TITLE METHODS OF FORMING I1I/V SEMICONDUCTOR MATERIALS, AND SEMICONDUCTOR
STRUCTURES FORMED USING SUCH METHODS FIELD [0001] Embodiments of the present
disclosure generally relate to methods of forming IIIN semiconductor materials, and to semiconductor
structures fabricated using such methods. BACKGROUND [0002] IN semiconductor materials, such
as, for example, lll-nitrides (e.g., indium gallium nitrigg finGaN)), lll-arsenides (e.g., indium gallium
arsenide (InGaAs)), and lll-phosphides (e.qg., indium gallium phosphide (InGaP)), may be employed in
various electronigopEab SUSFIRGIRIAENE N KOVIEaSH  EENIDIES PORIMAIEEIREA IS Iudgrswitching
structures (e.g., §RNAISORDAICT GFETRIOYRESWER(GED ligbhed tinoHinfies Hagss diodes, etc.),
and light receiving structures (e.g., waveguides, splitters, mixers, photodiodes, solar cells, solar subcells
etc.). Such devices containing IlIN semiconductorlgllgi%ials may be used in a wide variety of applications.

[0001] Embodiments of the present disclosure generally relate to methods of forming

II/V semiconductor materials, and to semiconductor structures fabricated using such methods.

BACKGROUND

[0002] III/V semiconductor materials, such as, for example, III-nitrides (e.g., indium
gallium nitride (InGaN)), II-arsenides (€.9., indium gallium arsenide (InGaAs)), and III-phosphides
(e.g., indium gallium phosphide (InGaP)), may be employed in various electronic, optical, and
optoelectronic devices. Examples of such devices include switching structures (e.g., transistors,
etc.), light emitting structures (€.g., light emitting diodes, laser diodes, etc.), and light receiving
structures (e.g., waveguides, splitters, mixers, photodiodes, solar cells, solar subcells etc.). Such
devices containing III/V semiconductor materials may be used in a wide variety of applications.
For example, such devices are often used to produce electromagnetic radiation (e.g., visible light) at
one or more wavelengths. The electromagnetic radiation emitted by such devices may be utilized
in, for example, media storage and retrieval applications, communications applications, printing
applications, spectroscopy applications, biological agent detection applications, and image
projection applications.

[0003] III/V semiconductor materials may be fabricated by depositing or “growing” a
layer of III/V semiconductor material on an underlying substrate. The layer of III/V semiconductor
material, which is crystalline and may be substantially comprised of a single crystal of the I1I/V
semiconductor material. The substrate is selected to have a crystal structure like that of the III/V
semiconductor material to be grown thereon. The substrate may have a known, selected
crystallographic orientation, such that the growth surface of the substrate on which the III/V
semiconductor material is to be grown comprises a known crystallographic plane in the crystal
structure of the substrate material. The crystalline III/V semiconductor material having a crystal
structure like that of the substrate material then may be grown epitaxially on the underlying

substrate. In other words, the crystal structure of the III/V semiconductor material may be aligned



For example, such devices are often used to produce electromagnetic radiation (e.qg., visible light) at one
or more wavelengths. The electromagnetic radiation emitted by such devices may be utilized in, for
example, media storage and retrieval applications, communications applications, printing applications,
spectroscopy applications, biological agent detection applications, and image projection applications.
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III/V semiconductor material. For example, such defects may result in electrical shorting across a

P-N junction formed in such a III/V semiconductor material as part of a light emitting diode (LED)

or a laser diode, such that the P-N junction and the diode do not generate the desired

electromagnetic radiation.

[0006] There is a need in the art for methods of forming I1I/V semiconductor materials

that have smaller and/or reduced numbers of defects therein, and for semiconductor structures and



devices that include such IIIN semiconductor materials having smaller and/or reduced numbers of
defects. BRIEF SUMMARY [0007] This summary is provided to introduce a selection of concepts in a
simplified form that are further described in the detailed description below of some example embodiments
of the disclosure. This summary is not intended to identify key features or essential features of the

claimed g1ebigsd MatREARKIR K INTONEaddohBecHeHalerRIh NG S GaRS & MM Gl dlmRd EMbia matter.

[0008] In some embodiments, the present disclosure includes methods of forming indium gallium nitride
(InGaN).qﬁf%fE&ordance with such methods, a layer of gallium nitride (GaN) is provided within a chamber.
A layer of InGaN is epitaxially grown on a surface of the layer of GaN. Epitaxial growth of the layer of
InGaN includes providing a precursor gas mixture within the chamber, selecting the precursor gas mixture
to comprise one or more Group I precursor@ HM%‘@RBrecursor, and formulating the precursor gas

mixture to causgoao#fio oha PattiahRrassieredRtthEMiteae  RERUISIPbIR Rt dh RrespiE-affthe one or
more Group Il precursors within the chamber to be at least about 5,600. At least a portion of the one or

more Grdli ficdrstirradisc e ¢ s depiluidsiraptiog hrioyehoraearasmireubedimpasad Broximate the

surface ofitopdaxer ofiSamhig gy evhtientanes dbl ey kbe fararcobiGaltiig grawesterancaverage final
thicknes;ﬂgreater than about one hundred nanometers (100 nm 0009] In additional embodiments,
¢
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material is provide within a chamber, and a layer of ternary |ll-nitride material is.epjtaxially grown on the
binary 5 mfa&%?ign%&&)axﬁgﬁﬁswﬂm?ﬂ@mwmdléyma%ﬁﬁm&&&éepﬁ% iy a precursor
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and formulating the precursor gas méxture such that a ratjo of a partial pressure of the nitrogen precursor
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less in th‘% t(lglrlgﬁ ‘El?e\‘{vlgylgly g I%Haej{]r." al%el Illé}r/]eittrri(ﬂ%n%%ﬁ riisaglg'rown to an average final thickness greater than

about one hundred nanometers (100 nm).

[0009] In additional embodiments, the present disclosure includes methods of forming a

ternary IlI-nitride material comprising nitrogen, gallium, and at least one of indium and aluminum.

In accordance with such methods, a binary IlI-nitride material is provide within a chamber, and a

layer of ternary Ill-nitride material is epitaxially grown on the binary IlI-nitride material. Epitaxial

growth of the ternary I1I-nitride material includes providing a precursor gas mixture within the

chamber that includes a nitrogen precursor and two or more Group III precursors, and formulating

the precursor gas mixture such that a ratio of a partial pressure of the nitrogen precursor to a partial

pressure of the one or more Group III precursors within the chamber is at least about 5,600. The

nitrogen precursor and the two or more Group III precursors are decomposed in the chamber to

form the layer of ternary IlI-nitride material. The layer of ternary IlI-nitride material is grown to an

average final thickness greater than about one hundred nanometers (100 nm). The layer of ternary

[I-nitride material is formulated such that a relaxed lattice parameter mismatch between the layer of



[0010] The present disclosure also includes methods of forming a stack of layers of Ill-nitride material. In
such methods, a substrate is provided within a chamber, and at least one layer of GaN and a plurality of
layers of InGaN are epitaxially grown over the substrate within the chamber. The stack of layers of
[lI-nitride material is formed to have a final average total thickness greater than about one hundred

nanometgsis 44001 R delitionativderitexiahonowihiel aldeasl RNR IaxerRfuns> &ftHeadheality of layers

of InGaN comprises providing a precursor %as mixture within the chamber selectlng thefrﬁrecursor gas

mixture 18"EEHEpINESSRBMATE &I DRIy dFailrds aiseal mydlyeriprabyrau 46 B the precursor

gas Mixtyedoe A IRl arRatial RIRS T € fitha HiesaNsRERGHIS P Ratial Brgespite of the one
or more Group [l precursars within the chamber to be at least about 5,600, and decomposing at least a

portion oFfiE S @RI erdRs APRRRSFEIROd A APTdsts '8 fsridhy srene ieiisshaBlrsor to form the
at least onpdapae afdiezaN. [0011] In yet further embodiments, the present disclosure includes
semiconductorjtructures fabricated using methods as disclosed herein, For exa Q/?Ie in some

embodiments, 4 ¥ lcordsasediseiesirealRusrdanmethads et INTng AsEeHY REHIMG a layer of

GaN within-aighrmbesiand enitdiaiiarowindaray ) blnGeal pRiRastdate O b layet ehésaN.
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portion of the nitrogen precursor are decomposed proximate the surface of the layer of GaN to form

the layer of InGaN. The fully-grown layer of InGaN has an average final thickness greater than

about one hundred nanometers (100 nm) and comprises a plurality of V-pits therein having an

average pit width of about two hundred nanometers (200 nm) or less. Further, a relaxed lattice



[0015] FIG. 1 is a graph which may be used to approximate the relaxed lattice parameter of InGaN as a
function of indium content therein; and [0016] FIG. 2 is a simplified, schematically illustrated
cross-sectional side view of a substrate on or over which a IlIN semiconductor material may be deposited;
[0017] FIG. 3 is a simplified, schematically illustrated cross-sectional side view of a semiconductor

structure ghahipelslasadirbdiN semicandusirmafer & Kierssiied e gy dprcaNfidhe sipatate of FIG.

2; [0018] FIG. 4 is a simplified, schematically illustrated cross-sectional side view of a semiconductor

structure 4P PlckfiELXdpTRERIBNICSAITRBRLE Sfgheraveriafl §8Posited on the first I1IN semiconductor
material of FIG.[80a sidedbriee] eppealiadhs, substiaitdthlGirdsture 1RAI&IsR rmads BIstiRiied,

schematically jllustrated, perspective view of a portion of the semiconductor structure of FIG. 4 and

illustrate "R IBlCRMAESEE B sstedlinmb SR atlsrsh Rt Ahindiunsad o i vgis thg fsaMustrating the

observed NafigtiRMmiBt@YArRIBrMIHD PH WIS o SiBchindUEREVIdINY SeriepnULEtanMAesAl agtRiAunction
of variation in elastic energy within the ternary HUY semiconductor material for different ranges of the

ratio of GqGBWgr@egl%%qu&jﬁwfpﬁr%mé&fsfemary [II-nitride material on the binary Ill-nitride

material. Epitaxial growth of the layer of ternary III-nitride material includes providing a precursor
gas mixture within the chamber, wherein the precursors gas mixture includes a nitrogen precursor
and two or more Group III precursors, and formulating the precursor gas mixture such that a ratio of
a partial pressure of the nitrogen precursor to a partial pressure of the one or more Group I1I
precursors within the chamber is at least about 5,600. The nitrogen precursor and the two or more
Group III precursors are decomposed in the chamber to form the ternary [II-nitride material. The
fully-grown layer of ternary IlI-nitride material has an average final thickness greater than about one
hundred nanometers (100 nm) and comprises a plurality of V-pits therein having an average pit
width of about two hundred nanometers (200 nm) or less. Further, a relaxed lattice parameter
mismatch between the fully-grown layer of ternary Ill-nitride material and the binary III-nitride
material is at least about 0.5% of the relaxed average lattice parameter of the binary IlI-nitride
material.

[0013] Further aspects, details, and alternate combinations of the elements of

embodiments of the disclosure will be apparent from the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS
[0014] Embodiments of the disclosure may be understood more fully by reference to the
following detailed description of example embodiments, which are illustrated in the appended
figures in which:
[0015] FIG. 1 is a graph which may be used to approximate the relaxed lattice parameter
of InGaN as a function of indium content therein; and
[0016] FIG. 2 is a simplified, schematically illustrated cross-sectional side view of a

substrate on or over which a III/V semiconductor material may be deposited;



[0021] FIG. 7 is a simplified, schematically illustrated cross-sectional side view like that of FIG. 4
illustrating another embodiment of a semiconductor structure that includes a plurality of alternating layers
of binary and ternary IlIN semiconductor materials over a substrate, and illustrates V-pits formed within
the alternating layers of binary and ternary IlIN semiconductor materials. DETAILED DESCRIPTION

[0022] The illusygdions presenied Qatsiimaiesainngantyihemacalyews e anyidatiswlst material,
device, or method, but are merely idealized representations, which are employed to describe

embodimSASHrHe reitstygthabingtades a fapdy Y nemirdnricn sstrirldlsprited 08 asutire Qtails,

such as mtanaliees |isl processing conditions, in order to provide a thorough description of
embodiments of theﬁ%resent disclosure and implementation thereof However, a persaon of ordinary skill in

the art will undefQ¥4RY tHAGHE 18 mbBmliists SrematisrladHpeiiatag stpesrrsiona brdendey Mithout

employingthiesedspeeificudalalihanddin&lnyagirnivihseanvantiens! fnlsicativpdaainiaues fkgraddition,
the description provided herein does not form a complete process flow for manufacturing a semiconductor

structure 0¥ Yeerisorsgion sutepid addd Gt id s stresopredts s sbsiie AltsHe the embodiments of

the present disqlosLef aradeswipsehplidetaidnenaincally IQ2AlApaSpEhesaiRwRE igioRicEmigenductor
structure” means and includes any structure that is used in the formation of a semiconductor device.

SemiconSURIEM G EUGHER Rfd far b Prsrafes M ihdrehs vecgnddiierepisendisosmateiithice

substrates), as \oel@ls apsenHIkiesseiptampastiasiidegmasdhatinglostmiveragdamhdies gng/or wafers
three-dimensionally inte%ra ed Withﬁ?}%e another. Semiconductor stryctures also include fully fabricated

semicondieRSH A (FERLY ALY SiF B AN AHI IS 43 Q8 R PRRCHS Y AIA AT 1B RSN SR S B SHHEBARR 1 ctor

devices. LamigenActRhisHithitkes Ry Aar e eandhediver Matarialst sevaisangtdctivempaterials,
non-conductive materials (e.qg., electrical insulators), and combinations thereof [0025] As used herein,
the term “INBEMESHE R Eor material* means and includes any semiconductor material that is at least

predominantly cooRrjsedaf. arie osimpliei@lesmantadoany GreupiiAokine priaititae Bkdhisa, In, and
T1) and one or mare elements from Group VA of the periodic table (N, P, As, Sb, and Bi). For example,
1IN semEbERGch A e L BRSPS R e kLT AN SO, AP
AlAs, InGaddnbitfog Ry bi$aa8hagiend ternary I11/V semiconductor materials over a substrate, and

illustrates V-pits formed within the alternating layers of binary and ternary III/V semiconductor

materials.

DETAILED DESCRIPTION

[0022] The illustrations presented herein are not meant to be actual views of any
particular material, device, or method, but are merely idealized representations, which are employed
to describe embodiments of the present disclosure.

[0023] The following description provides specific details, such as material types and
processing conditions, in order to provide a thorough description of embodiments of the present
disclosure and implementation thereof. However, a person of ordinary skill in the art will
understand that the embodiments of the present disclosure may be practiced without employing
these specific details and in conjunction with conventional fabrication techniques. In addition, the
description provided herein does not form a complete process flow for manufacturing a
semiconductor structure or device. Only those process acts and structures necessary to understand

the embodiments of the present disclosure are described in detail herein.



[0026] As used herein, the term "llI-nitride semiconductor material” means and includes any IIIN
semiconductor material that is at least comprised of one or more elements from Group Il1A of the periodic
table (B, Al, Ga, In, and T1) and nitrogen. For example, IlI-nitride semiconductor materials include GaN,
InN, AIN, InGaN, GaA1lN, InAlN, etc. [0027] As used herein, the terms "indium gallium nitride" and

"InGaN" mean glioya)of indiwmrds, tNdandaalivhanitbda - (foall) hawnd.acpnpesitiay of In“Gai."N,
where 0 < x < 1. [0028] As used herein, the term "critical thickness" means the average total thickness

of a layesBF<EFRidah ih e fIrtianRi? sH bR vHsERS pSed RIS BRSHIRSdRB Rinues
and the layesURgRsodes stiainfalapsadiofarrier {62RASNSaEVRR QIBstREISHE wRIPNtRsUHiIRES Jheans

any surface of a semiconductor substrate or layer at which additional growth of the semiconductor

substrate"SMRREE SHHPE ML inelude tvqenaradieiarfios rrplerhbgmbideasionaly isssret position”
and "CVRif@rensyiemen osisasshmesn angdinelsksoanylRio easy Heaehteddepasingalibruiesial(s on a

substrate in a reaction chamber, in which the substrate is exposed to one or more reagent gasses, which
react, well as intermediate structures formed during fabrication of semiconductor devices. Semiconductor
structures may comprise conductive materials, semiconductive materials, non-conductive materials
(e.g., electrical insulators), and combinations thereof.

[0025] As used herein, the term “III/V semiconductor material” means and includes any
semiconductor material that is at least predominantly comprised of one or more elements from
Group IIIA of the periodic table (B, Al, Ga, In, and T1) and one or more elements from Group VA
of the periodic table (N, P, As, Sb, and Bi). For example, III/V semiconductor materials include,
but are not limited to, GaN, GaP, GaAs, InN, InP, InAs, AIN, AIP, AlAs, InGaN, InGaP, InGaNP,
etc.

[0026] As used herein, the term “III-nitride semiconductor material” means and includes
any III/V semiconductor material that is at least comprised of one or more elements from
Group IIIA of the periodic table (B, Al, Ga, In, and T1) and nitrogen. For example, III-nitride
semiconductor materials include GaN, InN, AIN, InGaN, GaAIN, InAIN, etc.

[0027]  As used herein, the terms “indium gallium nitride” and “InGaN” mean alloys of
indium nitride (InN) and gallium nitride (GaN) having a composition of InyGa; <N, where
0<x<I.

[0028] As used herein, the term “critical thickness” means the average total thickness of a
layer of semiconductor material at which, and beyond which, pseudomorphic growth discontinues
and the layer undergoes strain relaxation.

[0029] As used herein, the term “growth surface” means any surface of a semiconductor
substrate or layer at which additional growth of the semiconductor substrate or layer can be carried
out.

[0030] As used herein, the terms “chemical vapor deposition” and “CVD” are
synonymous and mean and include any process used to deposit solid material(s) on a substrate in a

reaction chamber, in which the substrate is exposed to one or more reagent gasses, which react,



decompose, or both react and decompose in a manner that results in the deposition of the solid
material(s) on a surface of the substrate [0031] As used herein, the terms "vapor phase epitaxy" and
"VPE" are synonymous and mean and include any CVD process in which the substrate is exposed to one
or more reagent vapors, which react, decompose, or both react and decompose in a manner that results

in the epijaxiahsiaposiimabibe.nalitepalssial(sh RaandvifRc el bt D atsition oOBS3bie used herein,

the terms "halide vapor phase epitaxy" and "HYPE" are synonymous and mean and include any VPE
process Mgl erastdnee dhestR¥E: used in the VPE process comprises a halide vapor.

[0033] As used (gl the (@ed heuhstartiahvs reters ihasepudirahis copplele exseRifduaaxd
deficiencies normally expected in the art..  [0034] Embodiments of the disclosure may have

applicatidR P Ad i ferige GMIMPOSRTENURICIbRSHBHEE IEGFRASSHINANERY MRIHEEEHNd structures of

the embagioey)ts1atiheadisglesHisoseay: BemRpiedia ddcoitijies il aisenices: Hsphospiides and
[ll-antimonides. Particular applications pertain to growing ternary Gr?ugclll-nitride semiconductor
A

materialsSRERARISHAMERMOT Lreprhd il GAMRASHACROh e SNBSUREC ordingly, the following description
and figures focupaaticularis@nhirciaNh@ithel ghaiidealis: B Iy sErppi@EMBediment, and

additional embodiments may include the formation of other ternary 1l1I-V semiconductor materials.
[0035] A BEPRERPREM L E FA) AP OrBRHdI SR Ot RIRSAY DR LSS M ACRP RS0 ay

undergo stp@j@lr@ia@gadmméguqmgradpdﬂ the crystal lattice resulting from lattice mismatch. Upon the
onset of strain ragg%lion in the ternary |lI-nitride material, an increased amount of a Group Il element,

such as indium mift ST AT SR R St a SR B 1 Ser ooty hehitreaRlderstcating

growth, whichynRYi¢radltimharmanyuiifeomdcnaentiation profile of the Group Il element across a

thickness of the layer of ternary lll-nitride material. For example, an InGaN layer may include an
increased indirD ek erﬁgd@ﬁrameﬂﬂ% 5 SRR RAER R AN B A an

underlying:sidsidateophatbeslmateriatabpi) td@Bthiifari inditiieanMewitddmhibadoGadl layer may be
ritide SRR R T P B Fe BBt COIRREL BRI GaRy TPARAe tayer. Sueh
surface rengieningypiRythadedrine artaving eragyatiupiBanitndudtendesiaasdtsiagsthe ternary
”I_nitridecl(a)l t%gmjrzllgjrltrrl}cﬁlrlm, such as indium gallium nitride (InGaN). Accordingly, the following description

and figures focus particularly on InGaN, although InGaN is a non-limiting example embodiment,

and additional embodiments may include the formation of other ternary I1I-V semiconductor

materials.

[0035] A ternary IlI-nitride layer grown heteroepitaxially to a thickness above a critical
thickness may undergo strain relaxation to relieve strain in the crystal lattice resulting from lattice
mismatch. Upon the onset of strain relaxation in the ternary IlI-nitride material, an increased
amount of a Group III element, such as indium or aluminum, may be incorporated into the layer of
ternary IlI-nitride material during growth, which may result in a non-uniform concentration profile
of the Group III element across a thickness of the layer of ternary IlI-nitride material. For example,
an InGaN layer may include an increased indium percentage proximate to a growth surface of the
layer relative to proximate an underlying substrate or other material. Such a non-uniform indium
composition in the InGaN layer may be undesirable for at least some applications.

[0036] Additionally, the strain relaxation of the ternary Ill-nitride layer may also result in
roughening of the growth surface of the ternary IlI-nitride layer. Such surface roughening may be

detrimental to the production of semiconductor devices using the ternary IlI-nitride layer. Further,



strain relaxation in a ternary llI-nitride layer may result in an increased density of defects in the crystalline
structure of the ternary lll-nitride material. Such defects may include, for example, dislocations and
regions of inhomogeneous composition (i.e., phase separated regions). [0037] As a non-limiting
example, for the case of InGaN (a lll-nitride material), InGaN layers may be deposited heteroepitaxially on

an underlyipg subsitaieinvhighdranihaveis e tahiaticathnicpesaRmatshtbatabtaeipverlying InGaN

layer. For example, InGaN layers may be deposited on a semiconductor substrate comprising gallium

nitride (GAKRHE TARIUFRS Hiseaa Bautids. matpihviahy diests mayynslsnorstrBniarameter of
approximatdyadididand RIS MhsMNdayess@dhtR¢RIs alaxedds pipraiaiticgifaameter, depending

on the correspondina percentage of indium content, of approximately 3.21 A (for 7% indium, i.e., Ino

07Gao 93N), a inateh 2oulimiBzomplgidar the capioh BEaD 65Nk nitsdepBicHaR-RAAY 26 A (for
25% indiyerk @nalB28p a8 ML tértiepilaigA @ 6anth HMEFBHAE dns e it RAI RSy aRckshawsaa line fitted to

these data points. The equation of the line is %}/en by y = 0.0027x + 3.1936, and this linear equation may

be used 1BERiRoST A DAIRBA AR NS ARAN 2y finERD FaMAi RCEOh YO e range
extendingdpasnabanh simicabaub2aisnakeisipXsn iha persenaas ohivdivre GakelknGabkand v is the

in-plane relaxed |attice parameter of the InGaN. 0038] FIGS. 2 through 4 are used.to illustrate the

fabricatioh BY% IdFersaP iy W R S BhaliBtol HER SEITH SE 05 ARRFEEWA et Bt in &AL the
disclosurg@ind ldpepastiguiakica layecafiinpan ReiwhahiehawpanmicorhRefereipadairdG. 2, a
substrate 10 may be provided. The substrate 10 may be,at least su ,stan_tiall¥ comprised of a ceramic
such as RNTERRELL G UHTFP TRl BRISY BI T &?Fdé/eAﬁﬁ%%j‘a(b?g.,%b‘B?ﬁPé%hich is a-Al203))
ora rgitrid@lﬁﬁ)gmﬁigcpamﬁkd@drsﬂsm%fnfmm msrigtgag%lhm.aﬁ& @;qslﬂiii@ﬁ;]@t@y%mﬁlﬁ%sf_&hambstrate 1%
may be at least substantially comprised.of a semjconductor material such as silicon 1), rmanium e),
ey se%ﬁ‘i‘&ﬂdh%t&?‘}ﬁ%ﬁ%‘%éw)etglﬁ%h%léﬁﬁﬁéﬁfé%téﬁ/gﬁ]&?f‘é a&mﬁ?n@néiﬁ emé}%ﬁ i I:‘?ystal( )

structuretbédbaasapstiae T Brppthaver thkndwik selecked erigotatian; suoBghaidaniexpesed major surface
12 of the substrate 1Q over which the.llé%er of InGaN 20 (FIGgﬁ is to be grown comprises a known,

selected H/ALoGRY I & 52 BPERE BAR AP JHIcE R gP e 1 8 TEHER AP RE ViB¥trate 10
may comgvisehsappiirexwithiag(RoR1Ionysiedl agabpinc Syriewtatiomn, whith jgelsndetaetin asthe-plane
sapphire.” 0039].Referring to FIG. 3, optionally, a layer of a binary I11-V semiconductor material, such
as a Iaye]rn&atli‘[eﬁ{iglgl Ef/ B 8%&6#&?@%&1#%@5 s Bﬁﬁ&iubstrate 10. The layer of GaN 16
may comprise Woessjre afesevtigoiipthe aetiasd buifeistiayens tibricatisition: layerst iEherp a6 may be
substantially.crystalline, and may be at least substantially comprised by a single. crystal of GaN. The layer
of Ga T R AT n e A UL PO R ST s 2Bl A A (5 v
to about ohmGuNdredahickanshchD iR TG heRiegeriag:he G e vabdiraw Dotmsgdlepanitda adigality, the
layer of GaN 16 be relatively thin compared to.the substrate 10. 004Q] Optionally, one or more
e e BT B BreHAF GOt N QLRSS S TAURE BH-Le b S, may be
disposeddietive €pithe daykmahGabxide A8 G e (sghstipphild) whidhisnieAhodpbe dayaideakmaterial may be
used, for example, as a.seed layer for. formj e layer. of GaN 16 thereon, or as a bonding layer for
onding - ER BTG G oA TSR, St CREn G BRESaRS SR s JOB Wb e s clfficut
or imposéhée sibsarmidhe dayerieé GEN dondivedilytonriaesalbsichtes $lichn &8 tienmbondiiGof the layer of
GaN 16 tg.the substrate 10 may be desired if the | of GaN 16 has a polar crystal orientation..In such
o UHS TEDETTA FTOCEAE ey 6 TS ANEF T by L oS ONLe A 1513 i the
growth sutfaceroiotitheGabstvarih 18 desitaviegdalavity,. selected orientation, such that an exposed major

surface 12 of the substrate 10 over which the layer of InGaN 20 (FIG. 4) is to be grown comprises a

known, selected crystallographic plane of the crystal structure of the substrate 10. For example, the

substrate 10 may comprise sapphire with a (0001) crystallographic orientation, which is often

referred to as “c-plane sapphire.”

[0039] Referring to FIG. 3, optionally, a layer of a binary I1I-V semiconductor material,

such as a layer of GaN 16 may be formed on the major surface 12 of the substrate 10. The layer of



[0041] The layer of GaN 16 may be formed on the major surface 12 of the substrate 10 using a chemical
vapor deposition (CVD) process, such as a metalorganic chemical vapor deposition (MOCVD) process, a
molecular beam epitaxy (MBE) process, or a metal halide vapor phase epitaxy (HYPE) process. HVPE

systems and processes that may be employed to form the layer of GaN 16 are disclosed, for example, in

U.S. PateniMi\pplicaliashipuibcatinnd ffe009(0 22 ditAatAb Whisdy Prbiaad-GaRIaoNeRyERs. 2PR9 in the

name of Arena et al., provisional U.S. Patent Application Serial No. 61/157,112, which was filed March 3,
2009 in tHE N Y BFSHBSINHRIA et Ring e map B et PG !y ShsaRri?ed bk iRgifas filed

Septembgk 3a1 OGEND The N PEBRIEARL PR PraVISInad 14tS thatarinRlieatioxasdal Neom
61/416,525, which was filed November 23, 2010 in the name of Arena et al. Briefly, in such HVPE
processe W RERIBMRABRTTORAEY 49 @P ot aRBAFALCERRT L0 Y thhediguasheret ATaPPbsult from a

vapor phassveacsian hetivee Actaliymixs enRrcioride 1€iafast bandavvRania dihishréaas mearried out
within a reaction chamber at elevated temperatures between about 500C and about 1,000C. The NH3
may be sﬂ}?ﬁﬁéﬁ’ #%m a standard source of NH3 gas. In some methods, the GaC1 vapor is provided by

passing hydroggpoabioridg(iosaligasbvhiciaychesippliggfsamiasandan sewes afdhasl gas) over
heated liquid gallium (ga) to form GaCl in_situ within the reaction chamber. The liquid gallium may be

heated t6"3tBHh O S OHB RO SIUeH Y sy DsdlisBetrddstteerrbedayenol i thLONRBRRay be

directed tsu@te QUER bR iMaREaUEAEILPMBR SMESHAlR JbaMuchxaayhadeaiadiayer 8042] The
layer of GaN 16 may have a crystal structure like that of the substrate 101&‘?\Fd magé)ﬁggrown epitaxially

r [
on the suBSHHE 416 .Y%xeaﬁfeﬁwg}é&?ﬁ%o&%@ Lherdine IayshrRmdiedhnasTA Ktk and
oriented wibRta®iNvlas eeh Hah Gt piocR Rt ey bd edyingubstsateikiRithopatsible ©rysial ucture of the

layer of GaN 16 may be similar to that of the underlying substrate lgﬁge relaxed |attice parameter of the
layer of S 14 ﬁ?&imﬁéﬁeﬁ e §'§?ﬁa]tﬂcé’ﬁfégﬁﬁ?é‘tegro8f]lﬂ% U 9DCAS JGRAE certain
imperfectighsrale dofacts teagsedof the thvatinGam aryatalaspalsturesefl theetayes0f keaidH 6. For example,
dislocations 1%%. ., edge dislocations and/or screw dislocations) may be present in the crystal structure
of the lay P BTARYE S0 ORMBF RO FoRs MY AFIBH EPeb il e FIBHR oML BOTARG Bigihite at the
interface fretwReandheolayesefacady the aaN thzhaajeviablégrgatizyof the substrate 10. While only two
dislocations 18 owq in the simplified illustration of FIG, 3, in.reality, the density of such dislocations
15 i the tayer JPBATN 1Q BB LA A BT 06 LY SER A8 LR gHISEH 10 cmo). o
even as higheaschegioiliapdeeleposiass ENDNpistdkOaichniR)aahsnoegaiychtnacitwapmethods known in
the art may be use MCe the density of dislocations 18 | I“ﬁ) layer of GaN 16 .gﬂe layer of GaN
16 s formERPLLiEh O PGS DI LSCH A B LAY CALPED SO Choii [ 6 ADEh i bptay,
in-situ maskiegpeaknGEBEREocess[Q¥WBERefesiiing i prifcesde athay aragftiecngiy ydiltsdonicansluctor
material, such r of InGaN 20 may be epitax| Ikyﬁ rown ar otherwise formed on a major surface 17
(1, 5) PRELaN TSI 1, E BRI 20 LA oS QLR LA 6y Sline, and may be a
least substariglyocasdddset, byhrismdikstedsapreiinésdnl. 2000 layes adirGaN2oareEgl.have an average
final total thicknes reater than .about gne hund gé) eters (100 n so bodiments, the
avorage MSHGTAT A YRR B0CH, SEHRI et LS DR LR IR MO T e 50 . o
even greatetdbfAinaet alvpahdhife @neamnobpeiersi (2@ nsh Narid/Btaly70d, ledscthaasditrdical thickness of
the Iayeré)gpltrel% eNr 32(9,'2010 in the name of Bertram, and provisional U.S. Patent Application Serial

No. 61/416,525, which was filed November 23, 2010 in the name of Arena et al. Briefly, in such

HVPE processes, epitaxial growth of the layer of GaN 16 on the surface 12 of the substrate 10 may

result from a vapor phase reaction between gallium mono-chloride (GaCl) and ammonia (NH3) that

is carried out within a reaction chamber at elevated temperatures between about 500°C and about

1,000°C. The NH3 may be supplied from a standard source of NH3 gas. In some methods, the

GaCl vapor is provided by passing hydrogen chloride (HCI) gas (which may be supplied from a

standard source of HCI gas) over heated liquid gallium (Ga) to form GaCl in situ within the reaction

10



[0044] The layer of InGaN 20 may be deposited on the major surface 17 of the layer of GaN 16 using a
chemical vapor deposition (CVD) process, such as a metalorganic chemical vapor deposition (MOCVD)
process, a molecular beam epitaxy (MBE) process, or a metal halide vapor phase epitaxy (HYPE)
process. HYPE systems and processes that may be employed to form the layer of InGaN 20 are

disclosedniahisorampaidithe: EemBNHOREAM 8 aRaifRtAReligasion 2x AleatiosuNO akRiBQN9/0223442
Al whickg)gpublished Se%\t,em er 10, 2009 in the name of Arena et al., provisional U.S. Patent Application

Serial No®®1#157he 15l hrad Hiedav Arcdirscis 6o G:dnavakiie staitesytaral 2 8hhe.s. Patent
ApplicatigpbsiesialiNavAidiBedy ednsuhigh was filed September 30, 2010 in the name of Bertram, and
provisional U.S. Patent Application Serial No. 61/416,525, which was filed November 23, 2010 in the

name of Arena &0%42]  THeaserREGADE GMHERRESo ! sEuTtfU kR bR ResHsgrp A it of
In"Gao.,QhbHaesexdsiaklgdsbakeui difdn some Srbesimentsey ayhR IR WeSB RPeLs0.05 and

about 0.10. In other words, the indium content in the layer of InGaN 20 may be between about five atomic

percent (52049 31 BpalignsA e aricnied stk pimilgrcrystajotugitf hydndetying tebitiairHve a
relaxed (iAgth SISO BB BHAIBHIRRY e PAgbEof GaNN thaRldesiparaiel datbeHeauiesyace) lattice

parameter of approximately 3.189 A, and the layer of InGaN 20 may hayve a relaxed in-plane lattice

parametet bSEpEY s et atHes parumse et dantaxs sh&iahh orphd AL Gitisdisarehititsd, the

layer of |pGraiNc29 sfiaeRavsrateeloxed nrpdanecatiice RpEAEa]s o depiaximately f3rdkdvahi at% indium
(i.e., Ino Q7Gao 93N). Additionally, using the equation of the line is givegﬁnbé\é: 0.0027x + 3.1936 as
ter,

shown in RS TRRG1GERS Of TordLrrhafd e 1@ it ISQRasRs i BSlacRERGaN 20 may

have a relaged Ja-pladiel batita P anaieioratapprox nraielystudnfofahSlaike sTddm (6eas iBaRGa095N),
and a relaxed in-plane lattice parameter of approximately.3.220 A for 10 at% indium (i.e., loGao 90N)
[0047] In'8diH& emBbif t&ﬁ@,@é%@é%ﬁ%ﬂﬁ&é %aféalmfgrﬁta%ﬁsfm%E#W£?3§E? EhN 20 and

the layer i ahlah8 e ierkefveenpbomt Qub¥orand @butilk. oftyakibgisrlaxnashaveragehiaiict
parametey of the layer of GaN 16, The relaxed.lattice parameter mismatch may he determined using the
ot el A TSR ey o R g et
average latticeararbetaragihe yanalicamdGaangai|sdhe selaxedravetege)aticecpardimetas of the

layer of InGaN. 20. For example, when thedlayer of InGaN 20 includes 5 at% jndium and.has a relaxed
in-plane [Atide' 8Pa?ﬁ%?8P?§F&6’btr‘8}ﬁF?faEtb$;/ . b‘?r&}(gerefé%éﬁé{ﬁ%"é‘%%%thﬁ’ el BEMBen the

layer of Ib&aNd20 Avdd dbehbaaisiny oladikboatias he mxbul D860 hE. 16,26 thel@déf3P0TN315689)/3.189)) of
the relaxed avergge lattice parameter of the layer of GaN. 16. \When the InGaN 20.includes 10
a9 nchJAT S NP T T SRR 9 LSRR ool ACE RO AR e
parametén-sitamakkinpetaesqutkedayer of InGaN 20 and the layer of GaN 16 may be about 0.97% of the
relaxed average[éag'éﬁe pﬁé?e@ne&ge Eoolgltg.eél?x ?ary%; c(i;fa‘}ym]é% III/V semiconductor material, such as a

layer of InGaN 20 may be epitaxially grown or otherwise formed on a major surface 17 (FIG. 3) of

the layer of GaN 16. The layer of InGaN 20 may be substantially crystalline, and may be at least

substantially comprised by a single crystal of InGaN. The layer of InGaN 20 may have an average

final total thickness T greater than about one hundred nanometers (100 nm). In some embodiments,

the average final total thickness T may be greater than about one hundred and fifty nanometers

(150 nm), or even greater than about two hundred nanometers (200 nm), and may be less than a

critical thickness of the layer of InGaN 20.

[0044] The layer of InGaN 20 may be deposited on the major surface 17 of the layer of

GaN 16 using a chemical vapor deposition (CVD) process, such as a metalorganic chemical vapor

deposition (MOCVD) process, a molecular beam epitaxy (MBE) process, or a metal halide vapor

phase epitaxy (HVPE) process. HVPE systems and processes that may be employed to form the

11



[0048] As a result of the mismatch between the relaxed lattice parameters of the layer of GaN 16 and the
layer of InGaN 20, the layer of InGaN 20 will grow lattice mismatched on the layer of GaN 16. Generally,
the lattice mismatched growth (i.e., mismatch between the layer of InGaN 20 and the layer of GaN 16) is
accompanied with strain relaxation when the strain energy stored in the layer of InGaN 20 is greater than

the straingre@ydoaivel sesuiidpddciBatemeadd tienablislaarsiRusUls. win Apgiiaygsof InGaN 20.

This lattice m,ismatchedgﬁromh occurs for a lattice arranged in cubic systems but Is more complex for

materialsSSHRPCAXAHoN N 208¥ Urdétt s & ke cnouilished, Ssrtemisad: PR alisiamsy’rs, there may

not be aneasyegitlingRirrdoUdisiegationsp aatiolnseetango nauts hioheRatiaivan erey MayHe stored in
the layer of InGaN 20 prior to nucleating dislocations therein, Upon reach%iré?églastic relaxation, relaxation

may occdlBY ih8ifeator! orsrr EkBbsit! HajoF YsHARPIS BIPtheRY N v IHSEN 26, WHdhY&Sthe growth

surface tiigs@ SbMéesLEne aowth shkfraaconpisas thel (IR Blane. 91 taehexparaabargstall structure,
pit defects 30 may occur. These pit defects 30 appear as inverted pyramids with an apex at or near a

dislocatigiC181/186¢%g: WirkekincdiNovebBe) hd W iR Aafo X ersrific? as V-pits 30. As the layer

of InGaN 20 grqos4she SiBes9bthe Mcpits APradsberennhulatelPRARNE Komisositsbn plifigdispometric drawing
illustrating a V-pit 30 in the layer of InGaN 20. The V-Pit 30 extends into the exposed major surface 22 of

the layer BRFFREENISH, [T o8t ALy rdhtAEE ARRABREISIEy B OmSANE I Btk hEx280ABPLhape of the

opening on thegsewardia o 2zdresidtsisamntie NExagenaherystahsl betbseretthodntaN material. The
V-pit 30 is defined by sidewalls 24 (facets) of the layer of InGaN 20 within the V-pit 30, which extend from

an apex 3B'DIGRETCEi{ 381 t0) A RBESA HRLUF BERtS Ybah the layer of InGaN 20. The apex 26 is the

location at whiclotsV-pithdQgegitaied deting grewtrahioe (pyendfstatsialy2@ain rfeN3RIpAsShown in
FIG. 5, the V-pit 30 has a pit depth D, which is the distance the V-pit 30 extends into the.layer of InGaN
20 (i.e., tHE sHORER HEBHREF BN HES Sﬁgf%e%ﬁ%ﬁmanarwgg ﬁ%&f@&lm%ﬁﬂriulr% b 35 layer

of INGaNIZR): Adadianalymtienyrpit Rlakesia-pitvitthidl purhickds thedisiancs herassciperpaning of the
V-pit 30 in the plane of the exposed major syrface 22 of the layer of In 0 from one sjde thereof (as
oo B TETAES SEHB T SLR b SRIBN SO BASLE Y SORREAESS tIR Siposimg ade
thereof (as-plefiaedtiey faeintesseLiipnbaivesn A0 I0pFosNg % dewath 44 ang fheagxposed major surface
22). The pit widths W of V-pits 30 formed in the. layers of InGaN 20 m easured.usjng, for example,
Atornic FRAUKREISCORY RERARBE 05 HORE AP e & Rkt Pt ol SO AP S HIE 458 D which
is due to sfi€laatute estichardantattn«af ihglangdialisérpaiire et aedigee o @iNeptndy biva Y-pit 30 can be
estimated based on a measured pit width W of the V-pit In other wards, from crystallographic
conider BN (B S B OB O 20y AP LonEs PIHEL] T bAELaRD can be
calculateghtrarrethedrieasanedhpitovidthnWtdSefappeoxihfatdNa3theoph kofl 1 Rafmandiud Nleygebauer, Appl.
Phys. Left. 744}(3%,9 0%%;9 (1999)).

0.10
[0047] In some embodiments, a relaxed lattice parameter mismatch between the layer of
InGaN 20 and the layer of GaN 16 may be between about 0.5% and about 1.0% of the relaxed
average lattice parameter of the layer of GaN 16. The relaxed lattice parameter mismatch may be
determined using the equation M = 100((a; — a;)/a;), wherein M is the relaxed lattice parameter
mismatch, a; is the relaxed average lattice parameter of the layer of GaN 16, and a; is the relaxed
average lattice parameter of the layer of InGaN 20. For example, when the layer of InGaN 20
includes 5 at% indium and has a relaxed in-plane lattice parameter of approximately 3.207 A, a
relaxed lattice parameter mismatch between the layer of InGaN 20 and the layer of GaN 16 may be
about 0.56% (i.e., 0.56 = 100((3.207-3.189)/3.189)) of the relaxed average lattice parameter of the
layer of GaN 16. When the layer of InGaN 20 includes 10 at% indium and has a relaxed in-plane

lattice parameter of approximately 3.220 A, a relaxed lattice parameter mismatch between the layer

12



[0051] Referring again to FIG. 4, the layer of InGaN 20 may include dislocations 18, 18' that extend within
the layer of GaN 16 and into the layer of InGaN 20, that originate at the interface between the layer of
GaN 16 and the layer of InGaN 20 and extend into the layer of InGaN 20, and that originate and extend
within the layer of InGaN 20. V-pits 30 may result from any such dislocations 18, 18'. V-pits 30 having an

apex 26 pfaximatethadiirriace betweendhajaxessdutiaab 20 mackihelpyerafGalcd faemealatively
larger (i.e., have a wider pit width W and a deeper pit depth D) compared to V-pits 30 having an apex 26

at an intethiB&i1aY&18ESHOR Within the layer of InGaN 20. [0052] In some applications, the layer of
InGaN 20 may ljgoagparated fsam Srendngierivieg iRwesaf fraflid@ angricapsferiedivanrthsesypstrate for

further processing and device fabrication after the layer of InGaN 20 has been grown on the layer of GaN

16. Relafva 188d iy fdntN <t dsdanch g et rolinssy frtinserrpa dsdweieiay fyer of

InGaN 2@ paaNhe layer@iisailaikamiesicitholes theat € xienshatieashsuhstiaMigiboentirely through
the layer of InGaN 20 after the layer of InGaN 20 has been transferred in such a process. The V-pits 30

may also'Adedr8indrthelarer pFSedddod s aseomnaninsd st akainysiasrior aReadh SHARENSRY of GaN 16

and transfierdenlayen pdrl 6alaR02%0 igBeiher SuhsHaigahhe aissarek af thaMmoiscRAtb e layer of
InGaN 20 may adversely affect light-emitting diodes (LEDs) formed from the layer of InGaN 20, For

example 2AHIB BYUREENGS AP SFIHRRANSD o s KIEF BYTEERFO 6T HESFEHSHOSut the
diode podinfie ananEL devierinaiedingihe pRItQdAbIAE R yahtefi i Bexipvdachtthe V-pit 30 is
disposed, rendering the LED device inoperable. [0053] The strain energy. stored within the layer of

InGaN 268 rEpBRESrdN RN | R ORKAEH (i GET BRYHRSERE 3D canaiiRe

concentratign efrindigeativriéahdyticafthné aNcdhigivisutiie setagyendifiessreedmthe Riyaibenergy stored
within the layer of InGaN 20 for ,diff%rﬁ nt indium contents and average totalFihickness s T for the layer of

InGaN 261HAY 6 PLISH AR 34 HL raTmS ARHiIT E R Sechins BlASEE rlad Mttt iR aHEP ) Wiithin the
layer of |nezalNb2Griddiadaticaryumis)pdsid thg @aveigge mtakthiclyessemofthedayenaf inGapatthand Ch,

the lay SPORACIE 0 WA ErA G5 AP CRREEES P G Kol SROPHGEReR GaRrs (150 )
and an ingitieregpeeRifalioBohdyoatte, thieealastidetnesgy EipaithinthetaysyamidSaih2 apey be about
pundred RORAH0 i L SOPE SRR B S A LSRR L within the
layer of INGaiN 20) mayhbeagbosf [hEGE0 10,8065, 2RO the VOPIA}(Talss grelatively thin layers of InGaN
wpplcations, & 1Bl T AP e AR ) B B A R LB B e
conventiagnahproce J3iay,- i@ ade ipte sendipdite relgdivelfibickeofalyelagtl vGakd a0 20)dvttiehV-pits 30
become 9set% ?g‘l;oavgt \é\{lir acgeV\(l)imhiQ far}gea}scl)rt]ﬂthé?\%(gss ﬁ“l?g ﬁ%ﬁgggﬁeﬁg 3'139 (?fl\tjh%%pening on the growth

surface 22 results from the hexagonal crystal structure of the InGaN material. The V-pit 30 is

defined by sidewalls 24 (facets) of the layer of InGaN 20 within the V-pit 30, which extend from an

apex 26 of the V-pit 30 to the exposed major surface 22 of the layer of InGaN 20. The apex 26 is

the location at which the V-pit 30 originated during growth of the layer of InGaN 20.

[0050] As shown in FIG. 5, the V-pit 30 has a pit depth D, which is the distance the

V-pit 30 extends into the layer of InGaN 20 (i.e., the shortest distance from the apex 26 to the plane

of the exposed major surface 22 of the layer of InGaN 20). Additionally, the V-pit 30 has a pit

width W, which is the distance across the opening of the V-pit 30 in the plane of the exposed major

surface 22 of the layer of InGaN 20 from one side thereof (as defined by the intersection between a

sidewall 24 with the exposed major surface 22) to an opposing side thereof (as defined by the

intersection between an opposing sidewall 24 and the exposed major surface 22). The pit widths W
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[0055] Embodiments of the present disclosure may be used to reduce the size of V-pits 30 formed when a
layer of ternary llI-nitride material, such as a layer of InGaN 20, is formed over a layer of binary IlI-nitride
material, such as a layer of GaN 16. Thus, for a given average total thickness of the layer of ternary
[lI-nitride material, the V-pits 30 may have a relatively smaller pit width and/or pit depth when the layer of
ternary llmrisley H@f@ﬁﬁédﬁﬁ%@ﬁﬁéﬂ BEGAIRNIE Al oe IeRRiFRE Dimef Hetkads disclosadresein,
relatively to previouséX known methods for forming such layers of ternarygl}ll-nitride material, [0056] As

previousY HHEREINEE A 12y a5 iR ecierally hays Bdixedhtditeef 8 YHathYdp silfiseth £ BhiRR fayer of

GaN 16 ysingh aehpmicandanndeRasitian (G)d) AFeaass. THER REaRgR QBRI ERem|sabyapor
deposition (MOCVD) process, a molecular beam epitaxy (MBE) process, or a metal halide vapor phase

epitaxy (FAPR Bt basgdihdeedared R A REdhs LY Withi® 4R eheloxeteH  ber (e.g., a
depositiog-piidBaatphi€ bansiaer i dhe s uhshata 4o wsdhedryenof (=304 116 dhe©oo1ysis) pirvided

within the chamber. The chamber, and the substrate 10 and the Ia%er of GaN 16 therein, may be heated

to a tempar4RRE BrhissrltutriehERmLGS Msathedpit it 584 botE ANSFEEHPsbr LAkomMere is

introducerd Qe iERIKIS AR PHES Methinitbe zheoqibesoyjo form a lll-nitride semiconductor material, the
precursor gas mixture is selected to _comg_rise one or more Group lll precursars and a_nitrobgéeril Orecursor.

At least a portiolP87the &sleaingaraistodidirprielraaretdntral rhaiy psitdn drlasations recursor
decompaset it theteaie thyehambex pexid A the iayslaaE MBawTiohiheishtiiele: semitamstisctor

material is to be formed. Upon decomposition, the elemental species deposit and combine in an ordered
manner GITEREPB IO SLBNG Poth the Vit dB @himEoiduetisroviateing [ayer o frthe pf8tursor gas
mixture aptionadinMahinetudRl additiomall gRs P I INaTaMSIBUBINMRS/I R gRSEESMm(EsGehnitrogen) and or
reactant species used to_ingorporate dopants into the layer of InGaN 20. As non-limiting examples, silane
(Sint) maé}{f Cﬁﬁ‘(?BEj&%e%as‘é‘ﬁ%%ﬁ@‘ﬂﬂ%ﬁﬂﬁpfﬁ ﬁﬂaﬁ&%ﬁﬁ%wﬁﬁﬁm{?&&%&%& pe dopant.
[0058] ThaomeMmAiacUESer SNa OB prisel oy xampledamnosaviNE3)it THeth ve aidadkessroup il
precursors may,c rise, for example, gne.or more of trimethylindium (TMI), triethylindium (1El), and
ety oAU HE OTRE Gt G P ROERE e IR Bt K MHEEFLBIE W68 fhccon
within thamghanber as gasses and/or vapors (the term "gas" as used herein encompassing both gasses
and vapors), an precursors may be caused to fl rough the chamber quring processjng. The
chambr may bi0hler JASU O EAHE by LR BT SIS SR e R DA AT

pressure)agufinQpiNdessidgransferred to another substrate for further processing and device fabrication

after the layer of InGaN 20 has been grown on the layer of GaN 16. Relatively large V-pits 30,
such as those that originate proximate the interface between the layer of InGaN 20 and the layer of
GaN 16, can result in holes that extend at least substantially entirely through the layer of InGaN 20
after the layer of InGaN 20 has been transferred in such a process. The V-pits 30 may also
adversely affect the processes used to separate the layer of InGaN 20 from the layer of GaN 16 and
transfer the layer of InGaN 20 to another substrate. The presence of the V-pits 30 in the layer of
InGaN 20 may adversely affect light-emitting diodes (LEDs) formed from the layer of InGaN 20.
For example, if a V-pit 30 extends across the entire thickness of the layer of InGaN 20, it may short
out the diode portion of an LED device including the portion of the layer of InGaN 20 in which the
V-pit 30 is disposed, rendering the LED device inoperable.

[0053] The strain energy stored within the layer of InGaN 20 is proportional to the
average total thickness T of the layer of InGaN 20, and to the concentration of indium in the layer of
InGaN 20. Thus, the relative difference in the strain energy stored within the layer of InGaN 20 for

different indium contents and average total thicknesses T for the layer of InGaN 20 may be
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[0059] In accordance with embodiments of the disclosure, the precursor gas mixture may be formulated in
such a manner as to cause a ratio of a partial pressure of the nitrogen precursor to a partial pressure of
the one or more Group Il precursors within the chamber to be in a range extending from about 5,600 to
about 6,600. It has been discovered that such a high ratio of the nitrogen precursor to a partial pressure
of the one.pr. mioqe, Growp. W preciyisors maxresylingVieits 30 formed n fhe Jayer pf InGan 20 to be
relatively Smaller whe comparecf g lajiers dFIn SN formed Wi reFa%ve%?’ lower partla"r’pressure ratios.
For exa referrin ain to FIG..5, in accordance, with some embodimen ra it. width W of
the v e B R s B B S R R  Dmeters
(200 nm)tler tesscmratwer Aindutome the tigrerd Bindsfily20anproestat ss(d5H0tomy petessagairtfer, in such
embodiments, the r of In have an ave .total thickness T (F1G. 4 reater than about
one hund e B L R A 00 ey, o
even greaepthaerabdittwodndrdredinenometeis {2001hd) at%, [DO 6Bk s dueayy Einvtiibiath ety gartial
pressures gf cursors within be related to the flow rates rsors through the
Chamber T o L 8 S e R A et M BB S MEREBHERR Controted
and tailoredbgeselettiveinessritrallimg emahaiidndd gahenfldovs 6266 whikedrscodsorscbroughtine chamber
[0061] FI '0 ranh.illustrating th r variati i@oa%r e it wj -pi med in a
layer of I§ Cg aglt\bfz%}]%asg1 g hén%%cr)gglgf% v%ﬁ g%gﬁnq%lgl %%{soﬁggekr%%gy ngﬁﬁ%haeg (lftgsglvtiac’:ésag\flylll%ogN ggoigf&ﬁfferent
ranges of the rali®@fla phntial istesetlyetlon thgenited detiadf bt hty al partial ptessumgy ftreionmdr more
Group Il REGUESALS, WG CRF s dyrng (e Lespeelive Asnralians ol s LingaN 20. As
previously mentioned, the relative difference in the strain energy stored within layers of InGaN 20 for
different ifdifmcitters tmndesiverage\totalotickressew Th famiyratmpel ponessan, 20-pitay berestimated
using the felatipnship B eV RPRISINF RS0 ¢ lRxtise0eay Wiinhe fyst ohinGal gin
arbitrary Emét%l Tis t_ﬁe a{/er ge %otalﬁ%ﬁclgnessgs of th%e layer d%‘ InGaN 20, ano%( I?Cﬁ %{?{ﬁé concentration of
indium initigeedaiper thiclessN b edrpee sf delmdlal® -atomic percentage. The elastic energies in FIG. 6 were
e o JosBl  RSANRIROS e lehnaseRa IS IEIROHARAN 200 BROgES by he

respective indi oncentrations in the layers of InGaN 20. 0062] The circles in the chart of FIG. 6

corresppﬁumdhéh@y@ﬂsy@f nf(%lwqdlﬁabﬁéé‘teﬁamiﬁb Pravess by Wﬁn@ﬁméQaﬁd@mﬁb(p&ftﬁal pressure
of the nitipgen, PEECINSET_LRGTE RAMIALIPLESRYULE: ofyhe.P0a19 ﬁﬁ!%&!?&%i\%&?&w&%@tmﬁh'n the

chamber during deposition was within the range extending from about 3,071 to about’5,461. In contrast,

the triapg}lé@@ﬁﬁﬁ@ﬁjﬂ?ﬁﬁﬁﬁ@@?@%r@srﬁﬁw mm@ahybf_ré’qpitﬁ @@N@dlmrﬁ@slé@mbiﬁglp]ﬂ@béﬁses
according fa,emod Meas R WEINAC S a8 disclosprieififud matich e Fala of ip&RaMHAI Rigssure of the

nitrogen precursor to the partial pressufe of the orie or more Group Il precursors within the chamber

during desseRedbnanaivitathodredistioredhesritinglFtoie]yaloaue 6. @oly thnapaunelsal. frnEaing sk 50 in

FIG. 6 aqgg,gggjlaq@ﬁa fielativRship.pgfween the elastic energy within the layers of InGaN 20 and the
measured pit widths W of the V-pits 30 formed therein for the samples fabricated using processes in

which the partial $9e8surd sty yimentepedr diyle s ehliaaNrévimpydw Sprmited eibbtBaig1, as

mentioned ahave; Slathelhedtandding i&E&ca@%fW%%tw ldpslunhatyeen the elastic

energy within the layers of InGaN 20 and the measured pit widths W of the 'V-pits 30 formed therein for

the sampREAQpEechUBitY proeedarasiiol MR NEDarpsepresBectdaobaas ety thdBEnge extending
from abopt R &0Q,1q Mthglﬁf%%@%rg@%% REARDPME/AS FRRAES SGRM BYoETRGHNIH R ipe S50 with

the trend line 52 in the chart of FI r any given elastic energgewithln the layers of InGaN 20, the
measuret PHiimAEeRCIRs et ehamheits 80 BeneTaipnad SaskinsrGhatAkcslant PreshapteatBanisthg larstesses in

which the, pariah BreRRWe FAIDES VIRIRVDE T Ao s d g ERMnBEO UL GO ARRU AP Rrelative
to the measured pit widths W of the V-pits 30 in the samples
layer of GaN 16 therein, may be heated to a temperature or temperatures between about 500°C and

about 1,000°C. A precursor gas mixture is introduced or otherwise provided within the chamber.
To form a IlI-nitride semiconductor material, the precursor gas mixture is selected to comprise one
or more Group III precursors and a nitrogen precursor. At least a portion of the one or more

Group III precursors and at least a portion of the nitrogen precursor decompose within the heated
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fabricated using processes in which the partial pressure ratio was within the range extending from about
3,071 to about 5,461. [0063] As an example, the vertical line 54 in FIG. 6 is located at an elastic
energy of 1,800, and may correspond to layers of InGaN 20 having an average total thickness of about
two hundred nanometers (200 nm) and an indium content of nine atomic percent (9 at%) (i.e., 1,800 =

200(9)). Amashsanprikihgs iy bafidCodwakehir Ryaiahinsal A fabraaieasing pegsassgs in which

the partial pressure ratio was within the range extending from about 5,600 to about 6,600 as described

herein m&PoRdssprRRNiAbRRlemEHsBEr e AFRP il ARSHEAD IS i tdSHR IRANHE RS sixty

nanometgrsw#BbQ AR kB ERtrastisuehidelavalcehinGaN-falpricated using processes in which the
partial pressure ratio was within the range extending from about 3,071 to about 5,461 may be expected to

include V-pits 36°Halng TRRGRICHHESATHRS TN BI e BBUPRAY MemardidR Aok SRS SEsEH i m). As
another examlendheresicallingREin)RlE. & isdasatepkai-a NP imanpMOldpaid iR RYer

correspond to layers of InGaN 20 having an average total thickness of about one hundred and fifty

nanomet8FNE8Y Afh)AheearH MEInEFEBRRA, SHERGH L DA% IR tERARRI g A Ne P s domaytiand 1,275 =

150(8.5) mAsnssiamminytbe iahaduetd4ca B.spehigiayer of InGaN 20 fabricated using processes in which
the partial presi[ttjzre ratio was within the range extending from about 5,600 to about 6,600 as described

herein may be d%Balted 1BAERAFENPISHE S MG PR RiatAS P BPIEs AT BAR Hen B Ws B meters
(100 nm)misrconsigsiiisebuasbry ai9fdamae2 b fakesprdonsiogmsecessandmyiightdernantial pressure
ratio was within the range extending from.about 3,071 to about 5,461 may be expected to include V-pits
30 having SISAPHIETHERAOVIEH SERHBHE RGN 2T SUTRFRY MEFREAIC LERPRA)OT [0064] Without
being bognguie 1anrEbagtys ihis Gerpendithalievatdopihye mplovasrriativapohigherasursas uas ratios
during growth of the layer of InGaN 20, as described herein, the rate at which additional InGaN material is
grown ortt AR SRR P FApIES @*@mﬁé R iSRG R 88 e PAE SOV additional
InGaN mgiiexigh ith@thwiben digrpxnoseding ahs eHasd o ndheQiaudhvatiiaae).4 fiesplédsué-pits 30 of
relatively smaller size. 0065] Thus, layers of InGaN 2Q (and other ternary lll-nitride semiconductor
materials‘}"?%‘?iEﬁgﬁafﬁ‘bfé%?ﬁggé’@ Wﬁ@ﬂ%@ﬁﬁéﬁf?sﬁ HOGPHEFEEribed herein, by formulating the
precursor gas njoaesg sushdébaidanctioiof enfpadialdatessiie dfdhsuriy agaideiesst gas to-apaiiial pressure
of the one or more Groug Il precursors within the chamber is at least abgyt 5,600 (e.g., between about
5,600 an RO 6800 HiAk BRI ER AR SHAS 18R VN PERRAIBE B SO HLPEREPATERES Prdiously
known priagesbpgdsuveiChtovveropiacty sabiptidspretesers plapgotisiuciagntab icatom ofafye layers of InGaN.
[0066] For example, semicondyctor structur be fabricated that comprise a ternary IlI-nitride
material, SUCH G 4 P AP RCANOT e (1 r bR ESR S0 RSP ABHEA R £ EhB e layer o
InGaN 2@ioiogetgyetatbinaypitalpessnatefihk shebrasad@eupiiGafchtousingymstitogs as described
hereinaboyve. The fully-grown layer of | 0 may have a final average total thickness T (FIG. 4)
Greator T LS D R o A oHRAE € DB R P i e e SH G iy
nanometaiS4NS0miad, witlewdaigebatew th parabigt tevochutiok el sranmamgite is iz A0gnapyinfoer finad average
total thickness T ma b(-%hless than a Cfritic%l thickness of.%he}%@yr%oﬂﬁ N .20, The IF er of InGaN 20
may com%r?s‘%"é??&%éﬁ‘wes%%ﬁr@ ETCent (5 atdh) indiufh, ‘aifd may comprise Bgtb%‘e%\//%%ut five atomic
percent (&) 26 diuncdnd daotibdd hatomicapdecaniufid att) drddinmofeaiax@dlattiyepiasaoeter
mismatch between the.fully-grow er of InGaN 20 and the layer. of GaN 16 may.be at least about 0.5%
of the et oS T AT PO 7 T SAR Few i iy BB ST ¢1of anci
about 1.0%efohiaGalshaiohaschagedaticeapartatigteclofetad |EI€T. df) GialdedGr THae fibbytgnotubdyest of

InGaN 20 may com a plurality of V-pits 30 therein havi n average pjt width W (FIG. 5) of about
o nunclS0 ST (ob et Or b e R AT e REHoatSh 250 emy o
less. greater than about two hundred nanometers (200 nm).
[0060] As known in the art, the partial pressures of the precursors within the chamber are
related to the flow rates of the precursors through the chamber. Thus, the partial pressures of the

precursors within the chamber may be selectively controlled and tailored by selectively controlling

and tailoring the flow rates of the precursors through the chamber.
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[0067] In the embodiments described above with reference to FIG. 2 through 5, the semiconductor
structure includes a single layer of InGaN 20 on a single underlying layer of GaN 16. The methods
described herein, however, also may be used to fabricate semiconductor structures that include a plurality
of layers of IlI-nitride material. For example, FIG. 7 illustrates a semiconductor structure 100 that includes

a substrate 101 (o Jn Stack 4 QPaGRRNBINg AiRIRIGL RFausH ol - Hide@asaraUihvg spbstrate 101

may comprise a substrate as previously described herein in relation to the substrate 10. The stack 102

may compriats Abioraed 8r e obin N2 anadineiomatantptionds slasiyepstay eyikin 81 lavkIs
plurality QfflRyeIs obadednaseit raiside, MAtaHRd SUCPaSalaessued bTERN k8B \sr&hpwR inFIG. 7, the

layers of GaN 104 and the layers of InGaN 106 may be disposed in an alternating fashion one over

another, BYERIALSSYERTAYR P & SRPECA VR A AR s Y i hrshrabar uing e BSSRRDEr of InGaN
106.  HP68liEachriaves iAW HIA may bepseiastantialbnsinilante rangvnaybrdesmeddridam same

manner as, the previously described layer of GaN 16. Similarly, each layer of InGaN 106 may be

substant/aI§FSIaFavIEHe a1l red s thiehd HamR diHF AR Brevieiaes Bébcribed layer of
ncan Z%i'cq(yﬁ%sege%”i%?'t SR SR SACTdISIRNRI QLD GRNEDR AN B LRtNEY thinner than

the previous scribed layer o y‘way of example n, eac the layers of
GaN 104 h of layer In thicki : e 0
nanometfr%%%?nﬁn %ﬁ%gb%?ﬂ%&%gﬁgﬁﬁgr@( ogﬁﬁm?a#%&é}gé&%%ﬁﬁ%{ﬁf@fsr@gﬁ% a final
average totall thithasesss dflike lthyar of theg¥alloushyCdeisdhibechkepsratbnrid aNieo. iFdhakamole, the stack

102 mayﬂ@é%fazﬁQ%%%é%%gﬁ%ﬂ%@ﬁ%ﬁt%@ eﬁ%@%ﬁk@i’é aRQuieneMUNdred: RADRMAIRIFKT 00 nm).

Q
greater than about o nanometers (150 mm%, or even greater than about two hundred
nanometereliipbingrie avefago@lathatoassdan Gz laistscdtiobs 20 mayrexeiedsdyidast partially

through fInGaN 106. These dislocations 110
roug ‘}%%?&f@e?{ﬁdﬂﬁﬁ%ﬁ%x&&%ﬁ%flfe%{glﬁ%%%%‘:%ﬁlﬁ('ﬁX? of InGa ese dislocations 110 may

comprise dislocations as previous on to the dislocations 18, 18' of FIG. 4. Additionally,

V-pits 112, like ﬁ@ﬁ@devi&bslyil&@dnﬁb@whapi@f Bt infespiespradéntheithivithel SedoRNIURfaBder ok the V-pits
112 may%ﬁﬁg’b‘?d@é&é@‘ﬁl%?&]cﬂ@rgﬁ%?{hé?fﬁ‘?ﬁ? OIURL M@%%(géﬁiﬁfer&%&% tﬂgaxma%urface% and

may extend {0 an apex 108, which may originate at a dislocation 11 shown in FIG. 7, at least some
of the V-piessure ohlye extepionhre Guhua Plupsdityresireneidite thaghgmhyedsiof Gigros09mwes| a»yém of InGaN
106. [RQZQJFEQ%E%%Q RbiabhiPd Anddnedays el INGANAAGIPAYAELQTMEL B%.R'EMEsly

described in refation to the layer of GaN 16 and the’layer of InGaN 20. In particular, each layer of InGaN

20 may bormspead iie éhﬁel_aw@@%hﬁﬂﬂé&fgmga@@&mm%%mﬁmdwwﬂdm@d M such a
manner a5 FRUSGIRBEIA A RATHA REGSTUTE RS Sr QIR PRSNROG ﬁﬁf&%&%{%%ﬁ%&?& one or

more Group Ill precursors within the chamber to be in a range extending from a 5,600 to about 6,600,

as previofhglpad@dmwrmf &lf-‘e(mmﬁ@mﬁilt@urﬂﬁ iraguere i tdmtheeghasnban dppiaserasioand/or pit
depth D, @ﬁsWKBQﬁyrméﬁ%mgﬁmﬁw%}&)ﬁk@aﬁout 6,600. The trend line 50 in FIG. 6

approximates the relationship between the elastic energy within the layers of InGaN 20 and the

measured pit widths W of the V-pits 30 formed therein for the samples fabricated using processes in
which the partial pressure ratio was within the range extending from about 3,071 to about 5,461, as
mentioned above. Similarly, the trend line 52 in FIG. 6 approximates the relationship between the
elastic energy within the layers of InGaN 20 and the measured pit widths W of the V-pits 30 formed
therein for the samples fabricated using processes in which the partial pressure ratio was within the
range extending from about 5,600 to about 6,600, as described above. As can be seen by comparing
the trend line 50 with the trend line 52 in the chart of FIG. 6, for any given elastic energy within the
layers of InGaN 20, the measured pit widths W of the V-pits 30 are relatively smaller in the samples
fabricated using processes in which the partial pressure ratio was within the range extending from

about 5,600 to about 6,600, relative to the measured pit widths W of the V-pits 30 in the samples
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[0071] Additional non-limiting embodiments of the disclosure are described below. [0072] Embodiment
1: A method of forming InGaN, comprising: providing a layer of GaN within a chamber; epitaxially growing
a layer of InGaN on a surface of the layer of GaN; and growing the layer of InGaN to an average final
thickness greater than about one hundred nanometers (100 nm) Epitaxially growing the layer of InGaN

comprisegbRtawdingr PEEARL IS XHBawith i dheehandess SAlaating thedRregbhaniodasnmixture to
comprise one or more Group lll precursors and a nitrogen precursor; formulating the precursor gas

mixture t80C4H3d A HaRPoY &gﬂtial pressure of the nitrogen precursor to a partial pressure of the one or
more Group |1l ppeeg]sorgswithitniisChRmbeids he.-34eastabow RERY And dasampesingat least a

portion of the one or more Group Il precursors and at least a portion of the nitrogenéprecursor proximate

the surfadd 8-t impcoresRrnd to IRy EREBYIdRY DSt iiEBo Bl BHnkRaHoLAPaUtierein

formulatingriihe PRerHRES B0 thiPGansRiNErAGER of Hie RATHAE PELSSII® aPH)ei Ritrpgen Precursor to
the partial(Pressure of the one or more Groug [l precursors within the chamber to be at least about 5,600

comprisefSPutafi BB Brierlot gREM ARt tiRGaF bie iRt tgd 45g8 AR g rom 5,600
to 6,600.whiclOBéphRmREisnantado Wis wiaihogofmphadingmnt fofiibeitepoprisisg seasingsthe

average final thickness to be less than a critical thickness of the layer of InGaN. [0075] Embodiment

4: The metATEPET ARy BRashe MISEIRTEA AT ol igiss Ay iaePEstdthsINY ofcthag A hapdieds iInGaN on

the surfaggdafithenayshatis adcamprisesoaepesitiog 1ne aye1ebinCGaNeAdheswiacerotdhedayer of
GaN using, a halide vapor phase epitaxy (HYPE) process or a metalorganic vapor phase epitaxy
(MOVPEY) rﬂa@*&?aﬂla‘[@fﬁél}rémseam%ew%mﬁ%rmgﬂﬁﬁeafiwr&ﬁé%Pgtrﬁﬂjéimé'hfgl&% Pdugh 4,

wherein gigyag-tpectayes iclaGal sadhe ruenagerfinajithishnesy oreatar tharhabewt L@ griycomprises

growing e laver o Galfo en avsrae g KR, psalss hanahow Qasundiedapd
energy of 1,275, and may correspond to layers of InGaN 20 having an average total thickness of
about one hundred and fifty nanometers (150 nm) and an indium content of eight and one-half
atomic percent (8.5 at%) (i.e., 1,275 =150(8.5)). As shown in the chart of FIG. 6, such a layer of
InGaN 20 fabricated using processes in which the partial pressure ratio was within the range
extending from about 5,600 to about 6,600 as described herein may be expected to include V-pits 30
having pit widths W of less than one hundred nanometers (100 nm). In contrast, such a layer of
InGaN 20 fabricated using processes in which the partial pressure ratio was within the range
extending from about 3,071 to about 5,461 may be expected to include V-pits 30 having larger pit
widths W of about one hundred and seventy nanometers (170 nm).

[0064] Without being bound to any theory, it is currently believed that by employing
relatively high precursor gas ratios during growth of the layer of InGaN 20, as described herein, the
rate at which additional InGaN material is grown on the sidewalls 24 within the V-pits 30 may be
increased relative to the rate at which additional InGaN material is grown on the exposed major
surface 22 (the growth surface) to result in V-pits 30 of relatively smaller size.

[0065] Thus, layers of InGaN 20 (and other ternary IlI-nitride semiconductor materials)
fabricated in accordance with embodiments of methods as described herein, by formulating the
precursor gas mixture such that a ratio of a partial pressure of the nitrogen precursor to a partial
pressure of the one or more Group III precursors within the chamber is at least about 5,600 (e.g.,

between about 5,600 and about 6,600), may be formed to have relatively smaller V-pits 30 therein
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[0077] Embodiment 6: The method of Embodiment 5, wherein growing the layer of InGaN to an average
final thickness greater than about 150 nm comprises growing the layer of InGaN to an average final
thickness greater than about two hundred nanometers (200 nm) [0078] Embodiment 7: The method of
any one of Embodiments 1 through 6, wherein epitaxially growing the layer of InGaN comprises

formulating e laysie Plolifsall SR HBNR & LTAROBIR b R hic@llsUN ribs e eispidyedstahgut 0.05.

[0079] Embodiment 8: The method of Embodiment 7, wherein formulating the layer of InGaN to have a
compositiBRFSrHTRA DRy e bi93Ns at least about 0.05 comprises formulating the layer of InGaN to

have a composifges]f INfGakaBiNieMigrRibnyisbewasireas 8OhrA B Qoktbrise 10Q84y

Embodiment 9; The method of any one of Embaodiments 1 through 8, wherein epitaxially growing the layer

of InGaN!Brifide maigabstish pyereare bR Gimtha chhsdrrofdntiatagnmeiajarisel such that a

relaxed laficamanamsier snismatchoketwesetbeavey ni-ntiablandthie dayeiof @ ds Getwegn about
0.5% and about 1.0% of the relaxed average lattice Earameter of the layer of GaN. [0081]

EmbodintsHgiBerags fetsddiBrhsrdneber &nlbs diesto wiaesigh BGonerdingrdwisg ttlayer of

InGaN tosabraxeiRgEiiorhENCKIERS. HrtheiGamprigpsfonniie & dd walinabN-Qite thiglayer @hinGaN
having an_ average pit width of about two hundred nanometers (200 nm) or less. [0082] Embodiment

11: The ARANGAPEPEMESARERE B2UATTSH foriitg)1RE Pt &Kt 6% Vapitd pivivg Midisdrage pit width of
about 20QanBnREJRIS GPAMYISEisef a1 Rgeth flutAMItyhfMepit Rrvibg REs Aver ageifidhidtekabput one

hundred ﬁ(lréqaf}ilfé%/onf%plg}re{ll\?tfor.s "Hig a??? )0 {nlg}g?\l 20 may comprise at least five atomic percent (5 at%)

indium, and may comprise between about five atomic percent (5 at%) indium and about ten atomic
percent (10 at%) indium. A relaxed lattice parameter mismatch between the fully-grown layer of
InGaN 20 and the layer of GaN 16 may be at least about 0.5% of the relaxed average lattice
parameter of the layer of GaN 16, and may be between about 0.5% and about 1.0% of the relaxed
average lattice parameter of the layer of GaN 16. The fully-grown layer of InGaN 20 may comprise
a plurality of V-pits 30 therein having an average pit width W (FIG. 5) of about two hundred
nanometers (200 nm) or less, or even about one hundred and fifty nanometers (150 nm) or less.

[0067] Inthe embodiments described above with reference to FIG. 2 through 5, the
semiconductor structure includes a single layer of InGaN 20 on a single underlying layer of
GaN 16. The methods described herein, however, also may be used to fabricate semiconductor
structures that include a plurality of layers of IlI-nitride material. For example, FIG. 7 illustrates a
semiconductor structure 100 that includes a substrate 101, and a stack 102 comprising a plurality of
layers of IlI-nitride material. The substrate 101 may comprise a substrate as previously described
herein in relation to the substrate 10. The stack 102 may comprise a plurality of layers of a binary
[I-nitride material, such as layers of GaN 104, and a plurality of layers of a ternary IlI-nitride
material, such as layers of InGaN 106. As shown in FIG. 7, the layers of GaN 104 and the layers of
InGaN 106 may be disposed in an alternating fashion one over another, such that each layer of
GaN 104 is separated from other layers of GaN 104 by a layer of InGaN 106.

[0068] Each layer of GaN 104 may be substantially similar to, and may be formed in the
same manner as, the previously described layer of GaN 16. Similarly, each layer of InGaN 106 may

be substantially similar to, and may be formed in the same manner as, the previously described layer
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[0083] Embodiment 12: The method of any one of Embodiments 1 through 11, further comprising
selecting the nitrogen precursor to comprise ammonia. [0084] Embodiment 13: The method of any
one of Embodiments 1 through 12, further comprising selecting the one or more Group Il precursors to
comprise trimethylindium and triethylgallium. [0085] Embodiment 14: A method of forming a ternary

Il-nitride JpafeHR TRMRHsINGBEIRGEH: G, Abd aldeast PRErObINHALINA0E AMTHOWMHGERIPIiSINg:
providing a binary lll-nitride material within a chamber; and %pitaxiall¥ growing a layer of ternary Ill-nitride

material SHPE BIARRe RIRYiHE yesesriardemenahinralirlortnavay et SrEnia A dInoftikLaiterial

includes:REA\IEIRG i3yRIS (SN A3 MAXUAKS WItHOHers BAMBRN s RIeFUESedaseMxtkiegasnprising a
nitrogen Bgr:ecursor and two or more Group Il precursors; formulating the precursor gas mixture such that

a ratio of ¥ PEHLI UL R SWOMETTRIGHER prekhent Tirty paressires 8t tHdoHasr More Group 1l
Precursokywithir #he, Haeebehds Atlagstalauickfe9 Tane dReompepiRgithelniteeer-passser and the

two or more Graup lll precursors in the chamber. The method further includes growing the Ia%er of ternary

I1-nitride AR 1§ e svapig e thitknawy dras ARh AVSHss BHe thiskared ngiaire s (At nm);
formulatiggethgndwarahisivrry (1 boitise srateridhauhihaiehiglaxechitiEs, pardmekas Msmatgh between

the layer of ternary llI-nitride material and the bina%lll-nitride material is at least about 0.5% of the

relaxed &erigedtaice AT anoutdy sttt 4Pt Y at8Mal; and forming a plurality of V-pits in the

layer of ternary [teadlideAnakerial i@ uralityoehtitmitsl Daviye: aRvarrRgs pindihiebalioshdwe hundred
nanometers (200 nm) or less in the f wn layer of ternary llI-nitride material. [0086] Embodiment

e e R G W BB A LU ST PRSTR  LEE S  cRS R HOTR SR v o

the partialigeasiure &f phe Ritkdgasspiesdisatinitharadialspestnels! iReqmre@rmoriGuny!
precursors withjn the chamber is T& Igast_ bgut 5,600 comprises formuégtin the precursor gas. mixture

9]

such thatti¥attdid ffi W ARBARRREAGHG IO BlEot 16 8YetioPreseriony BGitt 16 HIE method of
Embodimeay1gifuntbensomerigiigosalestion 1he femany dtheitidadeateiaktol ooamerisd {adium gallium
nitride. 0088l]}ﬁ|§:'mf$70di$ent 17; The method %8any one of Emb.odimentéé%f throu?h 16, further
comprisiffg SElL Y the V81 kAR P b R RN asie A EHERAEOBAHL Ber of ternary
ll-nitride smatarialFI1G. 102883t sohrdimBatvLBitd he2 mathedaatiamyesteagilimmbodinteniictdatiigugh 17,
wherein (?rowir@bzg ?@ﬁ: of ﬁzrnaryg-% aterial to the average final thickness greater than about
100 nm cBHipt T thaystar Jp aﬁ?g;l -nitride material to an average final thickness greater
than about one [0070ted Bindififtysner@inetotsafE@iaiayers of InGaN 106 may be formed as previously

described in relation to the layer of GaN 16 and the layer of InGaN 20. In particular, each layer of

InGaN 20 may be formed in a reaction chamber using a precursor gas mixture that is formulated in

such a manner as to cause a ratio of a partial pressure of a nitrogen precursor to a partial pressure of

one or more Group III precursors within the chamber to be in a range extending from about 5,600 to

about 6,600, as previously described. As a result, the V-pits 112 may have a relatively smaller pit

width W and/or pit depth D, as previously described with reference to FIG. 5.

[0071] Additional non-limiting embodiments of the disclosure are described below.
[0072] Embodiment 1: A method of forming InGaN, comprising: providing a layer of

GaN within a chamber; epitaxially growing a layer of InGaN on a surface of the layer of GaN;

and growing the layer of InGaN to an average final thickness greater than about one hundred

nanometers (100 nm). Epitaxially growing the layer of InGaN comprises: providing a precursor

gas mixture within the chamber; selecting the precursor gas mixture to comprise one or more

Group III precursors and a nitrogen precursor; formulating the precursor gas mixture to cause a

ratio of a partial pressure of the nitrogen precursor to a partial pressure of the one or more
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[0090] Embodiment 19: The method of Embodiment 18, wherein growing the layer of ternary IlI-nitride
material to an average final thickness greater than about 150 nm comprises growing the layer of ternary
[lI-nitride material to an average final thickness greater than about two hundred nanometers (200 nm)
[0091] Embodiment 20: The method of any one of Embodiments 14 through 19, wherein formulating the
layer of terpagy il pitdR sRaiatiahsHehihmba e aved laltice Barampeten RIsRkeh RetweeRdbeilayer of

ternary llI-nitride material and the binary lll-nitride material is at least about 0.5% of the relaxed average

lattice paPaFHeReP i thensiRLR)NS-itARR T s Hrhindsid s ating dkhs e geaiss/ isehitride

material puskitiat thealaxacklattiae RYMERNNiIsMatch between the layer of ternary Ill-nitride material
and the binary Ill-nitride material is at least about 5% of the relaxed average lattice parameter of the

binary Ill-nitride H4kalEmbogasat Embhgimstidel Fmbodunsal brdisydnéosnelibisthfents 14 through

20, furthgjréQIRRHSNOSRIBEERY NS OHO SR EGUISALTED FRIVPASEfARYAAR@en prdR831 rakodiment 22:
The method of any one of Embodiments 14 through 21, further comprising selecting the two or more

Group IIIRHERLRSETEUS RbHPRSE %’P?@fﬁﬁﬁ‘&fﬂ&ﬂgﬁfacﬂﬂféﬂﬁ%l\j&#ﬂﬁhe chagbeionBbIFMERDY: A

semiconadusiorcslneites empusinoeGaNutie G akiormedsaimathascoRplisinggproviding a layer
of GaN within a chamber; and eﬁr;itaxially growing a layer of InGaN on a surface of the layer of GaN.
Epitaxial G AEREIR00 4 eXN comprises: providing a precursor gas mixture within the chamber:

selecting the prégoTapr JasibiiiHERY: CORFISEH QN E I HME fIaUR It eSStk iting ait
precursor; formt;lfatiri the precursoLﬁgas mixture to cause a ratjo of a partjal pressure of the nitrogen
precursof Y§&&5 A %\lgkeﬁﬁ%tsﬂaﬂq DO B B O MRS TARAR chamber to be at least

about 5,600; anfbdeSpMpecdAtIRASt BhRaHkieibafoihen ¢ e o6 MiB Jdieudhtsl | RrecusE T Svangeat least a
portion of the nitrogen p,recir‘s':s%,prox':?baée the surface of the Ia;ier of GaN. In Emhodiment 23, the

filly-growrPIER &Y FIES4NS Ph A HHERHESEE B RSP AbBOL SHERSRE A i B meters
(100 nmjihe rgyexedlrtice parameitidnisniaichybebrermthsiiiliv-patnvayer larGphhandiveigyer of
GaN is at least about 0.5% of the relaxed average latti ameter of the layer of GaN; and the
filly-growR f&y&t 8f W&ﬂ‘%ﬁ?ﬁb‘?i‘é@%"ﬁ%ﬁ?ﬁﬁiﬁ}t mee%r 9&Ving an average pit width of about two
hundred nanompeTs](2dthibndiaidess. The[RRBRIEuTbodine ot Bhbdidnsemicanchigipusishetere of
Embodiment 23, wherein the layer of [nGaN in farmed in accordance with an of Embodiments 1
(hrough B30 OB EMI ARG P4 ALSEHrc LB LA SRBAGIY S AL/ AP TR e materia
comprisiggowirgome, | gadtivmingiiNab lea st erageofiiad ithiokares atsniiuiantbboiar oashlkditddadnaterial
formed b}lf method conz $i§in - providing a substrate comprising a binary IlI-nitride material within a
chamber!' Wdlglﬂ)?fgﬁfgfﬁ/ 3 a layer of ternary lll-nitride material on the binary llI-nitride material.
Epitaxial growth[0d7iig layebodieenai: |t odede Hahbodiuces Sp rohiaing @ ragitholgas afixture
within the ¢ ber, the precursor . gas mixture to comprising a nitrogen precursor.ang two or more Group
1 precurtr e TGP R A BT AL IR AP N D BT B b e 8T e mirogen
precursoirtGaNo@rtialapresse fmalf dfiekonss @i dariaanaiput tprebursived withiméeci2mbar)is at least
about 5,600; an osing the nitrogen precurser and the two or more Group Il precyrsors in the
Chamber. 1n ErOaherHOENIN- ol RSN o1 RnaRS M e ratin MR e S ina
thicknesspiteaisitaovahg uwh ok drwtd rechNaswonpeiers ik B iann)g sheelaxad fdiiGeN ardmetar mismatch

between the ﬂ”% grown layer of g% lII-nltrldtelénsa,}ta ”(fa}i“é .615the binary IlI-nitride material is at least

/- n
about 0 SRR AL PN e A I aboucts T 1 ide

[0079] Embodiment 8: The method of Embodiment 7, wherein formulating the layer of
InGaN to have a composition of In,Ga(;x)N, wherein x is at least about 0.05 comprises
formulating the layer of InGaN to have a composition of InyGa(.x)N, wherein x is between about
0.05 and about 0.10.

[0080] Embodiment9: The method of any one of Embodiments 1 through 8, wherein
epitaxially growing the layer of InGaN on the surface of the layer of GaN further comprises

formulating the layer of InGaN such that a relaxed lattice parameter mismatch between the layer
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material; and the filly-grown layer of ternary lll-nitride material comprises a plurality of V-pits therein
having an average pit width of about two hundred nanometers (200 nm) or less. [0097] Embodiment
26: The semiconductor structure of Embodiment 25, wherein the layer of ternary lll-nitride material in
formed in accordance with any one of Embodiments 14 through 22 [0098] Embodiment 27: A method

of formingfa}tAck ffdayersyef UH-GENOIR Rralriiala6omprsINgn PEdViIEind e, PR &t vddhincaaghamber;

epitaxiall growing at least one layer of GaN and a plurality of layers of InGaN over the substrate within
the chanBBICaPRaBIsHRGTtHE B¥ekBi%Ers of I11-nitride material to have a final average total thickness

greater than abgoggr]e ungsachianenetars (L am awhereipranitssiahewingbagieaskaseiyer of
InGaN of the plurality of layers of InGaN comprises, providing a precursor. gas mixture within the
%w&eeéﬁéuafﬁ

chamberSERREABCHY PratIRSBRRLmNERE T 188k RGRTBTSED Ipag arebre iy Ph

nitrogen NregraOmdosgulaiingsine RISEY 80MUaS SBINIHIE I TSR @ Rt ehdRarfiabriessy(eoof the
nitrogen precursor to a partial pressure of the one or more Group Il precursors within the chamber to be
at least a¥BUPE!8%0: and decomposing at least a portion of the one or more Group Ill precursors and at

least a portion g2 itreaRRAMEN SO tHomR R af lEaBoanaday g0, afiefeaNormidQROp ilhdity

embodiments of the disclosure described abqve do not limit the scope of the invention, since these

embodinfdntsRiie ingng e 2xrrse P brariB SdithartS 8F tHa heiietmiRchiadme 8 BiAHE etope of the
appendey glaimsang dheivdagal mavialiestabinyoad hiviaiest efaFejmentsmaiedtieudad)ternesyithin the

Zcopg of this migw Indeed, varitous_ mggifications of the disoclos re, in addition to those sh vx;n and

escribed hereif; Stth a@%@ﬂ%‘f@ d<erdmednihiesRi s ool EmBedinRai ATRE YR Hedb apparent

to those skithedidmthe R fiignhéhateasseripionsSuecaiagiivatiansaie also intended to fall within the

scope of the ap?&%iﬁd %%g@osdin?elﬁf\lll\élzs "l\"lk\llgl %;[eit (():lla (i)[Pglgyi(S):ne of Embodiments 1 through 12, further
comprising selecting the one or more Group III precursors to comprise trimethylindium and
triethylgallium.

[0085] Embodiment 14: A method of forming a ternary IlI-nitride material comprising
nitrogen, gallium, and at least one of indium and aluminum, comprising: providing a binary
[II-nitride material within a chamber; and epitaxially growing a layer of ternary III-nitride
material on the binary III-nitride material. Epitaxial growth of the layer of ternary I1I-nitride
material includes: providing a precursor gas mixture within the chamber, the precursor gas
mixture comprising a nitrogen precursor and two or more Group III precursors; formulating the
precursor gas mixture such that a ratio of a partial pressure of the nitrogen precursor to a partial
pressure of the one or more Group III precursors within the chamber is at least about 5,600; and
decomposing the nitrogen precursor and the two or more Group III precursors in the chamber.

The method further includes growing the layer of ternary IlI-nitride material to an average final
thickness greater than about one hundred nanometers (100 nm); formulating the layer of ternary
[II-nitride material such that a relaxed lattice parameter mismatch between the layer of ternary
[II-nitride material and the binary Ill-nitride material is at least about 0.5% of the relaxed
average lattice parameter of the binary IlI-nitride material; and forming a plurality of V-pits in
the layer of ternary IlI-nitride material, the plurality of V-pits having an average pit width of
about two hundred nanometers (200 nm) or less in the fully-grown layer of ternary Ill-nitride

material.
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1. A method of forming InGaN, comprising: providing a layer of GaN within a chamber; epitaxially growing
a layer of InGaN on a surface of the layer of GaN, comprising: providing a precursor gas mixture within
the chamber; selecting the precursor gas mixture to comprise one or more Group Il precursors and a
nitrogen precursor; formulating the precursor gas mixture to cause a ratio of a partial pressure of the

nitrogen precurgonge]a PakiRIRReSEUrS: of lBeRR@LMAD &M | AreaUrsRY fowithintnesbamber to be
at least about 5,600; and decomposing at least aégortion of the one ar more Group Il precursors and at

least a pBFEW B A MFTYENSHFEHR S rakmpitth reatinkaEes it et Bpesanpregyisor to the

partial pressure of the one or more Group III precursors within the chamber is at least about
5,600 comprises formulating the precursor gas mixture such that the ratio is in a range extending
from 5,600 to 6,600.

[0087] Embodiment 16: The method of Embodiment 14, further comprising selecting
the ternary IlI-nitride material to comprise indium gallium nitride.

[0088] Embodiment 17: The method of any one of Embodiments 14 through 16,
further comprising selecting the average final thickness to be less than a critical thickness of the
layer of ternary IlI-nitride material.

[0089] Embodiment 18: The method of any one of Embodiments 14 through 17,
wherein growing the layer of ternary Ill-nitride material to the average final thickness greater
than about 100 nm comprises growing the layer of ternary IlI-nitride material to an average final
thickness greater than about one hundred and fifty nanometers (150 nm).

[0090] Embodiment 19: The method of Embodiment 18, wherein growing the layer of
ternary IlI-nitride material to an average final thickness greater than about 150 nm comprises
growing the layer of ternary Ill-nitride material to an average final thickness greater than about
two hundred nanometers (200 nm).

[0091] Embodiment 20: The method of any one of Embodiments 14 through 19,
wherein formulating the layer of ternary IlI-nitride material such that a relaxed lattice parameter
mismatch between the layer of ternary IlI-nitride material and the binary III-nitride material is at
least about 0.5% of the relaxed average lattice parameter of the binary III-nitride material
comprises formulating the layer of ternary IlI-nitride material such that a relaxed lattice
parameter mismatch between the layer of ternary Ill-nitride material and the binary III-nitride
material is at least about 5% of the relaxed average lattice parameter of the binary III-nitride
material.

[0092] Embodiment 21: The method of any one of Embodiments 14 through 20,
further comprising selecting the nitrogen precursor to comprise ammonia.

[0093] Embodiment 22: The method of any one of Embodiments 14 through 21,
further comprising selecting the two or more Group III precursors to comprise trimethylindium

and triethylgallium.
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growing the layer of InGaN to an average final thickness greater than about one hundred nanometers
(100 nm) and less than a critical thickness of the layer of InGaN. 2. The method of claim 1,
formulating the precursor gas mixture to cause the ratio of the partial pressure of the nitrogen precursor to
the partial pressure of the one or more Group Il precursors within the chamber to be at least about 5,600

comprises formpbgtay thenfssgHisar BRs AiXtHIGiRIGasSHHhatRiIaRR INaiease @xtafcing from 5,600
to 6,600. 3. The method of claim 1, wherein epitaxiglﬁ/é;rowin the layer of InGaN on the surface of

the layer B Bch\P¥srTRed CRupREiing tHavidiae arlaes ?Nﬁ’élg&?féfé%’?‘?ﬁg pkiRirEiaNYusing a
halide vapeyRhasa£RItAXYHEMPE) PLocRSs of Adnejalainanic.vapaLAhpsR REtBKLEMEVRE) process.

4. The method of claim 1, wherein growing the layer of InGaN. to the average final thickness greater than

about 105 MHNEENHNESS: FOXAHE SHePERFHFSOF #RS ANYS VDR ABe FarRRicRAISSENS A B ¢RI Ubout one
hundred gadfiftyRarpeaaiprid bae fimiore Graup NH prethedefsldimaroube st arovingthadauer of

InGaN to an average final thickness greater than about 150 nm comprises growing the layer of InGaN to

an averalfts AR HHCKERSD GHEERAP AR BORARIRE B FHEN M S VHBTTHRY SCUrS! 1k method of

claim 1, whergipepitaxigiyhg @wiogied ameupTintradhcomrvisas fasoriating thedaxasLt iveaN to have
a composition of In"Gao.,0N, wherein x is at least about 0.05. 7. The method of claim 6, wherein

formulating e 38§ <le 6P RSN HERR ARBHToSHBR Ve ¥ EWIS TR LRSI S it 46 8.05
comprisesofion Watiohihe dayer&fulRGraotd haiata campresitien: ahyor GAGaSIN IWwhaehdixisnbedyeen

about O'QEeafrl]J 1&2?3&1? 'l]égér of InGaN has an average final thickness greater than about one hundred
nanometers (100 nm); a relaxed lattice parameter mismatch between the fully-grown layer of
InGaN and the layer of GaN is at least about 0.5% of the relaxed average lattice parameter of the
layer of GaN; and the fully-grown layer of InGaN comprises a plurality of V-pits therein having
an average pit width of about two hundred nanometers (200 nm) or less.

[0095] Embodiment 24: The semiconductor structure of Embodiment 23, wherein the
layer of InGaN in formed in accordance with any one of Embodiments 1 through 13.

[0096] Embodiment 25: A semiconductor structure comprising a ternary Ill-nitride
material comprising nitrogen, gallium, and at least one of indium and aluminum, the ternary
[II-nitride material formed by a method comprising: providing a substrate comprising a binary
[I-nitride material within a chamber; and epitaxially growing a layer of ternary III-nitride
material on the binary III-nitride material. Epitaxial growth of the layer of ternary I1I-nitride
material includes: providing a precursor gas mixture within the chamber, the precursor gas
mixture to comprising a nitrogen precursor and two or more Group III precursors; formulating
the precursor gas mixture such that a ratio of a partial pressure of the nitrogen precursor to a
partial pressure of the one or more Group III precursors within the chamber is at least about
5,600; and decomposing the nitrogen precursor and the two or more Group III precursors in the
chamber. In Embodiment 24, the fully-grown layer of ternary IlI-nitride material has an average
final thickness greater than about one hundred nanometers (100 nm); a relaxed lattice parameter
mismatch between the fully-grown layer of ternary IlI-nitride material and the binary III-nitride

material is at least about 0.5% of the relaxed average lattice parameter of the binary III-nitride
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8. The method of claim 1, wherein epitaxially growing the layer of InGaN on the surface of the layer of
GaN further comprises formulating the layer of InGaN such that a relaxed lattice parameter mismatch
between the layer of InGaN and the layer of GaN is between about 0.5% and about 1.0% of the relaxed
average lattice parameter of the layer of GaN. 9. The method of claim 8, wherein growing the layer of

InGaN tofhieayeragefinalitpickorasgraaletdhan abosi 100 Mmeranprisasey awingihe HyenpkinGaN to

an average final thickness greater than about one hundred and fifty nanometers (150 nm) 10. The

method dPei&imbeY BRI GASH G tdth-9/eabonirs aiupdssd Areripears AP A QmEs!giater than about

150 nm comprigeserpwingbei iaver - Inalitteandaveiageutingt hicknesaisiaates thaeehowetwo
hundred nanometers (200 nm). 11, The method of claim 1, wherein grovr\ggg the layer of InGaN to an

average HYSF PidRmeES HrHBIComaseels iRy dngtesardorsev ey ons klErbehBsiisnaving an

average gitomighipof about two hundred nanometers (200 nm) or less. 12. The method of claim 11,
wherein forming{éBg 1é)ll/uraliti% of V-pits having an average pit width of about 200 nm_or less comprises
| -

forming a plura whedingr Gvéragehod RidmmmssbieeheHardied Moy mabHaters (150
nm) or legsmprisihd: RS TIRINLd@kataiivlthidrine sBREs iR BEIE CliHE LN IkRI N PIBRUHSHT t0

comprlseG%nﬁrggg Ia? plurality of layers of InGaN over the substrate within the chamber; and forming the
stack of layers of III-nitride material to have a final average total thickness greater than about
one hundred nanometers (100 nm), wherein epitaxial growth of at least one layer of InGaN of the
plurality of layers of InGaN comprises: providing a precursor gas mixture within the chamber;
selecting the precursor gas mixture to comprise one or more Group III precursors and a nitrogen
precursor; formulating the precursor gas mixture to cause a ratio of a partial pressure of the
nitrogen precursor to a partial pressure of the one or more Group III precursors within the
chamber to be at least about 5,600; and decomposing at least a portion of the one or more Group
III precursors and at least a portion of the nitrogen precursor to form the at least one layer of
InGaN.

[0099] The embodiments of the disclosure described above do not limit the scope of the
invention, since these embodiments are merely examples of embodiments of the invention, which is
defined by the scope of the appended claims and their legal equivalents. Any equivalent
embodiments are intended to be within the scope of this invention. Indeed, various modifications of
the disclosure, 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

description. Such modifications are also intended to fall within the scope of the appended claims.
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14. The method of claim 1, further comprising selecting the one or more Group Il precursors to comprise
trimethylindium and triethylgallium. 15. A semiconductor structure comprising a ternary llI-nitride
material comprising nitrogen, gallium, and at least one of indium and aluminum, the ternary lll-nitride
material formed by a method comprising: providing a substrate comprising a binary llI-nitride material
within a chamber; and epitaxially growing a layer©f pgna@ry 111-nitride material on the binary Ill-nitride
material, comprising: providing a precursor gas mixture within the chamber, the precursor gas mixture to
comprisi Hﬁrﬁ@gﬂe récursor and two or more Group |l precursors; formulating the precursor gas
mixture such that a ratio of a partial pressure of the nitrogen precursor to a partial pressure of the two or
more Group Il precursors within the chamber is at least about 5,600; and decomposing the nitrogen

precursor and tHe two OrRTHrRISIJp PR RGN FOMPIEMhamber; wherein the fully-grown layer of
ternary lipihigiadnatsiabidanavaragentinddnickness greater than about one hundred nanometers

(100 nm)épitaxially growing a layer of InGaN on a surface of the layer of GaN, comprising:

providing a precursor gas mixture within the chamber;

selecting the precursor gas mixture to comprise one or more Group III precursors and a
nitrogen precursor;

formulating the precursor gas mixture to cause a ratio of a partial pressure of the nitrogen
precursor to a partial pressure of the one or more Group III precursors within the
chamber to be at least about 5,600; and

decomposing at least a portion of the one or more Group III precursors and at least a
portion of the nitrogen precursor proximate the surface of the layer of GaN; and

growing the layer of InGaN to an average final thickness greater than about one hundred

nanometers (100 nm) and less than a critical thickness of the layer of InGaN.

2. The method of claim 1, formulating the precursor gas mixture to cause the ratio of
the partial pressure of the nitrogen precursor to the partial pressure of the one or more Group III
precursors within the chamber to be at least about 5,600 comprises formulating the precursor gas

mixture to cause the ratio to be in a range extending from 5,600 to 6,600.

3. The method of claim 1, wherein epitaxially growing the layer of InGaN on the
surface of the layer of GaN comprises depositing the layer of InGaN on the surface of the layer
of GaN using a halide vapor phase epitaxy (HVPE) process or a metalorganic vapor phase

epitaxy (MOVPE) process.
4. The method of claim 1, wherein growing the layer of InGaN to the average final

thickness greater than about 100 nm comprises growing the layer of InGaN to an average final

thickness greater than about one hundred and fifty nanometers (150 nm).
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wherein a relaxed lattice parameter mismatch between the fully-grown layer of ternary IlI-nitride material
and the binary llI-nitride material is at least about 0.5% of the relaxed average lattice parameter of the
binary IlI-nitride material, and wherein the fully-grown layer of ternary lll-nitride material comprises a
plurality of V-pits therein having an average pit width of about two hundred nanometers (200 nm) or less.

5. The method of claim 4, wherein growing the layer of InGaN to an average final
thickness greater than about 150 nm comprises growing the layer of InGaN to an average final

thickness greater than about two hundred nanometers (200 nm).

6. The method of claim 1, wherein epitaxially growing the layer of InGaN comprises
formulating the layer of InGaN to have a composition of InyGa(.x)N, wherein x is at least about

0.05.

7. The method of claim 6, wherein formulating the layer of InGaN to have a
composition of In,Ga(.x)N, wherein x is at least about 0.05 comprises formulating the layer of

InGaN to have a composition of InyGa(;x)N, wherein x is between about 0.05 and about 0.10.

8. The method of claim 1, wherein epitaxially growing the layer of InGaN on the
surface of the layer of GaN further comprises formulating the layer of InGaN such that a relaxed
lattice parameter mismatch between the layer of InGaN and the layer of GaN is between about

0.5% and about 1.0% of the relaxed average lattice parameter of the layer of GaN.

0. The method of claim 8, wherein growing the layer of InGaN to the average final
thickness greater than about 100 nm comprises growing the layer of InGaN to an average final

thickness greater than about one hundred and fifty nanometers (150 nm).

10.  The method of claim 9, wherein growing the layer of InGaN to an average final
thickness greater than about 150 nm comprises growing the layer of InGaN to an average final

thickness greater than about two hundred nanometers (200 nm).
11.  The method of claim 1, wherein growing the layer of InGaN to an average final

thickness further comprises forming a plurality of V-pits in the layer of InGaN having an average

pit width of about two hundred nanometers (200 nm) or less.
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12.  The method of claim 11, wherein forming the plurality of V-pits having an
average pit width of about 200 nm or less comprises forming a plurality of V-pits having an

average pit width of about one hundred and fifty nanometers (150 nm) or less.

13.  The method of claim 1, further comprising selecting the nitrogen precursor to

comprise ammonia.

14.  The method of claim 1, further comprising selecting the one or more Group III

precursors to comprise trimethylindium and triethylgallium.

15. A semiconductor structure comprising a ternary III-nitride material comprising
nitrogen, gallium, and at least one of indium and aluminum, the ternary IlI-nitride material
formed by a method comprising:
providing a substrate comprising a binary IlI-nitride material within a chamber; and
epitaxially growing a layer of ternary IlI-nitride material on the binary IlI-nitride material,

comprising:
providing a precursor gas mixture within the chamber, the precursor gas mixture to
comprising a nitrogen precursor and two or more Group III precursors;

formulating the precursor gas mixture such that a ratio of a partial pressure of the
nitrogen precursor to a partial pressure of the two or more Group III precursors
within the chamber is at least about 5,600; and

decomposing the nitrogen precursor and the two or more Group III precursors in the

chamber;
wherein the fully-grown layer of ternary III-nitride material has an average final thickness
greater than about one hundred nanometers (100 nm);
wherein a relaxed lattice parameter mismatch between the fully-grown layer of ternary Ill-nitride
material and the binary III-nitride material is at least about 0.5% of the relaxed average
lattice parameter of the binary III-nitride material; and
wherein the fully-grown layer of ternary IlI-nitride material comprises a plurality of V-pits

therein having an average pit width of about two hundred nanometers (200 nm) or less.
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