT B Gt S o At 3 G 10 B ort h et e
until the folipwingllayeohasmibstantéty cantinucusitaterafaxtepgnidsreindibe fodlowingbtayehis

formed with a dislocation density that is less than that.of the initial surface, and wherein the lateral
gronth T TGRS e o SRS L T st S i h e o e e,
discontingontdayethofapdietectddmaaskiegraditeciddyer.  Also, the sequence of growth conditions can
be entirely carried oyt in a single growth chamber.without remaoval ef.the, lll-nitride semigondygtor
strullure from (et TR e I o R B B o
removal gfrtivedf-mitride ayerbahig fheragd dromratie gfowtiniclsanibércdhieyopemintp eattbistersdction of
growth pits 5_continues preferably as.long.as a plurality of individual growth pits have lateral. extents of
less than %l:l)s%tﬁfgb{] rﬁ'?}va1 lr@ﬁq}fjodll}(rlﬁeer% fs%eo 1t "%‘é[’)t#e?ﬁ’gas? includen %Fbeént?r%r%% %égp’s Ef?gﬁrll%g the
intermediatetdaiyy) andeofddwingdhe supstditiallproperirsossbisionily |siyel awvdcorthesee ¢imés;, prior
to fowling e Jimeciale sRmeondiclolayer PIoLe JImIng e RUAaN aln SR, 40
following geficon uc¥orslayer; 2 appfyngg a-discontinuous layer of a dielectric masking material to
the irtermadiate layecontiniEnhbddinsstsyofitiiemetddds aigedted tid ergrowthnearditivicidgevdburaging
the openiggﬁ%ﬁaq{gs\{\@i E)Eilts a%?ci?ﬂe%@ﬁ%ﬁ% inl% é%e@tersection of growth pits that are substantially
similar; gro condiions for encouraging the opening and intersection of 15 growth pits comprise
temperatures of lessdfvarnd 50 diresssres of igreatentiang dbo diskoRtnsotisotrethod Ttwmmdirealso
disclosed,a lﬂé”‘ﬁ@%%%%”?h% Ructor 3L zgt”re &g!%%&l!?tf‘ﬁ e&f‘é‘vd{%‘?%%tﬁk‘%&{gn%j,dﬁf%té 8
propagating Within the ayer and a uralfo voids, each void associated with one of'more of the
propagatisifj defectsiand axsdbstatittatiyseorftmlidustrRi fettowimglisyer oberiinttatérapwvermiewth

lay ith substantially no. voids navin (o] ti t iR thefirst layer. 5.y This
strl‘j’é ure g%a%oﬁlal\?g Zag u(r)éli?)? of‘%%g\%l Ié r%a)\{\l/e%ﬂgo ﬁ%rfrgv%%% Elilg[])%)l? 35’%%‘2 %E%rhrst ayer at whic jlgt least
one defealdpraitindiesymmahale Srosder ledses thdjaverieroothdidottiany withahetdollinsngimer; a
pluraity of RRERC! At IRyl apd A fotvinodanelLaeh Bl s liee eyariving apievipuR Al
dislocations emerging at the surface of the tollowing layer are distributed substantially uniformly over
the surfacisaderet batvf dhevnhtaireradiitdiyentiang of tsddoliovrngtayrbivithanidiivedsegnwih
between %r%%!ijtnc})o%eug?sgﬁgtjet? %‘%@%Q%ﬁ%ﬁ{ léﬁﬂ%?gemaﬂs%)&lﬁto%é‘j (W hich WH?I% tﬁfgqnfgfébﬁ{gntlally"

is used heérein to refer to a result that Is complete excépt for
25  propagation of dislocations into the 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).
Embodiments of the invention also include performance of the above steps in various
combinations and orders. For example, surface-emergent dislocations can be enhanced by
30  careful growth of 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



30the 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 WO
2010/056952PCT/U52009/064330 crystal polarity) across macroscopic dimensions. However, an
epitaxial layer cantrotdifuebd bdiskpetited tasbgrisubstatetidlly doiitnungsti{omfiiSubetastially of a
monocrystalline’’, or "srbstaﬁia(lﬁ/lof one cr sta]l polarity") across macroscopic dimensions where the
discontin i &L BRI ASMARS, S Rt boundaries) present are those expected in the art Sfor the
processing conditiens)dhednatecalingality the ugivtnoivsoifortkefullyFaptien asatmsordsnctebler
having "substantially no dislacations" js used hergin to that the semiconductor layer has
density of AEfEEKISHE tﬁléat??g%\%’lé%s 5\#1 o(r)cétn%/rertfa S%Vcirﬁe%%’%%%%%sn %cl)asvﬁ%rf i%ecg?%ﬁrcﬁ%%f% fﬁga art for
the ngaterieli sl thensbridangu ttoreldyerdrome xath glen iktirel casevtf, Gadl wiswbstantiallgroen by
dislocations” (or a Iow}9r xery Ion degs%. 11(():2(?,;. giglqcationggfélgﬁken tggmrger tgnggreir} A(o dg§lori:0ation
densities%ﬁpfeggeﬁwasﬁcapprgxir%na é’lsf onthe Grder of toBlem , And ¢ gspema(ffy [65s than approximately
on the ordeylefa1i0bs ¢m2n Trertiidhachijen déhsitypesthd Jrdopatibnitridestisinfeasucedby etheds well
know to thos}g fgmiliar i thet artthincludingbatorglic Lf{%rfc& rQIiI%OSC%?ébe%BgCaﬁﬁ@%"%‘:%& I%uacr%(r)mring
electron MIE o%coaﬁ)cyc%lrnH1 fransmission electron microscopy. The pre erred mathod for measuring the
15dislocatiaredelnsity isshyntishsdsisgicn dlettipdisiicrosespy{ TEMklecteH epptingadraetedshefrein for
clarfy only and wihout any ntendedimitatian, AQUmPeL.pligferences are dited herein, the entire
disclosuréECSFWhich Are incorpora e&?‘lerein, 1 TReIF entiret , by reference for all purposes. Further,
none of the cited esfarertesyregardigsscofhoisichrhoteiiked abbvepds atimittedrads priortosing
invention of the subject matter claimed 20 herein. Further aspects an | d glter, .
combinati{c%%]ép’ﬁl Re E)Fe%gﬁ)%n 8Cf %@?n %Iﬁt %lrf\al\l\%l %%{%%%arr%%ﬁgrrsh t%é%% g%%q’d%tgaiféggggggription
and are aflesonijitiim thhdesgayalotthelinventb reipvdintions BRI EEDRES CRIPTONOFEHE-DRAWINGS
25The pr?nse[nt.inveri%on may . '

description F rt]haleS emboc |‘f{r€frénlts(aéc})]r’rgI fcf)%rée? %Jg%%%%?ésﬁ%%%é e{)(algrerjr%l pcgsg%fflz%é%gﬁig}éﬁg%%?inbgg?smof the
inverttion mstditheedppdHdadifiguressimivhicld: diyssdiniy B; iGphedittDdohemsticatly illustrate an
embodiment of tEren{)r(l)\(/i%?ltflzg{E’ ng &%b gl%?@:%et‘te%\‘?‘eﬂ {ége%gét‘%%at%/&ﬁmrlq&%gﬁgn%m fabricating
semiconductor structures and the semiconductor structures fabricated by the provided
methods. In more detail, these methods include epitaxially growing a layer of semiconductor
material on an initial semiconductor surface with a plurality of emergent surface dislocations,
20  that first forms an intermediate semiconductor layer having growth pits and agglomerations of
growth pits by epitaxial growth on the initial surface under first epitaxial growth conditions
selected to encourage opening of growth pits associated with the surface dislocations, and then
subsequently under second epitaxial growth conditions selected to encourage intersection of
two or more growth pits into agglomerations of growth pits, and then second forms a
25  substantially continuous following semiconductor layer having fewer surface dislocations than
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.



30Fig. 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; WO 2010/056952PCT/US2009/064330  Figs. 4A, 4B, 4C, 4D, 4E
schematically illueiéataﬁag forihecemhnginest tkthesoventiention, Fgse %pﬁBicfm@ aandtbdd for
schematically illustrate .t eated.use of embodr ents of the inventio S. 6A.and 6B.jllustrate
oractcal SR DS SAHEF I UM R FATE B PE SERTET R S e b
PREFERREMHEMBOBRUMENTS a perHh@U@rdhergeﬁodr@@cdm phie misipré dompnaitly dipesiesl
towards e&%bodm}aents that fabricate Ia% %s 5{3 -Nitri materl Isi, %&shoul be underst_ood that
10 embo Pé“ﬁ%ﬁ Rit 58 E0%h PhER3HARE # ere o?gnwﬁﬁ%tsf;rﬁ &tiol, BMBodiments of the
inverstion sdastantibdyomreypin msimceﬂameﬂaaﬂeaﬂé piteserhatagorface day&eofamslemmiﬁmd deior

structure from elng Eresent at a fo Iow urfac Iayg.rﬂor; zgﬁe struct re, E gigosl;[é)r in
surface ofth QPSR ﬁu%‘f THELTHLMDAL £a% e per ormed once 16 mprove

the qualitihaftbeitall oWing layetoar @ﬁﬂ)bwtbrmed)pmm@rzﬂ%mgfemmgmmgse]v@y improve

the qualit successwe llowi ers. Brl fl in |th an der surf ce comprising a
e YEPSTRER TTCHA HIETRBUS o AR A i & BTG oA RO oved
quality. Thﬁrﬁé&p&ﬂ@ﬁl}hﬁ@c@ﬁh@ﬂ@lﬁ@dﬁ&: sigfcecextont Gif gwmﬁipas;dmd&mhx) whtﬂa&:rhbmcaﬁmns

alre ypresent at th underl face, f rmi 0 ons of enhanc |sI tro

pro otrngﬁﬁen%ﬁ?%ras e e BF h%a%r:ﬁe} I&%I aezaﬁons%%(fn r?g%té?r?é)‘fhg geﬁ a%}%:g ’dls[iilioca%l lons by
growing ayer fotlwithig lheeﬁgglﬁjmatmnh af énhanted dmlsxc;aﬂbaus;wﬁtéssaﬂrﬂtoﬂhﬂgdﬁym afitrwterial
having few or no disl ca ions. In %e ent“%rﬁthe 'T\é?e@t'% dlrected to Illf‘ntrlde aterlals
dislocationd are’eihance 1]cefrr(%\feré?bly p%rax ally growing, an mt@rmed1 ate a;% Yt Iéjyers)m?a
same or agglomerations of growth pits, not covered by a discontinuous layer of a dielectric masking

material.
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25 different IlI-nitride material. The inteimediate layer(s) include growth pits associated with
already-present, surface dislocations in an underlying Ill-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 geGcthRwidtT anshdepthialdhe grovdlepiisgragurllyducreasgn ileotharwords,
so that the growth pits ogen. Gr?vf%/g;t }gero ﬁ,its, usually have an inverted-pﬁgri]%]-type fo mlﬁso that during

growth of tH¥IREEFAEMA SRR SHAHEIES SRy S8R BEBHS QELPEH SHTPSEome

progressiygly faahancegdaapeth) asdhenthicness oh tbentitesmediaisuayenineleaseas Ml-phride
substantially all of the growth pits includ‘%ﬁ L}Jliisi!]%)ation located at the apex of the inverted %yramid type
e

WO 201078865898 A4S 568Y08% 859 FhelBfoPBUTBSPBR ARG SRR YrShk PiPiHe
origimatingdisiacatinprisplodaoty i a yRigedy egiadiprodiicedvay the Genwthipitl cxtihadditign to
promoting, the gpening of growth pits, the underlying layer and the intermediate layer are formed in
such a WZV%I&%UEOSMmote the intersection of two or more 5growth pits, such that the combined

surface opening @ thintersantifgsgiavt PitsifamRaspsats i deiapdaiefahaxignholihensetiaee
Bggrowth its is referred to herein

opening in the intermediate layer. A group.(two or more), of intersectin
S i ot el e M Ay A O el

referred t@,asiap tHgGRMREIIAS aeacodhasuiaceopilie widrmedintbdaydisthaieliorecomprises a
plurality of 10 agglomeratiop areas produced by the intersection of two or more growth pits. An
b gSmeriF AT B PPAEOE TOITbe U PRREBRS | ESRATBRONE (RSE BF e MRl M Hex of

the indivigyatimedeskpyramidsiangyan expansive voided region resulting from the combined internal
voided volumes of the intersecting growth pits. Therehy, the surface openings of growth pits can be
enhanced or ev%@fﬂfﬁﬁhgﬁﬁéﬁﬁg}iﬁ‘&%ﬂ @éoab]b%%\tgﬁ?‘fﬁ r&f fl%fg c??’r%ﬂﬁba’égn%éﬁﬁﬁvention
a first stepiampreducingavidyeief increasedmaaligiisctotprotites anidntesmhediatenlayes campsising a
plurality of intersecting growth pits that form. a plyrality of pit agglomerations. Such an intermedjate
layer havithy SAREHEed HYGE Péﬁé]ﬂ %ﬁg}?ﬁﬂgg) a%{é%‘)}fi?é?&gj%b" heEN s ad"%ph?éﬁasﬁ%%% A further
embadimerisof fhe idvesiatanmpediienal step hampsses, treatinn20f(referahhn bp@ichitgan
underlying sun{gce to particularly encourage positioning of enhanced dislocations (i.e. growth pits) in

an intermgﬁ}%ﬂ layer at dislocations present in the underlying surface. Such an etching step can occur
preferably beforg geemihadioadisciei adifteilayershuicoatrisn aseactoaftergigwthief theiritermgdiate

e a0 B R sl Mol gt o e emselte e 25012 g0 e
associated with one of more of the propagating defects; and a substantially continuous
20 following layer overlying lateral overgrowth 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
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

25  directly overlying a previous pair; dislocations emerging at the surface of the following Jayer
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 pym and 1.5 um and
preferably less than about 1 pum.

The term “substantially” is used herein to refer to a result that is complete except for

30  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



underlying surface layer are enclosed and covered with a continuous uniform following layer of
HI-nitride. The sizes of the agglomerated areas of the growth pits are therefore preferably adjusted by,
e.g., the thicknegd' 8V & htermediate layer, density of defects in the iniﬂgirfg% ,9fplﬁésdf)owth condition
etc., so that the surface extent of the intersecting growth pit openings are 30 sufficiently sized so that

ELO processesrifae-9f spaihalipde:ot dislacations eroducing:a sanfinous siufage.  In

other words, the intermediate layer is grown sg as to open and intersect a plurality of growth pits to
produce surfRBESPERiAY Wikt entiapteso @I steF gt Ramyrarrijeslioe”, or
2010/056952RGH B2 0964330 dislatatiorscat therbaseiotithesivhanted pit opening. Therefore,
subsequent lateral.growth of a follawing 11l-nitride layer.encloses the ephanced surtace opening
preventing furt%1er bropagqgtigﬁ Qf_t%e ungi’er{;/%;g Aikgﬁécg%gcﬁi ‘rlggﬁéﬁs%?fgﬁggé dis ﬁ‘é%ﬁ‘t[,&,nn%%? dislocations
across aXinalosihtauacn e sibdeantbseiionplitysoekiatisedarfiuctuations) if the distribution of
dislocations acrossrantisitiadsuctace is:sipdlaiyunfamm.dhisjsdacrusa e siaps withednvention
randomly reduce the number of initia| dislpcations.withaut significant,. if any, surface bias. Therefore,
as the numbglre‘g} %? |z{1ﬂ]ecﬁ?srf38% %ﬁ?%d@{j%aéefo% Me}% ((}:%gt‘ﬂﬁﬁﬁ%gﬁl Slsﬁlaatrlééif;%srésogr\(l’éa.vﬁgr example, the
random distriptitiorcofrdidiotitivhe presememtraihdnitifrsberametenil o the pimincath doriaget.0subsequent

growth of angigtermeliate iayesstharenn (QissuHaas sichingd.and-the fandem distipuion:of the

enhanced dislpgations present at the_surface, of an intermediate layer (or etched initial layer) will
successtully %fgcg Sﬁg’é’gﬂ) &ﬁf??ﬁeél BB R AR SR P O ERUER 8T KR BrsiARI P e dom surface

distribution GFIdﬁbigt;é@iG}ﬁ@@de’s_iaa&)bsgdmﬁipﬂesfemeppr«gtmw&mmmdrutht sﬂﬂﬁﬁe_ﬁerﬂ"lsd‘lkitaving a
random surfaee digibation,qf HEI06aH A fichR-d NGBMGRIAR, AlsABcIARS, B itide, semiconductor

structures produced by the ‘above methods, Such structures have observable evidence of such
enhanced aﬁ%ﬁﬁ%éﬁ@dﬂ%i%@ﬁﬂ farsfomisRpY e reRTlLIT SRS ARS teprEReAlisEthe surfaces

of the intermediaiedpyars! rewhickishelwerafiormashyMiorepdetailddndeseriptinpsaimaious
embodiﬁgentﬁi%gégg&pxg go%%reugovgﬁgs(%gx{%%%%%d 1%@ icr}}ningr ith the embodiments of Figs. 1 A-D.
These figures illustrate the rlncyipafl?eatures of preferre embodiments in a schematic manner. In
particular, these figdpedingierrfotstd Bergie fongkwatedxepbiaiodislocativded Bmdaienndt representative

of the actualperferyaaeeatdbis variigadninpraving diality oftahatic alserha Aqted that although
much of the follge\/ivriggt.d%scgihplj[é%negz t%)er gﬁejferred elpb diments ?{hthetir%iveytion are %5%?ecific to
gallium nitrid® [&Er8 FRIY SRATIARSE 198 LoNEREY AL TR S AR BHTCR TEoRg Yy ropardless
of how characterized above, is admitted as prior to the invention of the subject matter claimed
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 BESCRIPTION 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, IB, 1C, and 1D schematically illustrate an embodiment of the invention;
Fig. 1Bb 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;



material but encompasses the whole family of the IlI-nitride and other semiconductor materials. Fig. IA
illustrates an it I; nitride semiconductor layer that has been epg' g}(}@é v (or otherwise
placed or tranl{s%%?rb(ﬁ) c%??% substrate and that has dislocations 30 emerging a%é{%@urfzgce. Fig. 1B
illustrates the results of a first step of a preferred embodiment that produces an intermediate layer with
a surface includingra:plysality, atinteraecingnpitall{aminiersectinghaoliowgisayitiescdepressions etc)
(equivalentl;ghge'l']?itged intermediate” layer, or "pitted” layer, or the like). The intersecting pits
(equivalently, aggli%rherated or clustered WO 2010/056952PCT/ITS2009/064330 areas of "growth"
pits) of the "pitted"Hzgref réBnélacd b sdhonaticaysitustiateriberibesatstithie efsivbadiormsipedsent at the
surface of thgdnjtiah@allium nitride layer. The intersection of a number of growth pits produces extend
voided regions with a number of dislocations located primarily at.the base of the regions. 5Fig. 1Bb
illustrated a preferradefbBiti I[”ﬁﬁr%%ﬁmécﬁ]igfggfﬂ%ﬁg&fgp%??}fﬂfgﬁﬁ?@%@ﬁ%f? to assist in

dislocation reduction; such methods of the invention are described later in greater detail. In this

embodiment, a thin sy of Fipplige PEHN bilifRRMEFER S SEReALIPR pited intermediate

layer 120 preferably 1n a manner so that a portion of SIde facets or the growin pits and agglomerated
growth pits (prefer%&im o R re8 s saPiop GBS R U st AT L AR ¥ maining
portions (prefendtiyiiite lsssdisapderedipaititrapandhil et whpiitdet plaioatcnbdetial accessible for
subseayent malerialarontf,Prelted masking matsals semprse subsiancenubisnAckAs
anti-surfactants to III_nltrlcfe growth, thereby limiting the amount of nucleation in masked portions of the
structure of Hig ImByiopsERysntialprtist dtgsotrgrdieiismacrsTbimy itssitis Mger on the upper
surface of the:pitiadiisiermaciatefiayai-agoatdingata epitaxial laieial oyergrowihasis, kaewn in the art.
During the oyergro rocess. the material of the following layer epitaxially overgrows and encloses
the extended Foott RS aH A e A i b A o ey Sea e AR B o e,
terminating disibeatdnschoicdtenrectiie prddsadthhéolgyipereratey erovrnedpred &HeiPreventing their
propagation jie. furher dctRitids mpteriahthprehy eing-RRYeNBHnbheyeRIitaxial growth is continued

until the material of th%fo lowing layer coalg%

! es, forming a substantially continuous film, at which
point the growth mBAS ¢aR BEHRe L 3 3R %’f%gg%%éfﬁg%%%pﬁ%? %/?eﬁﬁ}c{gigﬁr WO producing

material to ardesirgchtbickizegshininvergosfiectivadotiawimgrior "final") layer of improved quality.

The steps comprise enhancing the surface extent (i.e. width and depth) of the dislocations

already present at the underlying surface, forming agglomerations of enhanced dislocations by
20  promoting the intersection of enhanced dislocations, and then enclosing the enhanced
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 HI-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 HI-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 inchide a dislocation located at the apex of the inverted pyramid type

g



25All or substantially all of the growth-pits of the pitted layer originate from or are induced by emerging

dislocations immﬂg Mng initial [ll-nitride layer. Therefore, when enclosgd. g flislgcations cannot
continue (or propagate) into a following epitaxial lll-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 overgepwetir{Firid}cthe, disdacaptiong SOmrednabie te ndicaifisiotatides indethadsllowing layer.

In preferred %ngp;g%lments the Jnat |aj(h%f ﬁtrlg)%,tflgillq_wmg layer is substantially the same as, or has

gd regioh produ M i . d . .
crystal properties very _(_)seqy similar-to, the serﬁlconductor.matenal of the intermediate pitted layer, so
that the interface betidésiontie seonayiers WiPRsaee fei B mbtdidsadrshars larisedtisns in the WO

2010/056952RGh &2 099/Q643 30 ollowing lyweto They phyadn: erp hadinenisotiaainwaation, the
following.layer has improyed quality in.that it has fewer dislocations than are, present at an initial
surface.”  SFHA PRI GHR B SoATRERE St B e R TR YL AR T therefore
proceeds byaprbetacihrtargittetdniayfahsvithizpiarality ofthstersoutitigipltser. ¢. genritermediate Slayer

with suitably,£abanGed {etnSHHICIERHY iOREMRILAGSIAMEAtIAD ALRRA.MSTEYiIgNS, originating at all or
substantially all of the surface dislocations of the underl)(ing initial | r)égr, then sealing portions of the

pitted surfacteBTAIERIN oV PG HHASE SPRNRRARY RaySF SPTANRAGL HRTEHE 2 nore detail, Fig. IA
illustrates an'ipitiadtiatidnckeday@hd O0f{e:gf thallitumpdiade) kO growinro nosybstrateiitZ tdwing an initial

epitaxig progess (el ANGRISE RIACErOMHRBIEIROL R fulhe B IEYRIARRRIEH, In 2ddiion, he
combination of layers 100 and 102 could constitute a single layer of material such as a free standing

GaN or Si waAtglMDigise atsromBhaserBdadistratts Regtedos hebrssridhsemidiadte110 between
the initial laygfeandHaengubsiratiay aftdmphecidsserthen erysial oy opetiasgane-athiap physital properties)
of the initial 15layer material da nat sufficiently clasely. match tho the material-of substrate 102 (or
the substrat(-gt:(i)n(r%}g_{Wn %ﬁ%ﬁ%@r‘r R%S%igog?glv?/sn p‘{‘lﬁé‘ggf%ﬁﬁﬁ‘g%ﬁ%‘ﬁ‘?ﬁﬁ ?(i)hr?{%gé grgq%?%%agate") along
with the growisgingass sz kit Ryeha1oodtid e aipsinentapsed! structure as the dislocation

intercepts the growinglayepsuriace, hekaxamplecdislecationsiiame e asswfasa.diglocation 112
where the strycture qu 20 thg sugface IS mare Sigri'iﬁcarétcl}é tdi?turbed in comp?rigﬁ)tn tg a defect-free

portion of thd SHAte) TR SSP AL Sh U CaHah T R e g as h SiHACE IsIGEAtSh 116 with little to
no obvious distustrangeroftheisutifaicorFembxaittipié rindtlomodtedimfted: by tieorsditte significance of
the surface qistibancefastng. IRMIRR LIRIBENGESOf@ AlrlacationAlihe spwingisprface can, in
certain cases, be dependent on the characteristics of the dislocation _ .
In further embodiments of the invention an addittonal step comprises treating
20  (preferably by etching) an underlying surface to particularly encourage positioning of
enhanced dislocations (i.e. growth pits) in an intermediate layer at dislocations present in the
underlying surface. Such an etching step can occur preferably before growth of an
intermediate layer, but can also occur after growth of the intermediate layer, and can even be
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 Ill-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 infermediate 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

9



25e.g. strain, Burgers vector, nature i.e. screw, edge, mixed type etc. (see for example Hino et al.
Applied Physi%lzgg%rs%ggQ 3421 2000). In the case of GaN, dislocationqz,&g)/%S 990%%@9108, 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 IlI- nitride material and continue or
propagate algigigaitindhetas ouings iy entamer ergsdifatrBoiaisial kyefsusfagerd k@ whese types of

dislocations {’Xﬁé%%!! fﬁss sl%rlificantléi disStlebfthe %géfac%c It should be noted ftk}gt any defect, however

.. -nit: avyer cnclose [ Sur C openin TOVENLN [+ .
originated, can emerge Wlﬂ‘] gré’afer or?esser surface disturb nce.gB\ grea]tegr (l:ﬁs%urbance can include,

as illustratedPipegtiemyelibe wiisrlriap igepstiensor hollows, or the like, that are apparent on unaided
examination. A lesgg ME2010/10263%2RGITHS2ARALO6 4330 disrbanse wafnglude, as illustrated

by emergence 116, a less significant surface djstyrbance commonly. only apparent upon aided
examinaton B TR A SO IR LSRR RIS HIRER S AR 1t i
common prastite¢do revdall fconimon e febhedute ds fdecof diingVesuohrdisiochtiohs:tsbmake them
more readily, apRarepin 84 Vi AR AICHANPREAGRSS:, & sHPSEIMeM HI-Rittide Javgithe pitted or

intermediate lll-nitride semiconductor layer) 120 is epitaxially grown on the surface of the initial gallium
nitride layer T4BPFRE Pitk FRISRARTtrichY I8 dreh CsmbTRhibbusR e SRR Rt aF P Ferties, e.g.
lattice parambtersdshedinabeXpacnSiniocagificrectthataieitaibsténtiailyl atdred.todthoge of initial I11-

L0nitridgy layer 00, TNe WAL RING, AL ANERL RIRPRILIES; RENSRRPILRH IBYST 1RO ARg dnitial layer 100

substantially preserves the material quality from the initial 111-nitride |ayer to the pitted IlI-nitride layer.
Since the iniftiéfiayBeeifcommsedgainmiontie tiepitetrriye v Givaedittalypréderve the crystal
quality of thecicitiainitimitege)layesuesessaompacabile disiocatiaondensity ifdtdam eesaprisgs gallium
ir;:gliggi r?g; an Aoy dhereokteRiled e layeh 129 550 08, SRItaially arown. by yaous methods
start with an initial surface also having a random surface distribution of dislocations.
15 The mvention also includes I-nitride semiconductor structures produced by the above
methods. Such structures have observable evidence of such enhanced and intersecting growth
pits and dislocations arranged in planes representing the surfaces of the intermediate lavers in
which they were formed.
More detailed descriptions of various embodiments of the invention are now
20 presented, beginning with the embodiments of Figs. 1 A-D. These figures illustrate the
principal features of preferred embodiments in a schematic manner. ITn particular, these
figures are not to scale, iHustrate exemplary dislocations, and are not representative of the
actual performance of this invention in improving quality. It should also be noted that
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 Hl-nitride and other semiconductor
materiais.
Fig. 1A illustrates an initiaf 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 fayer 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



hydride (halide) vapor phase epitaxy (HVPE), metallorganic vapor phase epitaxy (MOVPE), and

molecular beag,epitar,QYBE). The dislocation density at initial III-nitridgA@XQE@wJ&Q% 118 and the
growth conditions for pitted layer 120 are optimized in order to promote the formation and intersection

of pit like structures that lead to the agglomerated or clustered 20growth-pits 122 opening at pitted
(e.g. rutted, paialetheutapas] 26hbiplasating.t o iadlusitatel as: wesEinGlimgitwti @i structure
124, however,growih pit sunclse 124,085 notinlarseried iurher.growihaie and fegefore the surface
opening produced at surface is less significant than that prodduced by the clustered or

agglomeratebhFekfoef T pids gerisitgs ok dislovadrsiissnhe g apraerod giskeatipeglospiddhe growth
time (or 25eguivaieptlytiadlicknrssgédhe inteimediate layer) are selected so that the surface

emergences of the agg| rated growth pits are suitable sjzed to.he reliably apd effectively
overgron I adcilih B LU B G LA B e & oAy SOTAERA e
plurality of digtpeatidris atitheidbisetegiohstarisingfrosthode dhtkesectitigrorewitsgitsd Farexample,

agglomerated growdhypiti Stiv Gh e hRAiaRMPAIEES 1sP SRAAlS dislacationsi3R ihgrsfare pitted layer
120 comprises an upper substantiaFIfIP}i(a%lanar surface parallel to the underlying substrate 102

composed of HigR G ARy GehiTiTH 3 iR RpISTERY R A A BRI YPERES it features 122
(voids, depressions gicgrovor exampleglitthastbe envwill QiR (166569 5R2RGFAIE2008064330 found that

suitably, gpenge; g r&@%ﬂ%&r&g‘ﬂ@ PUSRTHURUANIULERA @Fé?e‘i’aﬂ(f}g fRq1Rle) Javershaving

thicknesses between 0.1 pm and 1.0 jun. In addition, In certain embodiment it may be advantageous to
employ an irfGEI9TE) AR HapErdRiEHhR~ I ] GRfebIE HEtErRUFEUPRER R oN, thereby
promoting ther&tersakickiaf gepmitspismng Hnoreastag/ie probahiity:etgrawto Ditrifigesection.
Therefore in gertain emBorimenta of e pvention.iniial W0itide sufase d 18 may comprise a surface
dislocation d%rnsny 0 gre)éter than xﬁ%u%cm-rﬁl, or alternative embodiments a suriace dislocation
density of gréBter than 1 x 109 cm-2 or finally in other alternative embodiments a dislocation density of
greater than | X 10H:eme2D jllustrate overgrowth of a following ITI-nitride layer on the upper surface of
the pitted intermediate layer according to epitaxial lateral overgrowth as is known in the art.
During the overgrowth process the material of the following layer epitaxially overgrows and
encloses the extended voided regions formed via intersecting growth pits thereby sealing
portions of the pits, terminating dislocations located at the bases of the agglomerated growth
20 pits, and preventing their propagation into further Ill-nitride material thereby being prevented.
The epitaxial growth is continued until the material of the following layer coalesces, forming a
substantially continuous film, at which point the growth mode can be altered to promote
growth of a more vertical growth for producing material to a desired thickness in more
effective manner.
25 All or substantially all of the growth-pits of the pitted layer originate from or are
induced by emerging dislocations in an underlying initial Ill-nitride layer. Therefore, when
enclosed, the dislocations cannot continue (or propagate) into a following epitaxial Hl-nitride
layer grown on the pitted layer. Because the following layer grows, at least initially, above
and over the aggiomerated growth pits via epitaxial lateral overgrowth (ELO), the dislocations
30  are 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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101t should be appreciated that the intersection of the growth-pits in the pitted intermediate layer leads

to agglomera%rﬁ%%m&gyvith two or more growth pits) having substanti i ids extended

intersecting surface opaenings 122 in surface 126, preferably with a subﬂ%ﬂ%ﬁ@ﬁéﬁ%@m distribution

throughout the pitted layer. Therefore, it is preferred that the original surface dislocations have a

substantiallyfenifenia disiibriamn inid berigmataydase hlSHbaciy emiiepilsouginagiefendall or a

number of the disloc ignsg%r?sent(ftlsurface 118 of the initial 11 .-nitri%ie layer and extend through all
G e

) 1ty 1 it Swer cationg than are present at an ingtial sutface. . .
or a portion ot fh p’ljtte intérmedia ?ayer. For exarﬂpre, isfOcationS b are illustrated as fowling

surface disturbancé$einptymigr ambodiniet inteiratwst tp Form! B podibRbof 4 grenmBriedfpie structure 122

in layer 120. 20Hewever.sane syifirss.dislosatignsmavwrekieadio 3eg Igfg),e,{@;i@aﬁleﬁmeexample,
dislocation 106 doeibglc%#(i;r?a r forms a lesser surface disturbance at surface 118 and as such does
- C

not induce a GYSWHHLIE B Dift&d AU 128 OB R PTG TR BF 57 & Btbpagate through
layer 120 to engrge:atsalifacett6tialherd if dansueSodt dizslacgtivfaced distudbepnog b3k dkjesser or greater
significance. . AddiHaboHiRIRGAAD, AR Riaducss LR 2SR L4 naih (B AKRR e intermediate
layer, however due to process conditions and thée distribution density of dislocations in the initial
llI-nitride layBFGI6RAIER1124 is not capable of intersecting with other growth pit structures. Therefore,
dislocation 108 formsw:sidgtd] dpgningild-adssurface] 126G whichysrramuced inliateraladtent compared
with th or it able,ohintersection, 30Further, some pit structures,ma t be directly
adjace(r)]l?teo té}n%ﬁ{a?e %@%gcg §018d%utg|n§%a% Ec%%%r%i ?aoFegsfSr %%hf)%lpsg qgﬁ%%ogi"s}lgi%ﬁ%n within layer
120. Such grifietk-pitrirerefores Kihymatdiesnthieresiyrtice eharety 0P sre Ol coidde layer 120 (this
layer refers teraltithe matgiialhetvasnsuriagesd 26randsoriacat 18k harexamplRagdnsiructure 124 in
Fig WO 2010/056952PCT/US2009/064330 1B origjnates.f ropagating dislocation 108 within
layer 120 so that t n(tee%ﬁg(g %‘f %sa%%%?}u%%?g % ar%é% |r&écgtily{§ fé%%er%t 6 %‘%ﬁ%@’iﬁ@%ﬁough a
majority, or substasstiafigndibceise erenetatipraicoiahemgrotthnbits sraycestéerd ehtougitidhe entire pitted
Ie}ye:],I :tlshou@a%&@ﬁram {hadcROMmEcRIRE SreWRRIS MALEENdeRlsthieueh @ fiaction of the
pitted layer.

substrate on which layer 100 is grown). These dislocations can continue {(or "propagate'™)

along with the growing material into initial layer 100 and disturb the crystal structure as the

dislocation intercepts the growing layer surface.

For example, dislocations 104 emerge as surface disiocation 112 where the structure of

20 the surface is more significantly disturbed (in comparison to a defect-free portion of the
surface). In comparison dislocation 106 emerges as surface disiocation 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 sapphite substrates. Dislocation 106 can also arise in the bulk of the growing I
nitride material and continue or propagate along with the growing layer to emerge 116 at

30  initial layer surface 118. These types of disiocations 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

12



5Therefore, statements herein to the effect that growth-pits originate at all or a number of the

dislocations aw%?%sgsg of the template layer should not to be interprﬁéﬁ%gﬁ]@ﬁg&%ﬂg
ayer 120.

embodiments In which some growth-pit structures actually originate within Fig. 2
represents in exemplary fashion a portion of pitted intermediate layer 120 (delimited by dashed lines)
between uppgssthdase: dr2h i, | aweisautace dderfehich s thesd Gpuppensuiface akinibialckl-nitride
layer 100), ag(gmgljjl(r)tqero illustratles tindividgg&f non- ié][}e{séggt\i]ri\g% C%rowth- ittsr ar}rclli quowth-pit clustering or

. ) 11, T). CHI UPOI. al Xamin eIeCiro COP. ..
agglomeration as co\r{nm n florme In preferred embodiments 3?% Invention. qshep%dlwdual

growth-pits c&fMhbatgEideTen Bl feseagb Fal Meostepamiverariarjeneeitroatabera2sivhen the

semiconductgrialerialebthsupitied JayRhcmplisesa Wonitridenhiph-hasa hexaganaligrystal
structure). A non- 15intersecting growth pit 124 is illustrated as having an intercept with surface 126

having a"width°i#/1) and a depth (Di) and an inverted pyramid like structure with angled facets 202.
Dislocation 204 is ilustrstedzd ibropdg &ny(thtepicted laygemiditiedBuitindeisethieofalimation of growth-pit

structure 124, Lhe SRt {31 oL grondh il hedds dHunliaiesd BHRRCARMRRSSIAG, 98 yraPortion of pitted
layer 120 without limitation. Other individual growth-pits can extend 20through all of the pitted

111-nitride 18854 18yeT IEGHEASI AN SEERLR CHG YRRt B B A GaBrH ates Lififture 122 are
iIIus_trateq a}smm@mmaaﬁk&inmlth@amh_se cd:efﬁbﬁ@i&?phaedré-uuhitaiﬁﬁezﬂayea&&lﬁﬁ,tomlgireaiﬁigiiﬁ_ﬁma initial
gallium pytridg layer, (00t o i s SEhe el ﬂ@?&ﬂi@@@@@g Ahsyriace %Qmmﬁiwﬁg%ﬁ the
growth-pits and growth-pit agglomeration can vary from place to place at the surface of the 25pitted

layer. Withoufirthbatrsiaibissemesrderatepa eatTornhrcnitid YraitiAcryesie He s current
semiconductnr-iayeik is@epsinde - onithia Shpcacternisits afithendistogatiopstbemselnes, e.g. for

dislocations E@gs%%%@ 3[;Dl)ragnraYg yary, fsc,:%glscra W cﬁqﬁe-%‘él 'gnendr.%qg structures an Eéallso on the strain
and Burgers vector of the dis ocatioﬁ, ang a@’o hat the width of an maividua) pﬁ?opening at surface

126 is in pardigseiriedasiviitidne rasterisi cslbpmaiBod sl ceation fivagdhduced the pit, e.g. W may
depend;gn nature gfgliglncation-types Sthakh BiCpitaxiflsQrdhia widthiafaremdashits.instease in
response to Wp@éﬂ ({ iglén%sshof t@% fitt?q\i%igtrig% 1||%l %r.i(l::\gg exagg‘gle, ligdi\m{%? wth-pit 124
has a width St R THETRE Wit Blittace 126 AoweVs e thatR 5P 18'd =pit would decrease
if the pitted and molecular beam epitaxy (MBE). The dislocation density at initial ITI-nitride layer surface
118 and the growth conditions for pitted layer 120 are optimized in order to promote the
formation and intersection of pit like structures that lead to the agglomerated or clustered
20 growth-pits 122 opening at pitted (e.g. rutted, potholed) surface 126, Dislocation 108 is
illustrated as resulting in growth pit structure 124, however growth pit structure 124 has not
intersected further growth pits and therefore the surface opening produced at surface 126 is
less si gnificant than that produced by the clustered or agglomerated region 122.
The density of dislocations in the initial layer surface 118§, and the growth time (ot
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 paratlel 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

13



WO 20101056952PCT1US20091064330 layer thickness decreases. As illustrated in Fig. 2 the width
of growth-pit 124.at an earlier stage of pitted IIT-nitride layer growth is giveR@sibsiyhiere as the
growth-pit width at a later stage of growth is given as W. It is clear that width W is greater than W'. It is
believed without limitation that the increase in pit width is due to the difference in surface energies
S5between thigadgladspitiel taeetd 000santh gheogrbwil facetsaiaraliebiorspitfatésténredation to the
gli/\gq 1ill'rc,a.ﬂlc_plt_Biﬁrﬂwanner, the pit structures enhance the surface

growth mechanis, pro mi‘%%s%%s”@&% . . _ .
distortion proguceg bft e emergent dislocations in both a lateral and axial extent. Such expansion of

the surface profile Janddition.dr gredngabatiorrrdisioraborieniaseanie sHrimirt Wbt Eining the high
quality of thesusaunding galivnpitiidene siall OMmakes: itieRsifib0 therteIsoRdinoNrergrow, so that
the surface af the . following semiconductor.layer is i ved, i.e. has less dislocation The lateral
extent of the(;LJ oW nﬁﬁ,\ér?sg’furlfﬁgé? ?gé%xgg% )ﬁe 18%% ?(n%e%%ﬁ?opr?t 5?%\7\?8%?%?#? ﬁ?gﬁth pit
structures. Hit agglomerediorsi(trogibs tarsalostiniitirBlIpaide srelsents te imerssict arivfatsree individual

growth pits pEOPLGIBY Rlate'a BRRIAGAL SUFRGE 21 360t M4 STbediadividuakweided regions of the
three growth pit structures combine t%lform asi n_i{icaégt%in.cre seqtvoiq:ed rg&io ) n?}/vg the three
individual diSiSRAHM BN giepte B38d B th&RoMbiREY VORIAY FEGIOHYe PRI th-pits and
agglomeratedsgravish-qitsiin @ittedisemicorductomtayer 120 are preferably produced by way of
carefully selected growth parameters. In certain embodiments, 20a low.temperature growth of layer
120 is fﬁ(hnd to enﬁta%egiﬁg’g %Pﬁ%ﬁ%?rq tgftp%lfg.l?ﬁc %elcétlggrﬁg?e%(? IE@B%\L/’VV‘Z[teﬁ1 1|cgsélr%t u?%’ﬁ?éwth is defined as a
growth tempetatuedisest thdpatiiat epghimenlydssedfol b taposition wphibiguangng11-nitrides (e.g.
for gallium nitride anproximately 100 ddbREkERxamelep thie Jovs emperaturesgrowth for

formation of gallium nitride growth-pits would be on the grder of less than 950 "C, or.on the order of

less than 90BTETa? 2 safict AMAEITUR THECSILUFEPINSS fRRHESEH B° IStHaYS REnts the
temperatureippitfergomvihtic maintdineticatdkataomrherdy udedkficrlighnifual idyfilpvgrowth (e.g. 1000

LL50C far oallym iided Ac e RIGIRUR gf i grinicacabiningreRsed apyg that commonly

utilized for high quality IlI-nitride deposition. For example, for gallium nitride films the growth pressure

would be onfs&srlerehen daba thamtvblhpiide g thd srsar drasrals e #psHiossd Bibar, or
alternatively anethiatameded: af greaterdhanmsie, tbasationetiier saibodimanisfnardopingdevel of the

o T SRR AN eR e AR L SOV RS FOLEXAMRIE R AMEARL gam e

doping and t?ile Efact on void foimation and foun ecréases with Si1 doping. The growth
parameters forgrhting the
20 However, some surface dislocations may not lead to agglomerations. For example,

distocation 106 does not form or forms a lesser surface disturbance at surface 118 and as such
does not induce a growth-pit structure in pitted layer 120. Dislocation 106 can therefore
propagate through layer 120 to emerge at surface 126 where it can result in a surface
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 fayer 120. Such growth-pits
therefore may not extend through the entirety of pitted Hl-nitride layer 120 (this layer refers to
all the material between surface 126 and surface 118). For example, pit structure 124 in Fig
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WO 20101056952PCT/132009/064330 formation of growth-pit like structures may not be independent

of one anotheygnd, yarigus combinations of parameters may enhance the. f HBE‘ gf the growth-pits
in the llI-nitride film. Thebarrangement and density of the clustered growth-[ﬁ{g@ouﬁid e such that,

upon 5sealing portions of the pits, sufficient surface area away from the sealed growth-pits (e.g.,
surface that iBatigastireencpsigificantidistotatins:amiiserean) o emrinshiahsubsaguant epitaxial
nucleation and for support. of the following epita igéol r. Generally, at least approximately 25% or
more of the Strl?éﬁ%ué g?r(g)g ((it)l ef#ey saéﬁé%% %%fgg“‘é’re i gégﬁ fé?lr?earr% %Ha%li %ﬁgaft?e%l%fa rl;111’g(g)grlomerated

growth-pit are¥48 nasty sHese b aroattiepist appessi elysbobs ortitomistdawndiniomdddreferably at least

approximately ede A thaoieme ot thesfurthenprefasrtben brsimentofithednyeptien, iiystrated in Fig.
1Bb, a thin Iq;{ler ?f maskin% m%terial 131 i§ applied to t[?e.surface of th? pitted i diate layer 120
ere nt% feqt |

_ ‘ d interme
preferably in'A MARREr SO tHAL & portion of Side TAceIs GF IS GrEWa Sid and & nPSﬁ?rgllgf"ed growth pits
(preferably tHslmetendigiordéared pdetidrsapdetdveratavkileoidaingitipreexhainivegidifz portions

(preferably thedggs.disordeiad Rorions)anshithe up-Ritad:piapasmaterialpecessile for subsequent

material growth. Preferred masking materials comprise substances which act as anti-surfactants to Il

nitride growth, thereByAiMtRTEPIRE SHBIHTSFAICRARSHTA M ASE I BemeHebrE Sftucture of Fig.
1Bb. Depositizhrofaiiti gdasfad tdantshatetial sgrtowafsectidany inatetialachaingeehitieistréace growth

kinetics, by reducingthe stigkinoiaaaffisiant d Rothe:2%.RIpaRi.e! AURQIRLR.AI a chemical species

on a surface). Therefore in the case of theé GaN that the anti-surfactant can substantially preclude the
adsorption afifFiFEHRSO EEABI 6F ER ORI e AL TR ML OMERECRTE SUHBeHdPREPiBVents the
nucleation offsM:d erteriaiesiforimeaisdhe b inglitactantmatatalosanaprisasediglectric materials;

examples of gych malerals camprise slisen.arides, siicen iides and mixtues (hetgol; 251n an
exemplary pre)f;e%regl' mbodinent of th Invention, silicon ni ride IS Utilized as a diefectric masking

material 131t Ritedliest sriripesesh Berftidnadioh e dortgeasd PgrowiysiviR4 Areragglomerated
growth pits 122:empleyiag @ prnes phsethodswalbknowsrisrinadrtniorexample VD, MBE, sputter

deposition and.spin-Qn cpating technigues. However, it is.advantageous that the depgsition of the
dielectric ma%ﬁ%%z?\égé"%l %% r ot'snﬂl%%rﬂd lngétacé‘eﬁ@F %%ﬁégrﬁﬁté?cﬁlf%?z‘g fac')?‘%ﬁ qg?‘gtééegg'ing growth as it
is desirable @iperfoem22Heieithistgedwthrpragadaietovititinl agimdRd readtoe sothiedbasubistfate being

processed inAqkXRAsEEIR AMOTRNELRRHI) S RIACESSING GRS LaNBERITRE abilly (o

exclude ex-situ WO 2010/056952PCMS2009/064330 o )
only a portion of pitted layer 120 without limutation. Other individual growth-pits can extend

20 through all of the pitted 1li-nitride layer.

In contrast, the intersecting growth-pits of agglomerated structure 122 are illustrated as
encompassing the entire depth of pitted MI-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, e.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 widih
of an individual pit opening at surface 126 is in part dependent on the characteristics of the

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

Also, the width of growth-pits increase in response fo 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

15



processing not only simplifies process protocols but also reduces operational costs due to equipment

simplificationsy,, ,AyAisggntinuous silicon nitride layer can be deposited by, €MD pracesses, e.g., from
gaseous silane (SiH4) and ammonia (NH3) under conditions known in the art. CVD reactors 5for
producing lll-nitride materials frequently employ NH3 as a Group V element precursor, therefore
deposition ofsitichitinitsde: anlyese quindssthecadditigriadhe fnddBi ldédpuli-iattihe: rwastariahamber, along
with any additional auxiliary fixturing. The growth thickpess of the,silicon n_itr'deC\ r 131 is preferable
maintained af'tE F erﬁggﬁ%laﬂgﬁuéﬁ\?v%gﬁ gg)proflsn%gtﬂ)? 55@5 E’néf%GS?&k}ea%%“S?e‘?é{r% gy%e%g{velépproximately
preferably 26136 farerdt Erisireah® dissoreridhs vidtbiNdsramstiantaager dovddigecdver the

substantiallyplananigeien okt swface afntermeadiaiedayeuartinied 20urfadduingdhe deposition of

the thin, discontinuous layer of silicon njtride, a random gdeposition is achieved in that the material is
depositel o B ST GO En R ST [ Re o L8 ) Tt S AU A8 the planar

non-pitted métegialk th 58ittcormipicanantb slicunvokides (antiothenemdskingnterals are provided to

substantial |M@1QH&QH%‘&E§%_§@%@%{? EQQ&QE@@' GIEL &Y&QQ&P&{%QA{%EHE lﬂj{ﬁlﬁ‘d%‘df %§cﬂ n order to
further promote the reduction of dislocations in the following layer of l]-nitride material.  After growth

of the pitted FEHifIEE AR B R PO WIRT RS 8 pire Lt i e o3 ahsienitial pit structure
124, the pit strbwturesngrehibxinsgakbdn@hspatined|ilyridgecd20atading balgeahigdrowal step

substangally,prevenis dislogajions docajed Aldhe,RgeokIne AR R SIMGUIRRJrampropagating or

inducing further defects in a following llI-nitride material. Therefore, embodiments of the invention can
grow a followEf IFimRFRIEistdiralwitHisieHoved quality, i.e. with a reduced dislocation density.
Preferred embodimaetstatthettaventionsed the disiacationsdaedates.ak theibasewbthe pibstructures
by over growth of a 25&%0%@%@&( qjillhj-ni'tride glat rial. The Qv rg{l%\évltlt} Aa er can Hluecleate from the

. 'E QT t t . ollf .
upper high qﬁarﬁ?)}e %-plt ed regions of s ace 126 ¢ OFnCpEff‘sicﬁ% Sl‘grﬁ quality MEnitride material 128 and

then can groWwiasstigne Cltrseeinsdy herheFrpithariia rafusizmy aey spauemtbtdistobtiing2thereby
sealing the dgfegtivednatesial erdigieventing fudherppanagatinn afsisleeationsa Fig. 1C illustrates the

initial Stagessggfnli%tc%@lly !8}’2:'5?@8&&%?{% r]égl%no ‘];vghf %Il!e:ot Ijgegirigi}idual dislocations located at the base
of the combined voided region.
The growth-pits and agglomerated growth-pits in pitted semiconductor layer 120 are

preferably produced by way of carcfully sclected growth paramcters. In certain embodiments,

20 alow temperature growth of layer 120 is found to enhance the formation of pits. In this
context low temperature growth is defined as a growth temperature less than that commonly
used for the deposition of high quality II-nitrides (e.g. for gallium nitride approximately 1000
- 1150 °C). For example, the low temperature growth for formation of gallium nitride growth-
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 MT-nitride film is varied to enhance the promotion of
growth-pits. For example, Son er 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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30 nitride material. At least until the growth-pits have been overgrown and bridged by layer 132,

conditions canpe splecied to promote ELO as known in the art. For exgipple. see Hirgmatsu etal
Journal of Physics: Coﬁﬁﬁensed Matter 13 6961 (2001). Subsequently COI’]EI)EOHS c%m e changed to

promote vertical growth. The lateral growth nucleates substantially from the high WO
2010105695 atidd S2RA910614 BRO struadiippeiianiatdpenitig e mhaleriehef sidrfageut 26 of pitted

intermediate Ig%gr 128 ar}d Iesse%gr}gécaerﬁglix ﬁtltmoe faggt% T51%gﬁiﬁ%r‘mvsthc_)f itth?n%o%\ﬁhnp# dstructures. The
/ tted p?t S d h

ﬁ 111811011% 0O Pa ATx %{%’g .
lateral growth process therefore overgrows the face ructures produces high quality

llI-nitride maf8¥al as the following layer inherits the crystalline quality of the nucleation areas. 5In

certain embodimentstheafoliaingn binsityidemnsaiarials bavengieyaphRrepsstiesslasely similar to
those of ;he malterial of the I(Enitride séiltted la ?ar so that few if a% di?ilocatio s will arise at the
interface’betivaett RSP0 BRE I ?f&‘lfa?}/é i%‘ﬁ?"‘rﬁ%%%% Wity BYRFTBS i have better
quality, i.e., feweredistosatioas fibaef tgifithat Bslerations andipitied tayeind 29 sibseaneytembodiments,
the following.matetial efAYaT A8t SAFRHRFARYSHYING SAMeA%{e Ritied.daysr faterial of 120, for

example if the pitted Iai/er comprises fgallium nitride then the following Izger may comprise gallium

nitride or an HYITYSMar HteRre of the greiat!gver gF Wt orIe RERIE 135 ehorEb T8 ntinued until a
continuous lavettahinfateodd dsigrecducbshoashilfusirate dnit friderdBy bn lmereppebdihAislcooations 104 do

not 15 qgntiwfré'pggdgyg;g #}%éﬁﬁﬁ%?&%@%ﬁ%&@(@"75@99}0&%}"“6‘1 growth pits which have been

overgrown and sealed e overgrowth of IlI-nitride layer 132. The size and separation of the
agglomerated grov@ﬂflﬁifvgrﬁ’l“é optimedsarke feamRbthigh g/ s origidndig. B idia paration
between ELQgiarthafiontsnigsmaintainegi-a ievel dahieveni-gistiecatiagméarmation upon coalescence
(often due to tilw&q)q twist in the arys ). The E wih ifsﬂ%Oillus Latgd in Fié%B 1C whg;re the lateral

( a 0 I .
growth has ;Prlgdﬁuceé lguabng%grrlﬁfaﬁ?y |§t§)?eﬁ% ?%S%ﬁdsg(%%r%%?enael B the 0 ('%nwdlrfi]L I-Tﬁﬁf‘r}fae layer, the high
quality substeietiapitisreiarnbly theensemicorvgirstopinme ded eivied pifidel Irsysredbtirmraisiseed portions

for growth. Upeiheopisrdad ipter alkgmwiisthe,snadajahetdbedoliewipa-ii-pitrida lavesagalesces to
form a contlr}ulpy Ia%ler.tFl ID |Ilustr%6t1e'|§ %Flatt e c%ntlnuouzf,éollowm, layer has s%b%tanttlally fewer
25dislocations P BREHTITH the itk TATEF SOB SR PR S SIS S ARPGTIGH HBSE 8t substantially

all dislocationszatressgated;ssonibndisie catioths {legbydisitoatibna106p tefnprbpagaterintbdhe following
layer. DislocgtiankQ6 @ém%@s@pgﬁ 1Biablavell0Qate-Ryerdddsianadhadnitial iglgral extent of
e

the surface openin Pﬁggduced by defect 106 was insufficient to induce a %royvth pit (as shown in Fig.
1B and 1Bb) BErat He R &Y ERSFe P a B SRRt SO Fsptig s Tar s RbifsiniPy layer 132 to
producéemergbsiti Byréfedsdefet wpehing kBhecies on a surface). Therefore in the case of the GaN

that the anti-surfactant can substantially preclude the adsorption and incorporation of Ga onto
the anti-surfactant surface and subsequently prevents the nucieation of GaN. In certain
embodiments the anti-surfactant material comprises dielectric materials; examples of such
materials comprise silicon oxides, silicon nitrides and mixtures thereof.

25 In an exemplary preferred embodiment of the invention, silicon nitride is ufilized as a
dielectric masking material 131. The silicon nitride can be formed on the surface of growth
pit 124 and agglomerated growth pits 122 employing a number of methods well known in the
art, for example, PVD, MBE, sputter deposition and spin-on coating techniques. However, it
1 advantageous that the deposition of the diclectric 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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Dislocation 108 produced growth pit structure 124 that did not intercept other growth pit structures.
Generally, the&g}z&]&r&gph over the isolated growth pit does not pro?/\t;&&%g%mgg Eiasolocation upon
coalescence as shown in Fig. 1D. However, in certain circumstances WO
2010/056932PCT/US2009/064330 (as shown by inset 133), during lateral growth over isolated growth
pit 124 coalegeensaiminentoliawdngclayeteiuiheaicdisiasationiiéa smaxhspradiiced that is emergent
at dislocation 11131’4 Q@%ﬁg’f’%ﬁ %(_)4 produce an agglomerated pit structure, which upon overgrowth
forms extend Volded reglgn 146 " Dislocations 104 associated with the agglomerated pit structure are
unable 5 to propagatéitprsuyhuhslieieitive dier srobardenheied bredPritrmarsebwitisinftha intermediate

layer unable to.pradiicacfutherdisiasationannhefellewingdik Rilsideilaserart, clceRaiembodiments
upon coalescence, the ti' kness of the foélowin I1l-nitrid %}I/\;r 132 is 'nc[eased until a desired
thicknes? s ARHRBETRA IR F 1P S R0 TR TG AR B o S SR Fitined by lateral
overgrowth tthgedele depastomtivfisdissfiinidQoupareed dscehiceooi!thafBitbvimngt fitrthd 82¢tarmore three
dimensional Q{Q}i‘{%}m@g&ﬁﬂﬂa%a%@ﬁ{%%@%gﬂé}g?fﬁ%wgp@QL#}S&BQMaéiEQQMBﬁé&Of material of

layer more effectively. Additional preferred embodiments of the invention are ng\v/a\é]described. A first
additional ertBB8fRERAL ! AbSCHBEE WMmALIARGI A 1RGS2 HE T ARRP BRI ab VB L Albodiment
except that ah etohingfstely isperipmmethpridy focgrowiofithe fpitteddnte atedtblayesf A second

addiioryg) erpRodinelASCIRERIU RIEINGR K dRn A bR %og?e{éss%fg&%%ﬂa%&& mbodiment
of the invention (e.g., the embodiment of Figs. 1A-D, the embodiment of Figs. 3A-E) so that the quality
of the final Iay&¢ia8'B¢/8A4Pore improved. For brevity, the steps of these additional embodiments that
are closely related mensrasgendingnsieps ofihé poaviousiydesstiaachembadimeniare only briefly
described. Also, elements of 20. Figs. 3A-E and 4A-E that are closely similar to corresponding
elements of 'tf%gmh\ ) %‘%ﬁ‘éﬁe{% |f!|g€§ %N?tﬁi%heg Egé?n@émr% eere?]\é%r Sﬁﬁ%%%}%g.ﬁom ﬂtf:rﬁ? %OH%IW to an
additional preferesslewseiraenthpistaatediby tigslax Prnttpbritaiatly to Fig. 3A, an initial lll-nitride
layer 10@ (e.g. galligimsiitridedeis.fRrmedmukasuitablansubsitate. HdLlad «fapphised. « he initial layer
100 includes pIuraI'E of dislocqtions 25104, 106 and 108 due %o dissimilarities between the materials

of the initial I8}aFRRY THEWHEHATE g ST R SR HERLTSh RGNS P 8 S urface 118
resulting in verfotukedpgrees ©f settatendibtirlosrze depentihgor thecchaldeternigtimobtiak individual

dislocations/dislocqﬂ@asgr&mspmei%ma ﬁf%{'g&@h&ge?%igs&ﬁmb%@m@&@'&%@&mu@fﬁ produces
SO

tittle or no disturbance at surface 118. 30In metho Is embodiment, the surface of the initialnitride
Layer 118 is SUfRLBH {54 RSHHTY Trotb SEdrioHRs Grettn Brinsakitéd i drdectyer. The
etching2drocess)atis teatinpanceaithedatesadeiignirof sustice«itiocaiions afithddnitidlittayer to a degree

prior to their eR0ANGETMENDX SRR PIING PIISSHRYE rrbCh SIERNG ISSAC Q. 1HesRIaLe"

material. Therefore, embodiments of the invention can grow a following II-nitride material
with improved quality, 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 HlI-nitride material. The overgrowth layer can nucleate from the upper high
quality non-pitted regions of surface 126 comprising high quality [Il-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 foliowing 111~

30 nitride material. At ieast 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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WO 2010/056952PCT/13S2009/064330 the surface dislocations of the initial layer by increasing the
extent of the ?ﬁqgﬁﬂg%%gbances produced by all or substantially all of ga%/g.ga%gﬂgﬁgoemerging at
of t ‘

surface 118 e initial layer 100. The increased extent of the surface disturbances due to etching
significantly increases the probability that those dislocation producing little or no surface disturbance
(e.g. Sdislocgtignylgsrintheratsente shetehiptulfachindyergissihaitsdnjaeisghsequently growth
pitted layer thereby further increasing the probability of a plurality of growth-pits intersecting to form a
Dt aggiomer ot T I g i o MR YRR g tnose
having surfapeesitdhgeives Thardittdlgisenttedat chpstarstpodipnahafesiusburiakie 1N thigidbsence of

etching) indugggrawtimpibieattnen jor pittactdayesduincease Jbe prabak it of growth pit
agglomeration and are thereb revent%dhflrr m proaf ating into,alfipgal IaP)(er,, which can therefore be of
increased quality. ™ Ceéﬂﬂﬁ'rgg‘f QIR ‘?%T’él% ‘gggg?iﬁgﬁﬂ?§ SEeF GEtiFRR Peterence to Fig.
3B. The "decirstippitnidds® tefersidhorastdistd datibhnvisdabrationlstephprdeeddsyby increasing the
extents of syffage isturanses.ohemeraing.diziosations iy ferming.caviies inthepitig) 15surface 118

at, or proximate to, the dislocations. The surface of initial layer 110 is etched under conditions so that
the material 881067 {He Withare R Rn Y bindoae Sritncaig o eatcilsively 46t 1%he vicinity of
surface disloaatinsd(ayother. disorderadxeiiions), thtfibaemewacdiftlef ibat a2 firom the defect-free

portions pf tﬁﬁb%%é%ﬁ%rrta Ié’lea%Sas(%rS&t%&?8%%9&95?&?198,5} fQ:Q e aytan ﬁ%ﬁ% Jhereby formed at

the locations of most or all of 20dislocations on the surface of layer 110. It Is preferable that dislocation
etching condifiBRE e ssdietradrids thet hedaimy et d TR RS SHigdedn sideds a8 dHpamded so as to
have generafyieanigiaigy. cylindrical shapes that extend down along the principal axis of the

dislocation, generally gradually narrowing with de rom their widest portions at the surface. Etchants
(6.0, otohing a0l Sy B 1 At o e e B o cisorclr,
and less "poweldi! \rarsibinsoribsdrdedhanis -dah be nesddiidisleteting S For example, less

powerfukversignaralessaaitit05lesedasicr & ilessOHdiZIRg Rk likGnthamthejkdsual forms. In

the specific example of aIIiLfrg nittride, dislocation selective etc r%g an be performed eﬁ{tger in-situ,
within a groWiiFIBAEbFbFEIELIY TRSH TR AT of TRETNRtETAI from the HePS<itsh HoAdtor. Plasma,
photo assistét; ageglp8Rretré micattamts vepotiphasietatingcrelal waletHdds thatrttancbéatilized. A

multitude of ?éﬁgation between ELO growth fronts is maintained at a level to prevent dislocation

formation upon coalescence (often due to tilt and twist in the crystal). The ELO growth is

20 illustrated in Fig. 1C where the Iateral growth has produced substantially isolated regions of
material of the following Ill-nitride layer, the high quality substantially dislocation free
semiconductor material of the pitted layer acting as seed portions for growth. Upon continued
lateral growth, the material of the following IIE-nitride layer coalesces to form a continuous
layer. Fig 1D illustrates that the continuous following layer has substantially fewer

25 dislocations compared with the initial layer 100 and pitted layer 118. Although most or
substantialty all dislocations are sealed, some dislocations, e.g., dislocation 106, can propagate
into the following layer, Dislocation 106 extends 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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chemistries can be employed e.g. commonly utilized chemistries include halogens (e.g. hydrogen

fluoride, hydr ide, hydrogen bromide and hydrogen iodide), K \ uric and
SR Fer s

phosphoric a n example embodiments the selective dislocation etc
20101056952PCT/1182009/064330 performed in-situ at high temperature, for example above 800 'V,
utilizing vapaisphase Bichieg! HBordexagple0aseseaotRiskng siane (8iEl)eracbeempleyed under
known etching,conditions. In-situ,etchi cesses they reduce cost and time. of the etching step
(0.0, londing Lo A A o o A0 e TRt ot i 0 DR ST A SRt surface
118 that are RadecdismdElearpduse be agelomizadd egsisighific amish pyastetrgaEnfisnstissisaise achieved

at portions thatRee4pere désankigsedioR o1 RXAMPIa SRRy sicaomiatns pRldLIB) 248 3981£2001). Fig,

[ t the more di ogdered. surface regions 112

3B illustrates more significant gtfgh c(?vities 300 ormﬁd _ S .
(Fig. 3AY that" P85 ?‘%f%‘s% Y & B R e A ST o EARB RS SIS LS AN T B iR se
dislocations l4@ripraiie originatia rabdntedfasachi hwithlavstraid-202)e &aydrless significant cavity 302

formed at less disorfered surfacemionhi8 Matd:atmrnrxinalieto rihe.sararnse. of dislocation

106. Because of the etching step even less siagificant dislocations now induce growth pits in the
following pittEdTayer s HVE Hrlsesd e o8 ARy S B SR8 &R et ds without
etching, theyoliowlddiaye indiucetkd fistaddtida:thabeagldvyiopagadecthronghibespitted 15layer and

nlo & A% e AP CqMRIENon S IE.SIEh sen s SROIEN 687, AIRE G b gantially o=

previously described. In this case, a pitte er 120 e.g. comprising gallium nitride) is gown from the
selectively efSRdaRitiar AIdsrHRIIEyS hheepire digyercompikine bl pranarsuiEedv@ith high quality
material and a aggloieiegRitSbLGHNRZRasHOwe aknhigh #End@ilusirtas thatgislocation 106 now

produces a growth pit structure as a consequence of th .dis],:Lp ation selective etch process, whereas
previously ne QL L L G ae o o T S P B BTG L6150 ). The additonal

growth pit prodkrebady derptthroengtrbing tw dafedemmddragion procéss thepéfoténunedists the lateral

extent gkthe;git,agglemarativniresientyasiredasihe insreasasdaigiakexdrnd alisalsthe dislocation
25produces a sin Ieaiaﬁlg%l%?erated g't 306. Alternatively, the surface ?f the intermediate layer
ed i

just-grown offRRE &% HRLA50S BXRPHIHE B S ENET Y S Fdser Aiiative, the intermediate
layer can besgrowinment ahRigs-ctéhBsintitiakisugfabey @slinfihg &yt odimeentat Figsovia-DYrbut the

surface of the infermediate JavRe camingn e siehad: And inaistill furthes Altemalivgeihe etch step can

be 30controlled so that the dislocations are sufficiently enhanced $o that growth of an intermediate
steps of the previously described embodiments are only briefly described.” Also, elements of

| 20 Figs. 3A-E and 4A-E that are closely similar to corresponding elements of Figs. 1A-D are
identified with the same reference numbers.
Turning now to an additional preferred embodiment illustrated by Figs. 3A-E and
particularly to Fig. 3A, an initial Ill-nitride layer 160 (e.g. gallium nitride) is formed on a
suitable substrate 102 (¢.g. sapphire). The initial layer 100 includes a plurality of dislocations
25 104, 106 and 108 due to dissimilarities between the materials of the initial layer and the
substrate (Fig. 3A). The dislocations of the initial 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, disiocation 106
produces little or no disturbance at surface 118.
30 In methods of this embodiment, the surface of the initial I{l-nitride layer 118 is
subjected to an etching process prior fo 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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layer can be skipped. Finally, regardless of the order of etching and intermediate layer growth, Fig.

3D-E illustrate, 3/51% JU-nisride layer is grown under ELO conditions so that itpreierentially WO
2010/056952PCT. Ué2009/064330 nucleates on the high quality Ill-nitride material bordering the

agglomerated growth pit structure 306, but nucleates rarely if at all on the facetted regions of the
agglomerateglgnanta gitldseib(Hig (RD)its anashefitdrnitiigaigrondt 308 e endsifage 26 and first
grow laterally oyer the lomerat rowth, pit structure, e.q., overgrowi islocation 104, 106 5and
108 located ?Okgeé%gﬁ%{ﬁﬁgz%ﬁgﬁe%% ]%i%lgit?ﬁ%tia?g 158%%% ﬁ%ﬁ%ﬁgﬁg\%%gg\mﬁ%ontinues (Fig.

3E) until islakaler 468 cBrainerfavdl axsut stahtiainfaep AtTHUBAIS M Avcle fithiaxaigiplisafibodiment all the

dislocations jn-ieitial - pitnids:layekd@0:haue ke aranit i s wbishhave altiatessegted to
produce a single ag Iq@ r.att dg)rqwth @itt tructur .;I'hedE‘LO &rrtce%s.isﬂtlher fore ca able of spanning
the entiré extant 5 onferated growth it Topreventing the propagation orthe tinderlying
dislocations.growtBipighy lupothoshydletioninfriae LI praubisy thiee glomlity wiadevdhnitre altered to

promote moﬁﬁt&@é@&@é er@/ﬁﬁha%ﬂé@@ﬂé}’a%{oﬁ%gﬁﬁ? &’ ﬂﬁssl{r%‘y" Q&EKB@Q%@%%@%‘%J&# resulting
final layer thereb_ has a reduced surface d|§locat|on density Jn comparison to the initial layer. 15The
embodimenthFEEEY Hrdhp dbosFBEAAR R RSferOREETHIY 18l5 A8 B fortERIBIT 8 biscontinuous
layer of a dieleciritimaskinghmateidktpon)thdinternvetiiateitayerson pipedh layeetehadddeeorated) initial

surface) s ”%‘é’;ﬁ%&@%‘iﬂ%ﬁh&rpﬁgﬁ%‘r%ﬂ SIARArAHGLWIHIVEIRLERGE 10,5105t nky o Ne methods

of the embodiment commernce utilizing the semiconductor structure of 20Fig. 4A; which comprises a
semiconductEeétrieturdieinmareades bf digsreessdauditand formed by the same methods but also
including a discontfudpus snagkingilqye hokherefiiel meilhads Jasithatoradies offfae3Rructures of Figs.

1B or 3C areot fepeaied herein for brevityy bt raher the additional steps iavplving formation of the

discontinuous mas m% Pély rand gl}bsequent growt methods and structures arc described. Also,
elements of thigyextapspf surface disturbances of emerging dislocations by forming cavities in the initial

15 surface 118 at, or proximate to, the dislocations. The surface of initial layer 110 is etched
under conditions so that the material of layer 110 (the "initial" material) is removed primarily
or exclusively at or in the vicinity of surface dislocations (or other disordered regions), but is
removed hittle, if at all, from the defect-firee portions of the surface. Cavities (or recesses or
depressions) 300, 302 and 304 are thereby formed at the locations of most or all of

20  disiocations on the surface of layer 110. It is preferable that dislocation etching conditions be
selected so that resulting etch cavities are shaped, sized, and arranged so as to have generally
conical or cylindrical shapes that extend down along the principal axis of the dislocation,
generally gradually narrowing with depth from their widest portions at the surface.

Etchants (e.g., etching solutions) arc known in the art that ctch 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-sifu, within & 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, hvdrogen chloride, hydrogen bromide and hydrogen iodide), KOH, NaOH,

sulfuric and phosphoric acids. In example embodiments the selective dislocation etching is
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25that are closely similar to corresponding elements of Figs. 1A-D (and 1Bb) and 3A-E are identified

with the samev{,gf%rﬁ%g%gr}umbers. Turning now to Fig. 4A which corp@giﬁgﬁjégmﬁi%l-nitride layer
e e).

100 (e.g. gallium nitri ormed on a suitable substrate 102 (e.g. sapphir e Initial layer 100
includes a plurality of dislocations 104, 104' and 108 which are utilized to produce agglomerated

growth 30pitsifeaises -3AP-angioransi-pits farcmapl2dwitsorysiallineifacess:49Qsin pitted

intermediate |ayer 120 utilizing methods of the embadiments.of the,invention as previ usly outlined.
WO 20100585 T LOB b B K Ty B R A AT LT ST o the
surface of theopilitegtintertiie dishotayerchso hrodedierciseast tiorard G FighiaBsten Gettain embodiments

of the methogds pfdhgiinyentiap shevnasking wateridkis deposited such that a discontinuous layer of a

dielectric masking material is formed on the pitted intermediate layer.120 wherein portions of the pitted
Sintemiedliate Iayer{%?ﬁ% 1 h‘?d‘% RS TTTRY AR08 HHE St eﬂ]ﬁ’i‘tgr%%sadﬁ%?%%fﬂ@@ vered with masking
material whilesothieedlostioigsi bty pifterdhintetimediatetayeratRovaiensirsone Gwe redmbraaddition the

discontinuoug dgver-ef the-dislpriricpasking maladakd @) Ma¥somayise mSHison,niyide randomly
distributed across the_surface of the %Wth pits and the a[?glomeratlon of gr_owt?églts, as illustrated in

Fig. 4B. 10IMgre e Ueiif thaakitg nfgamrd aidyr sk apes wikh Ac B8 ditl- surfactants
to 11l nitride ghewvdth sthergbyilinting themamamot of disicladtinidinlsaaskad pofliessisidheicisucture of Fig.

45 Dengeiia shanlsHiauALmAIETAI AR Aecsndan TRl maY ehanas e sufece arowh

kinetics by reducing the sticking coefficient (i.e. the probability of adsorption of a chemical species on a
surface). Thét&srdsprdpetast st SHM HE 1BbististiRiptHt Ry BE PSRN HHBNGH® e adsorption
and incorporainreet el bom-onpithegni-sudaciantuniass @agoay BsequeRt yRpeYemsithe nucleation

of GaN. I cqrtain,emhodiments the ant surtactan materigl may, comprice dieleetric materils:
examples of SUC?’] ma gr?atits maYy comprise silicon oxi eg, sHicon ni YII:’ e§%n mlx(fu’res%ereof. As a
non-limiting axAawsRéctangilibon witld davrapdvecdtilidislgcatan dielcenlitmeaskitrghrough the pitted

15 layer and into a final layer.

Upon completion of the etch step, this embodiment can proceed substantially as
previously described. In this case, a pitted layer 120 (e.g. comprising gallium nitride) is
grown from the selectively etched initial II-nitride layer, the pitted layer comprising a planar
surface with high quality material and a agglomerated pit structure 306. However, Fig, 3C

20 illustrates that dislocation 106 now produces a growth pit structure as a consequence of the
dislocation selective etch process, whereas previously no such pit-like feature 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-etched initial surface (as in the embodiment of Figs. 1A-D), but the surface of the
intermediate layer can then be etched. And in a stili 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, regardiess of the order of etching and intermediate layer growth, Fig. 3D-E

illustrate that a Hl-nitride layer is grown under ELO conditions so that it preferentially
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20 material 131. The silicon nitride may be formed discontinuously on the surface of growth pit 124

and agglomer@%%}%%& pit structures 306 employing a number of methqds.knemm,iy the art, for

example. PVD , Sputter deposition and spin-on coating technigues. However, it may be
advantageous that the deposition of the dielectric masking layer be performed in the reactor chamber
utilized for theqeaceedingiap wikliasiit-majbe desitablectpertorlsheenidreradbdgrpiwth procedure
within a single reactarsq that.a substiate being pigeessedsis.net expased 10 almaskiers, (as it would i
ex-situ processing were per ormeé).mlf}fé ak |ﬁty {0 exclude a-gitu processitig not only simplifies process
protocols bupilés!fébigced)opéradiopidi coirsieige w8 Sqbifsrest swimitktivnsirhgdiscontinuous layer
of dielectric maskipgvnateriabmanneideppsitadhyeMdD: 30 pracassas, @sbeaiom gaseeus silane
(SiH4) and ammonia (NH3) under cqnditions known in the art. CVD reactors for producing llI-nitride
aterin freETE ) G R S-a0 B P T Bt o, G, B CRBBSah of sifcon
nitride only reguiress i aifditionldhbehids SiFksdn pubto thenbslactol e kermber) sfdmng Withisany additional
auxiliary fixtuting, Thegrawth: YR 2040028252 el HBAAAY RR4330 thicknres-afag silicon nitride

layer 131 is preferable maintained at a mean value between approximately 5 A and 30 A, and

preferably belSWASProXRALRIGTRErE R0 Tty i (IR BRE R R G RERHTHEREF of fife masking layer
coverage oveLpiieddntrnediatectayek b2 Ehabuingngthettepositiof tof treltharatiégontithpius layer of

silicon njrid _ . denasiti ¢ g be selected such that the dielectric
L %1%9 1@{@3{9@%@&& ﬁgﬁ%ﬁm&gﬁﬁmﬁﬁmﬂ

masking materia ndomly distributed across the intermediate layer 120 such that the masking

material 131 is ranBiEAiDy BpoSTRRcEoB PEHE L IHIgeE IR e Yot Brda slersflomerated growth
pits 306 as vyalhascthe-phuradanginpiltestimadasial 120hdnaargitidnHibendiscontihuos [Biyer of dielectric

masking matrtggliﬁ\gi nlsflmgfzf\a\%g%gr% po tigg%&fl &tl]‘? er %gaéli e f%cet@ 400 of the pit. 1O§trHI%tures 124, 306
emaini r of

. . 1siocafion density in COMDArtson
whilst leaving'r ng portions e crysta ine facets 400 of the pits struttures f24, 306 exposed

and availablénfoplsetssequent growth processes.
15 The embodiment already briefly described with reference to Fig, 1Bb (i.e,, the

deposition of a discontinuous layer of a dielectric masking material upon the intermediate
layer or upon an etched (decorated) initial surface) is now described with further detail and
elaboration with reference to Figs. 4A-E.
The methods of the embodiment commence utilizing the semiconductor structure of
20  Fig. 4A, which comprises a semiconductor structure similar to that of Figs. 1B or 3C and
formed by the same methods but also including a discontinuous masking layer. Therefore
methods for the formation of the structures of Figs. 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 IIl-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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Silicon nitrides and silicon oxides (and other) masking materials are therefore provided to substantially

reduce nucleay mote lateral growth from within some or all Ofﬂgﬁﬁﬂ] )a Qgtﬁ 124 and the
aggIomeratioﬁyégfqgﬂ?cg)}\%tﬁsgits 306 thereby allowing the enclosure of 15some or z\ﬁﬁ oﬁf the growth pits

and agglomeration of growth sides and further promoting the reduction of dislocations in the following

layer of lll-nitride matgkiakyer of IRaRRIERREENI 1he sepitandustonsiiciam: hddgidéniliay ates the
initial stage of a plurality of lateral growth regio 02 fram the exposed.portions of growth pit structure
124 and agg%c}/reﬁrgr%qga%'%ﬁﬁ% Bl ns%?%éfuoré?%é{g L;%Pe?%lfdgi?cs %’gg’g%%ﬁs“% Etrrﬁe%/?é)se%’éﬂeeded from 20the
exposed portivegiof drystalling ferterie! A0Gepdsgrovitkphas i ditenitruow Bigk abybpwstated growth pit

structures 3Q6.5The initiakstages of Jataraligrawih regians 402 itereioms peateale finmtha exposed
portions of the crystalline facets 400 which are substantig ly free of di Iig%ic maskinﬁg material. Growth

parameters fBIBRMBIN ISR BTG AR AT RS BCAHE AR BUtiREdsréViously. The
lateral growthirgigignsatead) coikeprise prrews nfohe pREdreeswdace s 106 Ahichevolvevfral, proceed in

the growth directinn) withifs cARHINRJ.IEMOlaLRAL QW) FRaiRns A97m1p SRFRIR gmbodiments the

one or more free surfaces may alter the propagation direct of a plurality of the emergent dislocations.
The semicoridifetoREirsertreh gt bpyshastrstebeatarhehin g Grrtddihtermediate layer under
third epitaxialsgremdhcansiionsisgleciediteranebidreigestateral growth 30from within some or all of the

growth pits and the agglomeration of.grow its. For : ) ] wih of lateral
Rj gn n%%}?i’c?etaif ma(s)kig%matft%rpafss ag co t&ﬁg‘p L%b&%‘c%@%q & %4 grgwin or latera

growth regions 40 e performed until lateral growth regions 402 coalescence to foul] coalesced
lateral growthrregiais @R niviis Ritsrdy Hrovhn rathedsosetreeions St tRREkaRerasets of the
growth pit stysetidies and a0gloMer Bipos P2 ANNBRIAREEHIS R0 Qe4aR0ahgeawth pit
structures may &pggg}u&g%g &lﬁ%lt oOft{HQ%'t?g%I c%{ggns& %4 ﬁ\éﬁﬁr%?et%%ch éoéteh%lglurahty_of functlo_nal
cavities may compri one or more iree S!JI’ acC S‘ stan Ia%/ ree O ielectric masklng material.
The one or morelfbe strfseesiat0f ot thaiphsaitjcopiuntiitael dhvitlsednthargyeaiidrabiife propagation
directiopsof a plurality.of the SmeEaent %féaﬁ@edr@%@s@a@-@mimatp@rmmﬂgﬁm@&mergent
dislocations may intersect a pllgrallty 0 % e functional cavﬁles. For. )
the anti-surfactant surface and subsequently prevents the nucleation of GaN. In certain
embodiments the anti-surfactant material may comprise dielectric materials; examples of such
materials may comprise silicon oxides, silicon nitrides and mixtures thereof.
As a non-limiting example, a silicon nitride may be utilized as a dielectric masking
20  material 131. The silicon nitride may be formed discontinuously on the surface of growth pit
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
equipnient simplifications,
The discontinuous layer of diclectric 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 Hi-nitride materials frequently employ NHj; as a Group V

clement precursor, therefore deposition of silicon nitride only requires the additional of a SiF,

input to the reactor chamber, along with any additional auxiliary fixturing. The growth
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example, emergent dislocations 104 of Fig. 4D are illustrated as bending and intersecting function
cavities 406 aﬁ%‘%@%@%@% dislocation 108 is illustrated as intercepting functional cavity 402'".
embo

10Additional iments of the invention may also comprise terminatir};STe/lUS 3?%@30 the emergent

surface dislocation (e.g., dislocations 104) on the one or more free surfaces 406" of the functional
cavities 404.direesdetaliihe anciennere fragsusfanemefibe dynciioral cavitissmay encourage the

emergent surface dislocatigns lter their propagation direction quring the lateral growth process.
15T frew SHRARSTTRRD ACh B AR ALY DR G ARUR B4 R TR b o S BHB surtace
dislocations s&&;ﬂwﬂ?tatdﬁh@!ﬁdttow N@ﬁ@e&*ﬁ;ﬁ@ﬁyi@mﬂdmgymwﬁa! hmxfedieteéwﬁactéﬂd_islocqtions
than the initial semjgQadURILSHIAGEof the ITRBRERMRRAIMSHIS QfithS: METR0dS0f thinyention, an

emergent surface dislocation may alter prop%%atlon direction and intercept a secondary emergent
surface disloCatfBR ARG RFE ML BPAFECEmBtgeiit shFrdicdetidioraiot mas hatitste each other
when the emenigentsdistaibet el slocatihn snhave diartdipephibicah graper tiesking, matagl thie two

intercepting ERETARNline,dislaeAUana. DRk okiak a0 BRPPSIGE RGRIZEGIRIS, RUCh &1

embodiment of the methods of the invention is | ated in Fig. 4D by emergerit dislocations 104'. As
is evidently if0&gated! it Figplapyr amarenrstipriadd Wisleddbing oo propdauion direction 25due
to the methogisiefitherinantiandie. | Ghigisg aguiamey atact grovwdinRitfemnaiosy tlisgentinuous

masking.material deposition and lateral growth) and intercept one another resulting in annihilation of
Cictocat e T e S oS e e R SR 8 1 other
embodimentsigtiesmethdiiscuraird mdantidrbleier enhergient sigMatprd@wisiocations may not intercept

and teiminatefon agml&mtﬁ@@ %{@srmfatm@ésqayﬂma@ r}mﬁ&&dgtmemfya?&%@%g@ﬁbaﬁﬁcondaw
emergent surface dislogation wit ual angd opposite Burgers vector. Jn.such examples, the emergent
Curtace disio BB DG S AT R BRI B AP RB LA Bhmimated. Eor
example, emeegehpilisldéatio thd 08 wier2010f056882PE 1020 T 064830 BF PiglodDdsillustrated as
intercepting fupgtignal mx&txgré%-gﬂ%%g@;&m@arm@mﬁﬁm& 108 ANGLE GRS dhR diglectric masking

material of functional cavity 404 and therefore maybe replicated in the following semiconductor
material 132" EERIAE HEERERTS R thRfOEaNEM 18T oF e LbhieBaLtiator structure of Fig. 4E illustrates
the cpitaxial growthromted deritigtbesemicodatictarlayet &8 eStMStantialy hemiiruotsfalfawing

semiconductor ayer, iz NAK s daer s ase AlslaeRUnps A s iRl psiispdugtor surface

due the embodiments of methods of the invention previously outli ustrated in Fig. 4E,

emergent disRiaspEcrtad sy Hertbrimraed0on Feed sracbsenss d0Rmarbhascadifie® 404 and
therefop® magideippreppgata i foHawing: SeraicopmlbICiarwth pit structures 124 and agglomerated

growth pit structures 306. The initial stages of lateral growth regions 402 therefore nucleate
from the exposed portions of the crystalline facets 400 which are substantially free of
dielectric masking material. Growth parameters for enabling lateral growth are known in the
art and have been outlined previously. The lateral growth regions may comprisc onc or more
25 free surfaces 406 which evolve (i.c., 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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10layer 132. In addition, emergent dislocation 104' may intercept and annihilate one another due to

methods of thg inyention.and therefore such dislocations may not propagatedsieRligying
semiconductor layer 132. However, emergent dislocation 108 may propagate past functional cavity

404" and propagate into and through following semiconductor layer 132. The embodiments of the
invention may gisetEpmarisertbenssmpichrd ugihestryoffrestibbibraviitby0th evbutiimeatimdéthods. For

example, a %9%4%%&2;%3@% IFANIHCIAL SEHCIEE. WAV CRMRTRE (3RS Ei90d Ehaudiishlayer 408

comprising a plurali functional cavities 404, wherein each functional cavity may coniprise one or
more free sUFfSEES DB TR GRE SiaAdte free surfaces 406 may be substantially free of a dielectric

masking material 13} whilstiae: phey atithf flosciiopabhayities Mmay:Ris0 estipriselons eitinore bound
surface 410 ﬁdjoinin 20 t&eec{ielec ric met%stki(g& material I%S%ﬂbou({n surfacgscé%h%}may comprise the

e oY o ction of a plura he emergent sutface dislocatian a .
surfaces of & F{IRERENS EAHY upon'w ih maseklnggma?erla(i IS eposnédl.l he semiconductor

structure maghaisitycdioigergpluialiroidisiachiomelonumbrily Braedldvdtsorn®may intercept
one or more fea surfaces.AQGsnla6h 0 herfunatar sawtiss A4 efthe firstlayeedQs, wherein a
plurality of the dislocations may 25 terminate. The s 6§|i.co 1-dl€rd{0§ str.ug:turetma altso ir?clude a
continuous FOISARGISER 1A SPSTAGTAL Rreh R, L1 400 REGRISS Fo i SRIBE At

nSthan in the first
layer. In certeanitgrtfodiments of the invention the plurality of functional cavities 404 may include an

apex 43¢ within first jayer 408 ihernes ehihafuncions) cRyitissmavdavssmEandom;disiibution

through out the thickness of the first layer, i.e., such that the apexes are positioned at differing

30thickness&e HRSTRGRLLE & firlpqaist(e-8- NSRS AT IR AR SHBETE Y EEEa L one or more
times other emmhedimesis! ek theirveniiomde. depdhatemnbodiment fefeRigéiciseoDh¢fenetiobadiment of

Figs, S o, gnlher, WO, 20401026052 RCTIYSAIRAARAS 0 bR e, A ey descrived

[ owing layer that results from each répeat can have successively
improved quasitpe T HERTiEst T IGCSA, this figure illustrates a structure that can result from

15 The free surface may act to prevent the further propagation of a plurality of the
emergent surface dislocations such that the following layer of semiconductor material has
fewer surface dislocations than the initial semiconductor surface.

In other embodiments of the methods of the invention, an emergent surface dislocation
may alter propagation direction and intercept a secondary emergent surface dislocation. The

20  two intercepting emergent surface dislocation may annihilate each other when the emergent
surface dislocations have certain physical properties, i.e., when the two intercepting emergent
surface 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, Asis
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 [l-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 4 fumctional 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 scrmiconductor structure without being terminated. For cxample, emergent dislocation 108
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performing once an embodiment of the invention. For brevity and convenience, this structure 5is
illustrated as Wl%(ggpe as the structure illustrated in Fig. 1D which hashgen nroduced by the
steps illustrated in Figs. IA-D. As illustrated in Fig. 5A (and Fig. 1D), dislocation 106 has propagated
into and through semiconductor layer 132 resulting in surface disturbance 130 on llI-nitride surface
138. In additdmwigiglbeaﬂnmﬂ%, a&ﬁﬂtﬂﬂc\fpﬁﬁglﬁﬁahiﬁa@ﬁ@ﬁqdﬂmhgm@wwlhr@&t@ﬁﬁﬂ@iﬁdﬁ@aﬁb&t unable to
intersect wﬂ%ggt 1er growth. pit structures, prop %qteisfagmgmdl I%gﬁ\tlg ,1083 upon CO%L gscence over the
growth pit structure result ng |n the emergénce isiocation 13 urface ayer T 138. Next the

previously dézgipied @t@ﬁé‘é@”&iﬂﬁféﬂ%@ﬁ%ﬁ@&ﬁ%?%%é@ poeireseshrlosEimigd%C and Fig.

5D, illustrate the ommmb@ﬂost@mﬁa&mgn@gmg@s@oﬂcéiegmmgrsm%ﬁe@w%go Fig. 1B (and
also Fig. 51BU$) F(% IC al d F| %E) espe éarg 15sp|£ ormed startl W|th Flg QA Alternatively,
one or both 0 ctrl mas ing s"%?o stratedin°Fig 18 & na“i?]e &t |n step | fittStrated in Fig.
3B can also M@&W@rm@ﬁ@@m@@hwwpﬁ@ahe lnltiﬁmwﬁds@ttm thidangalive odied ofiBigs &B-D, Fig. 5B

illustrates groywthh@f SurtbenRittRd Hlnittde daigre@02 under the conditions previously outlined that
promote formation of ZOgro wth pits and the mter&:ﬁ?gtlon of such growth pits to pcfcéduce agglomerated

pit structure 500. AYHIOIRETSIE Gienith PREGICATRAH s HtaR aeds B PAE BRI 5 Ences at the
surface eme#f€ndcnk tsld cativies AB6GuahitictBréwhichop reviapslyih &dlpropagatedrhraugh following

layer 13¢ to &g&fai%% 1%&5&15@&@&%%’&{?&%%@&&%%& Tollowing Jay e eAdaicB RS RIgYously

described, is 25initially grown over t lomerated Eltted regions of pitted IlI-nitride layer 502 until
coalescencedf tracbipdy afdhsrovartiad me (Ers D th e BHRaHY SRR B With reduced
dislocation deiisityndfneressanogrguthivithaeiereexertioal @gwhomuﬂmaﬁbmpwé@wed until

further foIIovxg ngt ayer. 5'—3\% Q 2 1n gferread,a lﬁges(?thsrg o@fﬁ illye%g 1i.c c;s ocat lags 106 and 108
now induce growﬁ1 pits intersect to %81 orm agg eratlon area in plttgc{ layer 504, and

subsequent growtH B Qﬁb?ﬁ@*%ﬁ@ﬁﬁbﬁjﬁ?@@@ﬂ%?lﬂ@%ﬁ%tﬂﬁé%@?@ﬁﬁéﬁfaﬂﬁﬁ%@bn Accordingly,
these agditiqpahdisipaatiansrrmnarmninatad Atte |a)g€6@l@dmmtsﬁﬁﬂ&ﬂﬁ@bﬁd mi.ﬁfcthrOUgh further
folowing 2y 504, HIETRRY e BSERS IQIOIPOIRYELR04 LAY PENEr el hgpye st
wherein each functional cavity may comprise one or more free surfaces 406. The one or more
free surfaces 406 may be substantially free of a dielectric masking material 131 whilst the
plurality of functional cavitics 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 jayer 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 fayer.
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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WO 2010/056952PCT/13S2009/064330 132, which in turn will have better quality than the initial layer

100. Specifica‘% Jhe densities of dislocations in layer 504 are less thanliwﬂ}é%o;ﬁg“%hich in turn are
less than in layer 100.  Finally, the invention includes semiconductor structures produced by the

methods of this invention which have included within evidence that the methods of this invention have

5 been perfoshnediens: P e el adimiRsSbeh withasleanrd ucrogSTucurg Lafonekite | eydeace of a single
repetition of thel?rﬁgx%dei{ringpt ggpé%h as in EIC% ID tg/%c%l% (golrlglﬁ{ises a plurality of enhanced and
it

. . i eyl . .
Intersecting aelglllof‘:atlon S%I‘Ug ures, %.él?:egslgOWﬁ’sllﬁ 1'[ 81{ are ﬂwtergectlng one or more other growth pits

and that are arrander#lis figtiplane it aetsetHugttps e u gt caursudidisidonductor structure
can show evidanegisy SWe seRraliians.ef shadormergmbadiraen) «50 Asth iz 3R sckngyidence can

typically jnclude two or more spaced apart planes along which_are arranged a plurality of intercepting
orowth it TG A TGRS R ST R el S LTS A htercapting
dislocation stutkisessdduredse ifrdngsplan® ta\plidnsrtowardigheifinad Sigfabe. diflecabovdaescribed
embodimentg,are infendedd.perxRaHan Bk IDiing: Fandngxampig. matkods of fhe invention

can include differing numbers of repetitions and differln%arrangements of the basic steps of the
invention, e.§" W8RG SRR R st antblomE AR A I8 STUEB R 28 AP IRIR BoRIUGR D, that are
within the prexdetishitdescrikedprinblplesmasctgoals ofthemnvintionrdeurhepripaahtesnative

embodienty, dislagetion splleGRENt CAL AR ARHORMEC AcMSL AN AINGTAYeLgrowth or etching

and so forth. 20 EXAMPLE P’&s. 6A-B illustrates a gallium nitride structure produced by preferred
embodiment8idperiomiAdion s dsircadl, a (0001) sapphire substrate was utilized for growth of an

original GaN layer N&atgdhataonsiindetii-progass.singre aahibemesiarMesnmiobédigrawth
25including a substrate cleani le to remove unwanted contaminants (e.q. a high temperature
ake i hy g e e et e Qe HATe S SRR B furtner
surface pretréasiiehieréiepenbient Betdalcn EnisBPof isolly tnd inviih msacetied arecthe base

substraig.) GRlliswnMiridafayen EQ0 growth.cemereReed:wih depesitionat nuslgation layer at a
temperature Qf approximately 500C for a period of 20 30 mjns. .The temperature of the reactor was
subsscuionts) PR3 R s A NP LTt Ty 2P ARG B B B HHGH sty gt
nitride. In thiswsxaraple the temperature in the reactor was raised to a temperature of 1100 C in a time

period of 2t0 ImT% aRghowil Was cRrHe AL JPEQ0 FRINYIES IoiradueR .lauer drigkngss of
approximate U -
PP p%tted N¥-nitride layer 502 under the conditions previously outlined that promote formation of

20 growth pits and the interception of such growth pits to produce agglomerated pit structure 500.
Agglomerated growth pit structure 500 is induced by the surface disturbances at the surface
emergence of disiocations 106 and 108 (which previously had propagated through following
layer 132 to surface 132).

Fig 5C illustrates a further following layer 504, which as previously described, is

25  initially grown over the agglomerated pitted regions of pitted Hi-nitride layer 502 until
coalescence of the separate growth fronts (Fig. 51), 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 304 of a preferred thickness is formed.

As illustrated, dislocations 106 and 108 now induce growth pits which intersect to

30 form agglomeration area 500 in pitted layer 504, and subsequent growth of another following
layer 504 by ELCQ 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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WO 2010/056952PCT/US2009/064330 2.5pm. The temperature of the reactor was then reduced to

approximately,G99Gigkde growth of the pitted intermediate layer 120, {i-4hig £xappR!g the reduced
temperature growth was continued for 90 mins until a pitted layer thickness of approximately 150 nm is

produced. Fig. 6A provides an image produced via an atomic force microscope (AFM) of the 5GaN
structure aftegzorhpleticorofithichabovetstepdi{gdhamatically itstrate dpaddigslAtaniddkBipsAs noted

the surface %?ﬁlﬁaféﬁglllliﬂha%ﬁﬁb\ﬁ g 'siéé@lﬂ%iﬁrig?ageqq392‘,‘%ﬁ%ﬁ‘i&ﬁ%&?&%’?é’s\'s%t{;iﬁ%efa?&efbi@95 of pit like

structures, example pit like structures 602 and 604. Pit structures similar to pit structure 604, are single

unclustered growtd BrEvaf§ BEHvRIBGHIIEs R IHECG AYGHR STt protiucetrerd Iishscagdbrdtes in Fig. 1B. Pit
structures similantenginsineiure, 60 ased Matagalomearation mraasiwhese thwaRkemeragrowth pits have

intersected and are anclogous 8 sretre 122 In.Fig 45, Only. sclected dluptered stryctures have
been labele ;eg?ﬁ’éer clustersd strictures are apparent in this |gure3 %9911 fated pl? structures
similar to pit Segletapeti6oR Haecinbed aae, berapeindin oPHHEN wlifseampenigsritithe |[1-nitride layer
in Cfompggg%ﬁlﬁ%ﬂééiMiE}ﬂé&ﬂ%@cﬁH@&M??&@@%ﬂ%&ﬁ?d@jﬁ%ﬂ%%h 9@&%5&@%%%@60@'@%% nitridhe f
surface shown in Fig. 6A.was well suited for further growth processes, e.g. lateral gvergrowth o
the growth PSR IERUS RIS PGPS FOE T ST TSRS g niride
material. Thetshﬂ@t}jfglmwremm ¢mrrthie>grcmt¢meact_wp_ amﬂh@mﬁper&m@ alrflblopimeulrsor flow
paramegrs o heynittal Haassief Rk WD WRIG RRIZSL I REGQ JRsuliingsi i gD growth mode.

Upon Il nitride 20 coalescence into a continuous film the flow parameters were again varied for growth

of the remainfAITACEECHARERARY of BT EBICR Y Bf5 L SURE SR N SATE RIS BN
micrograph (iEM)dmageafihdlil] thitddeisamblatuponicodigletiomnotihentatekatave fgrawth stage of

the process e%?&ﬁ%?ﬁ&ﬂ%ﬁ%?'&B%tﬁga-l'l@g?e 1C and 1D). The lower portion (below the horizontal
dotted 25lin€) of this TEM image corresponds to the intermediate pitted layer 118 of Fig. ID and is

labeled as such. TREBPE frortibriisrahedisidticte itk ded dRnbe §ealant Yht ARt ngteidl produced
by laterad overgrgudhndiBodegian I32mbignlRand sragainabeiad assuilbas anddigdagion within
circle 606 illustrates a single gravvth I5)it 0[Prgduce ‘bX dislo&:a}tioq.GOS. U}Qon Ia%e all ovgrgrowth and
arpangements e Basic. steps of the mvegtion, ¢.g., distocation enthatficement, dislocatio
coalescence,lfﬁegorlglnﬁ iSIocation propagarfteé1 as
intersection, and layer over growth, that are within the previously described principles and

goals of the invention. Further, in alternative embodiments, dislocation enhancement can be
performed by other than pitted-layer growth or efching and so forth.
20
EXAMPLE
Figs. 6A-B illustrates a gallium nitride structure produced by preferred embodiments
of the invention. Specifically, a (0001} sapphire substrate was utilized for growth of an
original GaN layer. (Note that a number of process stages can be performed prior to growth
25  including a substrate cleaning cycle to remove unwanted contaminants {(e.g. a high
temperature bake in hydrogen containing ambient), nitridization of the upper surface of the
substrate, or further surface pretreatmenis 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 galiium 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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30dislocation 608a within the following layer of IlI-nitride material. This illustrates that a single

unclustered grwth,piisMay not be successful in preventing dislocation m@g%]g%?)aé 4330 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 WO 20101056952PCT/US2009/064330
@ntersecting qréwmih ’plht:s&fh{ﬁimrﬁﬁ eam@miisegmedewiﬁamwgi&p;ﬁd;ﬁﬁﬁmﬁﬁmﬁldyf@ﬁﬁwth pit 614
intersects othey, gowh.Bifs. 9,05 upnenRarion abaye.the dotied Ine. i can.bs seen ihat GaN has
laterally over%rown {agglgmeratlc_)n 14 and that none of the original dis ocatons ?L% are visible. It is
believed thatdisfoeatesde L mavepdanpibrehitstabi gy e agyisrmarton dhersowsedrewkh processes

of the invention. Thegeforgrdhig-RumbrEebASlesatiansg uihr Bl ahoNsEgF AR BWIPRL32 is less than
the number islocation in the lqwer regjon 118. A final surface. dislocation. density of gallium nitride
ber of e quer e nalsuriace disjocation density of

on the ofder SHIeEE LR B T3 (AL SBLEHIER’ IFLRBITBY IRTERSE Syt e examples
give above thB)esorilietitiphiysieed ddmarsahbigrguelity thities temrerluraisdete me@xemplary only and

are not to begtaken AsHMtNGNA-S%aMRIS, he.gewihieMRRIALIgorRARe @M ing.etc are
suitable for IlI-njtride, e}jﬁg GaN, For other llI-nitride materials these parameters can be different.

The preferred BbEHHEMEEE 08 FSHIh LS HBE R & S Hb R e So ke s M invention,
since these empodinmEnts didoiitistralidnsIof several preferee diadpeotsioftthendbid2ention. Any

equivalent emhadiments aresIieRded, (g hew EH%W&&%QP&%H@&JHXS@H%@Q&%Q ry/arious

modifications of the invention in addition to those shown and described herein, such as alternate

useful combiti&t81is TPt dHetRe ey aslerisd S Rt HetuRw Siurdsetdetsdse CRATEHHFHE art from
the subsequemidescuptippaSuch todificaliongehnadeisa viteacadrte faliMibipithe.seepenof the
appended clﬁims‘ In_the fﬁl[QL{YiQQeﬁBQti}” the Oa% lication S ?If%r-i]t?ij(?c)l headingr% and Ine ends are

dvVe 1 reased CIT SuTac CNnIngs in aAVetr 11t © S50 .
used for clarity anof convenience only. A numbe 011‘ lgeferences are cﬂg& herem?t e entire

disclosures GR4iFifkie! FEsHEGHSS FatEl He riiftir theifWntirety, by reference for all purposes. Further,
none ofithe cited refeserassicegnisl aas @f hencchasastenzadabexeyds admilted as prigsto the

invention of ?rgv?tgb%%tc%rﬂg[ tgé.(}?ell%gra eo%fggrrg\!vr%h %? the growth pits and pit agglomeration areas for
producing a following low-dislocation gallium nitride material. The structure was replaced in
the growth reactor and the temperature and precursor flow parameters for the initial stages of
bulk growth were optimized for ELO, resulting in a 2D growth mode. Upon 11 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
HI-nitride sample upon completion of the lateral overgrowth stage of the process
(schematically illustrated in Figs. 1C and 1D). The Jower 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 IIl-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 Hl-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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WO 20101056952PCT/US20091064330 THE CLAIMS What is claimed is: 1. A method of
fabricating a sgmiconductor structure having a reduced number of 55“”?8%9%%8&%{!%5{? comprising:
r IS

enhancing the extent of surface disturbance about a plurality of emergent surface dislocations
appearing at a semiconductor surface;  depositing a layer of a dielectric masking material so as to

cover in a diseentinuuadransiesraileasixie disitbed parinnmebbesserfne ahest-a plurality of
emergent sugface 10 dislocations,.portions of the surface being,co .with masking material while
other portioné%?‘%eésgfj{?fgggr l%%t}eﬁ%s 'sgn cﬂ(%f\:/}’i‘l?g((j'jr pgrﬁ?(ljo " a% o‘?er%%ir?ga{g{(e()ﬂg\l{?ﬂ ﬁbcg%%ié%ﬁ%aétor layer
with substanffaliesitieratbusveisransasamarnta dduved dnriraperichasiiod diskretitionsl2152. The

Imethod of clfaismﬂsiwe.eislimaﬁﬁah@dgqmJ&EM&Q@WMJ%&E@%@%W@%@%@MQ@nductord
ayer under first epitaxial growt nditions selected to encourage opening of growth pits associate
i the SorfA0E ARG o 08 R R B SPAT E ARHRS A A ther comprices,
prior to fowing @@rtvahinteivnddiaite se thiodhduetdrtayehnsletehinmgthiee é@mmg.idudtkﬁ_r. stuffiage under first
etch conditiopsselenied.iRfacRAge siehingAgsor iatedauity e surfacedislpealigns. 4. The

method of claim 2 wherein forming the intermediate semiconductor layer further comprises growth
under secon@?&Pt&%ial growth conditions selected to encourage 25intersection of two or more growth
pits associated withi thesd ifacaldigtedatiarisrirtoaggltmeratiens ofhgrivsdtibpit physical

10 parameters, e.g. times, temperatures etc are exemplary only and are not to be taken as limiting,
For example, the growth temperature range, growth time, etc are suitable for 1ll-nitride, e.g.,
GaN. For other HI-nitride materials these parameters can be different,

The preferred embodiments of the invention described above do not limit the scope of

the invention, since these embodiments are illustrations of several preferred aspects of the

15  invention. Any equivalent embodiments are intended to be within the scope of this invention.
Indeed, varicus 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
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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. WO 2018Y056982PCT/US2009/064330 6. The method of claiht L WREFEIH The following

semiconductor layer is formed under third epitaxial growth conditions selected to encourage enclosing
the surface disturbance about a plurality of efgroepugusiace dislocations. 57. The method of claim 1
further comprising repeating one or more times the steps of enhancing, of depositing, and of footling.
8. The methdt'8f &&fFMerein 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 depgsiting,.and 'erming, ate.Rerlies wilhin &:singls feArar Gharber without ex-situ

processing. 10. A method for forming a Ill-nitride semiconductor structure, the semiconductor
15structdre EBHipFidifgcatrmifePPa1itride surface having a plurality of emergent dislocations, the
method comprising:@xpesingdhetnitiaksuriachstiopsemivnce ni-epifaxiahgrantbuernditions selected

SO as to encqurage: ogganin o&grow(tih its infan_intermediate llI-nitride layer growing on the initial
15 O(%hl(} 5 a%::e n%a a5 100 u.c%)r SUrtace . . . L .
surface, the growth p €ing associateéd with the surface dislocations in the initial lll-nitride 20surface;

intersection of two &Ppsties 6 thie gredicpits sarsae raigrowing e inedimiayerinto
aﬁQ'?rﬁefati%ﬁB‘_rgiﬂ\S%ﬁ, Eitesai@{tallﬂ;ed pdﬁf@ﬂ@bﬂi{ﬂ@’&@f@é@ﬁ@ﬂ@ﬁ@ﬂﬂaﬂ{ﬁﬂ%@%ﬂéﬁ{ﬁ@ﬁ@fﬁ@dose some or
all of the growth pits and the a merations of growth pits, wherein the |ater owth continues at
st uril th SBIBBRIG TSPAE SRSt Bt LS PRI et o TRE lowing layer
is of the surface not being so covered, and

forming a following semiconductor layer with substantially continuous lateral extent

and a reduced number of surface dislocations,

15 2. The method of claim 1 wherein the enhancing further comprises forming an
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 erhancing further comprises, prior to forming
20  the intermediate sericonductor 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 pifs associated with the surface dislocations into

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

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

30  extent and formation of cavities.
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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‘ivagkéqlg?b “Helectric masking material. 3011. The method BY e 8o0iR%rein the growth
conditions for encouraging the opening of growth pits are substantially similar to the growth conditions

for encouraging the; IRISeefiaN.PEARWIRIRIS, QAN O8I ARETIHRZPANRGE 00, 12 The

method of claim 11 wherein the growth conditions for encouraging the opéning and intersection of
growth pits cOfpTRIETEhSTEYEGPELIBrTe Selatishtostr e sredidiraiashig rudtsr didrBsat 100mb, or
both. 513. Theéurethinehidy cibtmeiwhetein drtbsaguence 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
condition for encolrdgigetansrafl grswinfutbasomhasine thpe bicranerToofatimss thsriigrisig repeating

the sequenceaf:grawt egpaitisnswitigstramoval of the 111-nitride layer being folmed 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 155 um.
16. The method of &ldihs 1ethaderieihithd diswontibdssidiperef Hyerditfecdidentaskisdimaterial

comprises a gilicen pividgirRRdomly distbutedachassdie-gukface of the growth pits and the

agglom%ations of growth pits. 20

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 lI-nitride semiconductor structure, the semiconductor
15 structure comprising an initial Ill-nitride surface having a plurality of emergent dislocations,
the method comprising exposing the initial surface to & sequence of epitaxial growth
conditions selected so as to encourage:
opening of growth pits in an intermediate I-nitride layer srowing on the initial
surface, the growth pits being associated with the surface dislocations in the initial I-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 fess 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 claimn 10 further comprising repeating the sequence of growth

conditions without removal of the [ll-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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