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BACKGROUND

20 Substrates that include one or more layers of semiconductor material are used to

form a wide variety of semiconductor structures and devices including, for example,

integrated circuit (IC) devices (e.g., logic processors and memory devices), radiation

emitting devices (e.g., light emitting diodes (LEDs), resonant cavity light emitting diodes

(RCLEDs), vertical cavity surface emitting lasers (VCSELs)), and radiation sensing

25 devices (e.g., optical sensors). Such semiconductor devices are conventionally formed in

a layer-by-layer manner (i.e., lithographically) on and/or in a surface of a semiconductor
substrate.

Historically, a majority of such semiconductor substrates that have been used in

the semiconductor device manufacturing industry have comprised thin discs or “wafers”

30  of silicon material. Such wafers of silicon material are fabricated by first forming a large

generally cylindrical silicon single crystal ingot and subsequently slicing the single crystal

ingot perpendicularly to its longitudinal axis to form a plurality of silicon wafers. Such

silicon wafers may have diameters as large as about thirty centimeters (30 cm) or more

(about twelve inches (12 in) or more). Although silicon wafers generally have thicknesses
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“handling” substrate. The base substrate may also comprise a semiconductor material.
A wide variety of engineered substrates are known in the art and may include
20  semiconductor materials such as, for example, silicon (Si), germanium (Ge), I1I-V type
semiconductor materials, and II-VI type semiconductor materials.

For example, an engineered substrate may include an epitaxial layer of III-V
type semiconductor material formed on a surface of a base substrate, such as, for
example aluminum oxide (Al,O;) (which may be referred to as “sapphire”). Using

25 such an engineered substrate, additional layers of material may be formed and
processed (e.g., patterned) over the epitaxial layer of III-V type semiconductor material
to form one or more devices on the engineered substrate.

Due to a natural tendency of atoms of different material layers to align with one
another when one crystal is formed on another crystal, when a layer of semiconductor

30 material is formed (e.g., epitaxially grown) over another layer of material (e.g., an
underlying layer of a different semiconductor material), the crystal tends to

stretch/compress or “strain” to align with the atoms in the underlying material. The
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indium gallium nitride (InxGa;.xN) (which together form a “device structure stack™) on

a seed layer of gallium nitride formed on the engineered substrate. Any mismatch in

20 the crystal lattices of the adjacent layers of indium gallium nitride may induce strain in

the crystal lattice of one or more of the indium gallium nitride device layers, which may

effectively limit the thickness of the indium gallium nitride device layer and/or the

concentration of indium in the indium gallium nitride device layer. Lattice strain is

more problematic in indium gallium nitride device layers having higher indium content

25 and increased thicknesses. The presence of such lattice strain in a layer of

semiconductor material may be undesirable for a number of reasons. For example, the

presence of lattice strain in a layer of semiconductor material may result in an increased

density of defects (e.g., lattice dislocations) in the layer of semiconductor material,

undesirable morphology at the surface of the layer of semiconductor material, and may

30 even result in the formation of cracks in the layer of semiconductor material.

Furthermore, the presence of lattice strain in a layer of semiconductor material may

facilitate the onset of undesirable separation of material phases within the layer of
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borophosphosilicate glass 104. At temperatures of near 800° C, relaxation and buckling
were observed in the Sig;Geg 3z film 108 overlying the borophosphosilicate glass 104.
Yin et al., “Strain Relaxation of SiGe Islands on Compliant Oxide,” J. App.
20  Physics, 91(12):9716-9722 (2002), disclose a method of forming an epitaxial Sip7Geg3
film by transferring the epitaxial Sip;Geos film to borophosphosilicate glass by a
wafer-bonding technique. Referring to FIG. 1B, after transferring the epitaxial
Sig.7Gegs film, the Sip;Gegs film is patterned into arrays of square islands 114. The
Sig7Geg 3 islands 114 on the borophosphosilicate glass 104 are annealed resulting in
25  lateral expansion and relaxation.

In view of the above, there is a need for methods that can be used to reduce
lattice parameter mismatch between adjacent layers, and the resulting lattice strain
therein, in semiconductor structures and devices such as, for example, engineered
substrates, integrated circuit (IC) devices, radiation emitting devices, and radiation

30 sensor devices.
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relax. Another semiconductor material may be grown over the remaining portions of the

layer of semiconductor material and another portion of the layer of compliant material
between each of the remaining portions of the layer of semiconductor material may be

20  removed. After removing the another portion of the layer of compliant material, the layer
of compliant material may be reflowed to cause the remaining portions of the layer of
semiconductor material to further relax and to cause the another semiconductor material to
relax. A semiconductor material may be substantially laterally grown within each of the
openings until a continuous layer of relaxed (or partially relaxed) semiconductor material

25  is formed. Thereafter, vertical growth of the semiconductor material may be performed to
achieve the desired thickness.

In yet further embodiments, the present invention includes methods of forming
engineered substrates. For example, an epitaxial layer of indium gallium nitride may be
grown or otherwise formed on a substrate that includes a layer of glass material. A

30  portion of the layer of indium gallium nitride and a portion of the layer of glass material

may be removed to form a plurality of openings extending partially through the layer of
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and the |11 -\subgyste. shwilassnelglesmatarpd may exiybit g sbangesnle visensty s¥lipgyt Be
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BRIEF DESCRIPTION OF DRAWINGS
While the specification concludes with claims particularly pointing out and
20  distinctly claiming that which is regarded as the present invention, the advantages of this
invention may be more readily ascertained from the description of the invention when
read in conjunction with the accompanying drawings, in which:
FIGs. 1A and 1B are cross-sectional views of an intermediate structure formed by
methods known in the art that include a layer of semiconductor material;
25 FIGs. 2A-2G are simplified cross-sectional views of an intermediate structure that
may be formed during embodiments of methods of the present invention;
FIG. 2H is a plan view of the intermediate structure shown in FIG. 2G;
FIGs. 3A-3C are simplified cross-sectional views of an intermediate structure that
may be formed during embodiments of methods of the present invention;
30 FIGs. 4A-4C are simplified cross-sectional views of an intermediate structure that

may be formed during embodiments of methods of the present invention; and
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representations which ar MOMESHYRI CARRIEENG ObEl THE INVEREIION nvent i on.

Addi tionally, elengnt. 0 n_bet n figures may retain the nme nuneri cal
desi gnatidn. As us 1ﬁ‘é$ré{{gpf)s.pg?§§nt‘é§g?ﬁemﬁ?e_ We[trwgytgé)ﬁia&%%dﬁ%‘?’so?sﬁ%t erial"
neans and i NGlaHdRkr alYerfARbEFdrahs, BYLERBr hasddy b arPhteBddeflizenepekeri®iods
elements fromgroup IIIA of the periodic table (B, Al, Ga, In, and Tl) and

one or nore eViaplerresmbioad i daspribgAhopresdng inyentiondifdditippplly, elmepts cammogy  and
Bi) . As used it el e L6 A SLMn hd <ofle dRecSELEERAYCt or material " means and
i ncl udes any Tateéeri predom nan T’y conprise one or nore elenents from
group |1 B of the pgdisedhereinate@ernZIl-\Coypeaadicbigducturhanial’ oheamuad gickident s
fromgroup VIA of the periodic table éo S, Se, Te, and Po). As_ used
herein, tiRe ta@ymatetal predaminepilxsaragised o{@nerr rossielgineRis freapaewr HEA gf the

mat erl al, - TeaRRGDGHIRE IR L CKAGRnARAY B B O ﬁ&ﬁg@pf\?f\gmef ects,

such as di sl ocati ons, e mat'eri al beconmes energetic avor abl e.
As used her eiperiodibheabieNNP, AnfSimesd BY. substrate,” in its broadest sense,

neans and i ncl udes, an ubstrate c ising two.or nore.layers of. materi al
and That i i ni endyhas b BRdE THS BReSE T Gror AL B R AR B oD
or nore sem Caﬂ?%ér%‘[ pl‘i@&hﬁﬁm‘l}P&{n‘?ﬁﬁed Erienf et d ciemlst hdhESoh A Wiene f or

exanpl e, sem conductor-on-insul ator type substrates. As used herein, the
t er m " epilbaxipgtiodiayable @h, Odtandifd) ahd meaorsnerelebeyprentsdgfonmratoap (VAA of the periodic

table (O, S, Se, Te, and Po).

As used herein, the term “critical thickness,” when used with respect to a material,
means the maximum thickness above which the formation of defects, such as dislocations,
within the material becomes energetically favorable.

20 As used herein, the term “engineered substrate,” in its broadest sense, means and
includes any substrate comprising two or more layers of material and that is intended to be
used as a substrate for the fabrication of one or more semiconductor device thereon.
Engineered substrates include, for example, semiconductor-on-insulator type substrates.

As used herein, the term “epitaxial layer of material,” means a layer of material

25  thatis at least substantially a single crystal of the material and that has been formed such
that the single crystal exhibits a known crystallographic orientation.

As used herein, the term “growth lattice parameter,” when used with respect to an
epitaxial layer of semiconductor material, means an average lattice parameter exhibited by
the layer of semiconductor material as the layer of semiconductor material is epitaxially

30  grown at an elevated temperature.

As used herein, the term “lattice strain,” when used with respect to a layer of

material, means strain of the crystal lattice in directions at least substantially parallel to the



that is at |least substantially a single crystal of the material and that
has been forned such that the single crystal exhibits a known

crystal | oyoaptweseasi ent ati on. As used herein, the term Pgraseénoloatsd ce
paraneter,” when used with respect to an epitaxial |ayer of sem conductor
material, means an average lattice paraneter exhibited by the |ayer of
sem conductor material as the |ayer of seMiconductor material is
epitaxially grown at an el evated tenperature. As used herein, the term
"lattice str glme'ofedayensEohaterinlhand esgydetcompreasivasteain of templestraial Sinmratys

strain of the crystal lattice in directions. at. |east subpstantiall aral |l el
to thepl ane .cﬁ‘e Eeﬁ_@ fWH@flcm%W?tﬁrl’ WA e ViR r?‘f@?ﬁ%?‘é% Sreoqlé?a&%?agr ngerans
tensile straiyfe avdkdde |1ﬁfi&e¥par5rﬂ§eﬂé_?1{mﬂ'eﬁé{&ﬁ@ﬂfeakt%thtéiﬁiaH?FﬁﬁE‘él% the pagBf Used
with respect to a llayer of material, neans the average lattice paraneters

i n di mensi onshalay¢redstatesighbst antially parallel to the plane of the |ayer of

material. Simlarly, .the termstrained" is .use Q. hndi ¢ th t he
crystal | at tice h fnblgré}ﬁ ﬂi'lee%? ‘81“’(68. bg.u,seiﬁ%rlrel lgahee%latoerheggrsr%? %glscg %S l?e:ggm t he
nor mal spaci n@fdred s Nstisadhed bedongReds€Btfront the hatrhdl 6pacsiRafor ighinsatetial §ethent

t han what would nornmally be encountered for such material in a honbgeneous
rel axed crystitsllattigsspaeiag isbiferient, tharhwhat avopld nogmelly be ensquntared forpuginmagral

i ncl udes the .di of a unit cell nmeasured in the plane of

t he surface. 1%3(3%1%@&%&3?%%@%%%&&%@?61)(" or "relaxed" as used herein Preans

and includes any |gyeedbérelethecandtgtios comethet”’ ntdansdriddhclbédes tleendistasder ai ned

crystal l ographic structure conprising asymretric uni%s (such as atons or
3y el e

moi ecul ed) orteB¥EBAIIIH At WHEEY BRRET] ip | %R)%‘F%&flﬂ_éefﬁ‘é r. The term _
“rel axi ng” means %gb@&%k@ﬁéﬂféﬂgm QDY RAZLS h@8n Hleal MBndIRIR BT €r i al

| ayer relative to kK positions so that the lattice strain within the

mat eri al is dayer efAstmipaduictal hygteriel wigviebhsandinstreenadetretalbirapbasgudurer eaches
its equilibriumlattice constant, As used her(ﬁ[&n ﬁhe t?e?rcim "refl ow reans
and i ncl udes RERFFAG 2HMBEHE MINSE T A9 AN HeETS! AT CUTTh o FAEETicaly

sof tened or hagrahdRGEHARSEHe fenﬁe?amég’@ﬁeahb%d intluf8YchaREhS tHeipbsitien bt sel f

under the action of its own weight. Enbodi ments of the present invention

i ncl ude et hetensindg rsatenia layeewlafivato tha bikipositiens seghdtdl ledige stomn withingher s of
sem conduct o rmﬂgxplaﬁ r1$| & Ileagtsp%(r:tyall?lsréliefvg atd t%g%la?e’rial nears or reaches its equilibrium
lattice constant.

As used herein, the term “reflow” means and includes heating or otherwise

treating a material such that it is softened or has a decreased viscosity so that it may
20  redistribute itself under the action of its own weight.

Embodiments of the present invention include methods and structures that
facilitate the fabrication of layers of semiconductor material (such as, for example,
epitaxial layers of III-V type semiconductor materials on engineered substrates) that have
controlled and/or selected degrees of lattice strain and controlled and/or selected average

25  lattice parameters. Example embodiments of methods of fabricating semiconductor
structures or devices that include such layers of semiconductor material are described
below with reference to FIGs. 1 through 8.

Referring to FIG. 2A, a first intermediate structure 200 may be fabricated that

includes a layer of semiconductor material 210 attached to a sacrificial substrate 202. The
30  sacrificial substrate 202 may comprise a homogenous or heterogeneous composite
material such as, for example, sapphire. The layer of semiconductor material 210

comprises the layer in which it is desired to reduce the level of compressive and/or tensile



epitaxial layers of Il1-V type sem conductor materials on engi neered
substrates) that have controlled and/or selected degrees of lattice strain
and cont rebDl2et/@sdBor sel ect ed average | attice paranet ePST/US2@IPF®39

enbodi ments of nethods of fabricating sem conductor structures or devices
that include such |layers of sem conductor material are described below with
reference to FIGs. 1 through 8. Referring9t‘o FIG 2A, a first internediate
structure 200 nay be fabricated that includes a |ayer of sem conductor
materi al 210 sabinaatigbatneeyalsaetelyfticgisad ass yskaraple, 208 laytrefos oemingicne af
substrate 202 may e a_.honogenous or ero eneou oaposite terial
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sem condudt o rs@ epét 1a layer of mulﬁ?s)le gpltaxmgfflayte{g of a%@rﬁ 083&4090@ élfﬁfter%ﬂ duct or
material 210 Mg ﬁm m@erﬁbcnﬂﬂnente Rhd Rydralf sérmyemducm nidrial ploemepi t axi al

| ayers of a sem conductor material. Furthernore, in some enbodjments,. the
| ayer of semicemmascavIPIREekbayaiof diY tagsewpgdueier mateapl (Byvay of nepdimigng
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| ayer of semicon conpris east one of an

epi taxi al | aypitaxddl 1gat bf Mmhﬁndwha(qa&)mn epitaxieldbyeawt mkhdnagzéhumﬁutnd@h um
galllumnltrlde(lnxGa . and an eptaX|aI ayer m gal | i um
nitride (A x&ik ﬂ‘ia%%wla?ﬁyﬁlcéa %numﬁéllgglgpfrﬂﬁéggg strate 202 may
include a base rrat@srghalm%%@% IRRGLANR sWbstraf: ZO%?Jyrlﬁéih@é e?ba{s@}ﬁ%fengf 204
semi conductor material 206, that is ultimately disposed between the |ayer

of seni conducandroprmamé}y; al inhedint layive obhesrcamE el laatelzﬂ4206'ﬁha i§ nitierateldi at e

| ayer of sem conduct rial .206. ma 'ncI a

sem conduct or‘hsﬂ?ﬁf%rch B’Yeegahﬁﬂ}’ iofh pmie e?@hf]@ th&l&f‘te‘zﬂﬁ e@?{?a% a8 may
be used, for igXaRRliRe 1296 F sSRRONMRYR A& al DOY ik dﬁﬁlclulﬂé alsAgRI Tad of

sem conductor mat erial " 210 thereon when it is fficult or inpossible to

formthe 15ayé¢mﬁbn@mrmmﬂépbmum€elwﬁ$ ofspouiehindecien Ipaterrhaltahenbabe upask & al
204 of the sacr f CI aasee {31 ;[jfl%g%zngn?glther aeerg):,fgéjmﬁgna% for attensap?w]tr}l% a?l§ cal e,

and, in actudff 9 HETh Sem conduct 206 and
the layer of vaemiiceadBeilos: ifpbeiblélo @ﬁ@tﬁmyyebefgeehadnd\aabymhﬁanm210 diretat i on

to a thickness of the base o
on the base material 204 of the sacrificial substrate 202. The figures are not shown to
scale, and, in actuality, the intermediate layer of semiconductor material 206 and the layer
20  of semiconductor material 210 may be relatively thin in relation to a thickness of the base
material 204 of the sacrificial substrate 202.

By way of example and not limitation, the intermediate structure 200 may
comprise a single intermediate layer of semiconductor material 206 formed on the base
material 204 of the sacrificial substrate 202, and the layer of semiconductor material 210

25  may be formed on the intermediate layer of semiconductor material 206. As one
particular non-liming example, the intermediate layer of semiconductor material 206 may
comprise a single epitaxial layer of gallium nitride (GaN), and the layer of semiconductor
material 210 may comprise an epitaxial layer of indium gallium nitride (InyGa; <N).

To form the intermediate structure 200 shown in FIG. 2A, the intermediate layer

30  of semiconductor material 206 may be epitaxially grown or otherwise formed over a
major surface of the base material 204, after which the layer of semiconductor

material 210 may be epitaxially grown or otherwise formed over the intermediate layer of



material 204 of the sacrificial substrate 202. By way of exanple and not
limtation, the internediate structure 200 may conprise a single

i nt er mnedivsiDeoioagers3of sem conductor material 206 for medPom/ush@9loam®as
material 204 of the sacrificial substrate 202, and the |ayer of

sem conductor material 210 may be formed on the intermediate | ayer of
sem conductor material 206. As one parti céPar non-1ini ng exanple, the
internedi ate | ayer of sem conductor material 206 nay conprise a single
epi taxi al | ayemimhdgadrmatenial206.i hhead(i'@'@hal emdodintdnés, thay:eyrer off segrerindostouct or
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ot herw se forqug%eoéé}%rr%h{]oz a?%fgr egrlu%n cto matelolfase?% gso?or%cli mﬁgltale 206.

In additi 3nal a er Sl Cond, ot "ot ert

optional ly, hemieha®dordhiteed bid ﬁﬂybhﬁ)rbl@&ﬁ) W@ﬁh@l&ne@@ﬁlfﬁwléﬂl%ﬂepitmbludl ng
the intermedi ate qu/er of sem conductor material 206. In sone enbodi nents,
t he i nt er medigiewth cipdditipnal yveisof seieprsiucior fafarig] thogen. rrBy wap of pereligHEor
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sem conduct or ave a t |ckness sufficrent for
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way of nonllmtln nter dlaelay condu

exa t he of {n
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may be formedy g oldr, tﬁfeq Qﬁﬁe%h%é lal sia@%aﬂlcamﬁor%a%aMé ﬁaff;@g&to%gﬂln@n may

be doped or un ol ar, sem pol ar or nonpol a
i nternmedi ate daaymmctho@dmomnnltkmtaaﬁrsucﬂaasefqrakarﬁp)lﬁ hpdyldbeap@mmse@piitaxg vari ous

met hods kno rt such as, for ydri d se epi t axy
(EVPE) - ot alt el Aaie St b ersy T GARe] g e Bt 4P L dam

epi taxy (MBE)vE¥eldiAddanmhily, ,vaﬂéusl | BB d¥BAAAEusEBH BENMS &k ihirh&fidtk NFert dre
internedi ate | ayer of semconductor material 206 to reduce the density of

di sl ocat iléns spmedwtorsnﬁtmaég% fmdwalmqﬂleélﬂt)épﬁ dld%iaapnﬁl th@r@msu@\ﬂe,rfogr owt h
sk ng, - and SareE R A PP FL R ARl o e Rl rebie,
| ayer of sem(EmIdgG irpfzturfﬁisﬁfﬂga&nd%ﬁer bonding.

In additional embodiments, the intermediate layer of semiconductor material 206
may be bonded or attached to the sacrificial substrate 202 using techniques known in the

20  art of integrated circuit fabrication, such as, for example, thermal bonding, thermal
compression bonding or thermal ultrasonic bonding. As a non-limiting example, the
intermediate layer of semiconductor material 206 and the base material 204 may be
bonded together by abutting them against one another, and maintaining them at an
elevated temperature (selected to impart a selected lattice parameter to the layer of

25  semiconductor material 210) (e.g., at least above one hundred degrees Celsius (100 °C))
and pressure for a sufficient amount of time.

Referring still to FIG. 2A, the layer of semiconductor material 210 may be formed
on the intermediate layer of the semiconductor material 206 using various methods known
in the art. By way of non-limiting example, the layer of semiconductor material 210 may

30  be apseudomorphically strained indium gallium nitride layer formed to have a thickness
less than a critical thickness thereof, such as, for example, between about 10 nm and about

100 nm. By forming the pseudomorphically strained indium gallium nitride layer, further



may be bonded or attached to the sacrificial substrate 202 using techniques
known in the art of integrated circuit fabrication, such as, for exanple,

t her mal bwodbrgse44der mal conpressi on bondi ng or ther nmal palrtusa@ons®3idondi ng.
As a non-limting exanple, the internediate |ayer of sem conductor material
206 and the base material 204 may be bonded together by abutting them

agai nst one another, and nai ntai ning themht an el evated t enperat ure
(selected to inpart a selected lattice paraneter to the |ayer of

sem conduct orelagatieonitabugi@fect forgatiomand mhast sepiveiien marbhimdecdhddet cBw
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furtherrel axation through defect formation and phase_separati on may be

further inhi Bpieerdiatpiayenqfsemiepndusios grdeil %?6’tt}F?éaYeé%?enBFonéléﬁtP’é@ﬁ@Uélt?&p
material 210 @inﬂ&it%ﬁiﬂ&@ﬁ%@% ea{atevlayérmgl?gﬁﬁcm&oaﬁme}@rzoﬁxafrﬁpl e,

chem cal conposition and growth conditions are known 1 n the art and
not descri bedayenoflendcdndhepemateridliPd O padyarei foynedfovehibe iragreredmfe lgwamiof onduct or

material 210 nmay be convert o.the polarit h derlying. material.
For ex ar‘rﬁ%e, sﬁﬁé"@&% W%‘?@?g%% UERRE E%Wﬂﬂténﬁfm%f’é ?‘%Q:ég ﬁél%ggr;glﬁgﬁ@g{clﬁﬁer
an internedi a,taﬁoﬂ(ﬁ%_ggiﬁ&{al\@@mpduct or material 206, the |ayer of

mat e

sem conduct or ial 210 may inherit the polarity of the internediate
| ayer of semni conduttshownan ElG.2B, R®meTmabadayents, dfe islermaesibatel stcuctire A wey al

210 may be fornmed over the internedate |a of sem conduct or. ri.al 206
Gsi g x convEREP BB & S A R P R e Pt Tyl Z0EeidBt ¢ on
(MCVD) . As shaytidl Bufstriie 208, ant TheSiayes of 5hRidbitRBlos matdig] 2 1NtRsyHioahel on
structure 200 may optionally include a |l ayer of dielectric material 208

over | yi nd5t héhblage ofgickaciri matedal 308 thiorm ke informpdinte stpiwied?d Polayerd t he
R L
of diel ectri gnatedi2n04l TEOydray dietsatricanatbdial 209 ealy dridieid, fov exandlemjliobnsur f ace
of the base oxynitride (SiON), silicon nitride (SizNy), or silicon dioxide (S10,), and may be formed
using, for example, chemical vapor deposition (CVD), physical vapor deposition (PVD),
20  or atomic layer deposition (ALD). The layer of semiconductor material 210 may be
transferred, for example by bonding processes or otherwise formed on the layer of
dielectric material 208. The embodiment of FIG. 2B is particularly suited when
material 210 is polar, and the final structure should exhibit a given final polarity
In some embodiments, the layer of semiconductor material 210 may be grown or
25  formed as m-plane or a-plane material, rather than as c-plane material. M-plane and
a-plane I1l-nitride materials are non-polar orientations without gallium or nitrogen faces.
Referring to FIG. 2C, on a side opposite the sacrificial substrate 202, the layer of
semiconductor material 210 may be bonded or attached to a bonding substrate 216 to form
the intermediate structure 230. The bonding substrate 216 may comprise a support
30  material 222 and a layer of compliant material 218 that is ultimately disposed between the

support material 222 and the layer of semiconductor material 210. The support

material 222 may comprise a homogenous material or a heterogeneous (i.e., composite)



material 204. The layer of dielectric material 208 may include, for
exanple, silicon oxynitride (SiON), silicon nitride (Si3N4), or silicon

di oxi de (&DQR)0/056e43d may be forned using, for exanple, cRERIUSa009093Y
deposition (CVD), physical vapor deposition (PVD), or atom c |ayer
deposition (ALD). The layer of sem conductor material 210 may be
transferred, for exanple by bondi ng procedses or otherw se formed on the
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t hat sol d by aBoiltatgrotdbrttipdnatmrd afahe laper.of edmidomdpetmr nPemasy 10y By wayeider t he
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For exampl o nSromiHep S Ry eheappntmaeny fAFED Gshg FahtiaAlcs: | a
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| ayer of sem conductor material 210 may conpri se, exanpl e,
mat eri al 1havi(B§S@).glrebsmideandonadon undapse guasiinerganiy)silokarespm-arhglassdpObuual

Lo shout @ e LATRSE Y, B DL oX50 Sh AT BOHCLR, MEADL 210
conprise at lL@agtedRNRaRl BIwHXdfGOn-liniINOSRRPH, etdheinglsalstratePIGhnd the
borosilicate (BSG, a borophosphosilicate glass ) i
layer of semiconductor material 210 may be bonded together by abutting them against one
another, and maintaining them at an elevated temperature (selected to impart a selected
20 lattice parameter to the layer of semiconductor material 210) (e.g., at least above one
hundred degrees Celsius (100° C)) and pressure for a sufficient amount of time.
In embodiments in which the layer of semiconductor material 210 comprises an
epitaxial layer of indium gallium nitride (In,Ga;«N) and the intermediate layer of
semiconductor material 206 comprises gallium nitride (GaN), the bonding substrate 216
25  may be bonded to the layer of indium gallium nitride at a temperature of, for example,
about eight hundred degrees Celsius (800° C) to cause the pseudomorphically strained
layer of indium gallium nitride to be stretched such that its average lattice parameter is at
least substantially equal to its unstrained average lattice parameter.
As shown in FIG. 2D, after bonding the layer of semiconductor material 210 to the
30  bonding substrate 216, the layer of semiconductor material 210, together with the bonding

substrate 216 may be separated from the sacrificial substrate 202 (or the sacrificial

substrate 202 may be separated from the layer of semiconductor material 210).



(BPSG, a polyimde, a doped or undoped quasi-inorganic sil oxane

spi n-on-glass (SOG, an inorganic spin-on-glass {i.e., nmethyl-, ethyl-,
phenyl -, WO 2buosb443 and a doped or undoped silicate. ByPaayusSedoonsa3®i mting
exanpl e, the bonding substrate 216 and the | ayer of sem conductor materi al
210 may be bonded together by abutting them agai nst one anot her, and

mai ntai ni ng them at an el evat ed terrperatu?‘%' (selected to inpart a selected
| attice paraneter to the |layer of sem conductor nmaterial 210) {e.g., at
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bonded to t hefbenyiepndyrtor makail 24, Pi senitation oidbe sacrificielsyperain U2efram therlayer
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its unstrained average lattice parameter. As shown in FIG 2D, after
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the sacrificial su%gglﬁ?ate 202 f%gmgﬂ\eﬁge%t or medi at e |a‘§e@ of seni conduct or

mat eri al 206 maseriad @rharat detachwkntt dh éredeanct pf the delectishuaterzal @0202 from t he | ayer
of sem conduct or teri 210 e rformed by .vari ous chemn cal
Chernal  or mechanBess froeasieadthotlphgion b proagh Pih i e Gt s
process, an MARTLWIOCHSSoss a8k st GepRiAEHBE HascQhatéridl 26£knd, bptiorafly,
process. The nethod may be perforned to renove the entire | ayer of

senmi condiét orthevateampdinte dayer ¢frsgriqonduciercniterial 286, fsump Sierlayce oDpmicandugan y a
ortion thereof.. odi_nen ilizing. t .sacsifici r of FIG
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el i m nati on ®E39ASE tBHEL,ITAR. PAAht BIopb 093,868 oA spaxann) €.S. RitedtiNwg 6,335,208l ng
or laser irradiation throu%h t he base materjial 204 and detachnent at the
| evel of t he telAsPas &t #li & 737a128p fouMongggu et al., 6,809,044 to Aspar et al., and 6,946,365 to

Aspar et al.

20 Referring again to FIG. 2A, a plurality of ions (e.g., hydrogen or inert gas ions)
may be implanted into the intermediate structure 200. For example, ions may be
implanted into the intermediate structure 200 from an ion source (not shown) positioned
on a side of the intermediate structure 200 adjacent the layer of semiconductor
material 210. As represented by the directional arrows 214 shown in FIG. 2A, ions may

25  beimplanted into the intermediate structure 200 along a direction substantially
perpendicular to the layer of semiconductor material 210. As known in the art, the depth
at which the ions are implanted into the intermediate structure 200 is at least partially a
function of the energy with which the ions are implanted into the intermediate
structure 200. Generally, ions implanted with less energy will be implanted at relatively

30  shallower depths, while ions implanted with higher energy will be implanted at relatively

deeper depths.



By way of exanple and not |imtation, the process known in the industry as
the SMART CUT(tm) process nay be used to separate the base nmaterial 204
and, optiwoabinse44de i nternmedi ate | ayer of sen conduct oPCRAISRE0AFI9206, from
the | ayer of sem conductor material 210. Such processes are described in
detail in, for exanple, U S. Patent No. RE39,484 to Bruel, U S. Patent No.
6,303,468 to Aspar et al, U S. Patent No:1%;335,258 to Aspar et al.,

6, 756,286 to Moriceau et al., 6,809,044 to Aspar et al., and 6,946,365 to
Aspar et al. Ref erAdawpraljaitingtesarfiplG io2spaybpimplatéd iptoghe intammediatey.
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disposed in one or both of the layers of semiconductor material 210 and the intermediate
layer semiconductor material 206. In other words, the ion implant layer 212 may be
disposed entirely within the layer of semiconductor material 210, as shown in FIG. 2A, or
20  partially within the layer of semiconductor material 210 and partially within the
intermediate layer of semiconductor material 206 (not shown). As one particular
non-limiting example, in some embodiments, the ion implant layer 212 may extend into
the layer of semiconductor material 210 a depth between about 100 nm and about 300 nm.
In additional embodiments, the ion implant layer 212 may extend into the intermediate
25  layer of semiconductor material 206.

Referring again to FIG. 2D, after attaching the bonding substrate 216 to the layer
of semiconductor material 210 on a side thereof opposite the base substrate 202 to form
the intermediate structure 230, as previously described with reference to FIG. 2C, the
intermediate structure 230 may be subjected to further processes, e.g. a thermal treatment

30  process to cause the intermediate structure 230 to cleave or fracture along the ion implant
layer 212, thereby forming the intermediate structure 240 shown in FIG. 2D. In other

words, the layer of semiconductor material 210 and, optionally, a portion 206’ of the



centered about) the plane of maxi numion concentration within the
internmedi ate structure 200. The ion inplant |ayer 212 may define a zone of
weakness wibt2hionse4ae | nt er medi at e structure 200 al ong whiPch/ush@viont9sy nedi at e
structure 200 nmay be cleaved or fractured in a subsequent process, as
described in further detail below hi sonme_enbodi ments of the present
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i nternediate @?%%%8? g‘eé%en(“ﬁp&e'é@ft. St ’lreggﬁ‘é{}?’%ﬂ?mlcﬁsgsorre enbodi nents, a
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exanpl e, si | idg&&ttric material 208 (FIG. 2B). The mask material 223 may be selected based on the
desired etch depth and resistance with respect to underlying materials, such as the layer of
semiconductor material 210, the compliant material 218 and optionally the intermediate

20  layer of semiconductor material 206. As a non-limiting example, the mask material 223
may comprise a photoresist material or a hardmask material, such as an oxide material, a
nitride material, or a metal material (i.e., chromium or titanium). A plurality of
apertures 224, each exposing a surface of the layer of semiconductor material 210, may
then be formed by patterning the mask material 223 using methods known in the art.

25 As shown in FIG. 2F, a portion of the layer of semiconductor material 210 and a
remaining portion of the layer of compliant material 218’ may be removed through the
apertures 224 in the mask material 223 using, for example, an anisotropic reactive ion
(i.e., plasma) etching process, e.g. such as an inductively coupled plasma (ICP) etching
process, or a isotropic etching process, €.g. such as a wet etching process, to form

30  structures 226 protruding between openings 227. Each of the openings 227 may extend
partially into the remaining portion of the layer of compliant material 218". Asa

non-limiting example, the layer of semiconductor material 210 may be indium gallium



di oxide or silicon nitride, and may be formed by met hods known in the art.
The | ayer of dielectric material my be fornmed over the | ayer of

sem conduwwoapiomabesi al 210 to achieve a high-quality, plramars200apsa93of

sem conductor material 210 upon subsequent processes of the invention,
i.e., post strain relaxation processes. As shown in FIG 2E, a mask
material 223 may be fornmed and processed~ @.‘g., patterned) over the |ayer
of sem conductor material 210 and, optionally, in some enbodi nents, the
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process, to fREMALLMEIUEInEEE AhOt rudi ng between openings 227. Each of
t he openi ngs 227 may extend partially into the remaining portion of the

| ayer of conpli antAsnshowniiaFIQ 285, theagscsitioei-the reimaimog poctiompdthe torapliaayer of
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pl asma nay be used to formthe openings 227. After formation of the
openi ngs 1227 exrmplediba geradiniog ghrticnef Secomplivd snapgpl A magbe beated vsme. ifert o t he

et 15, STl 415 ABKFE o AR R L S A e,
t he struct ur ke vidé@sithefdPF thd€refoPdeginod @but hesliaykrrerapersard monstuct or
determined based on the composition of the portion of the compliant material 218’ and the
desired decrease in viscosity. In some embodiments, the portion of the compliant
20  material 218" may be exposed to a temperature greater than or equal to a glass transition
temperature (T) thereof, at which point the viscosity of layer of compliant material 218’ is
decreased such that the portion of the compliant material 218’ begins to reflow. Asa
non-limiting example, the portion of compliant material 218’ may comprise
borophosphsilicate glass (BPSG) and the semiconductor structure 270 may be heated to a
25  temperature dependent on the percentage content of boron and phosphorous. By way of
non-limiting example, where the portion of compliant material 218" is borophosphsilicate
glass comprising 4% by weight boron and 4% by weight phosphorous, the semiconductor
structure 270 may be exposed to a temperature of greater than about six hundred degrees
Celsius (600° C). Heating the semiconductor structure 270 to a temperature sufficient to

30  reflow the portion of compliant material 218’ relaxes or partially relaxes the overlying

structures 226 of semiconductor material (shown in FIG. 2F) to form relaxed (or partially



material 210 and a portion of the layer of conpliant material 218. Each of
the structures 226 may be forned to have a lateral dinension Xi of between
about 5 mwotetciseus 1 mm and may be spaced apart from &djTASeeM/0s498UCt ur es
226 by a distance di of between about 1 mmand 100 nm As shown in FIG 2G
the viscosity of the remaining portion of the conpliant material 2 18 may
be altered to cause the relaxation of theldtructures 226, shown in FIG 2F,
formng relaxed (or partially relaxed) structures 228. By way of
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Heating the sem conductor structure 270 to a tenperature sufficient to
refl ow t he pdhe distanesfdldwtmpdendint straatuegsi22b pRoBto relekaiionsFI6r. 2par Theaklayed @ axes

t he overlying structur 226 of ,.sem conduct or erial (shown in FIG 2F)
to formrela é‘ﬁlaglﬁrrelf)’%egf ftﬁcgﬁ?se%%%%e %ngﬂ?rgg% %ﬁlﬁ ‘?rr?g%aéerdeas ed
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conpliant material 2 18 to forma substantially planar layer. FIG 2His a
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process may progres ro eri pheral region € ce egi ons of
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relaxed) str u(c():xit ;arrtei:aﬁlyzrglgked%t;u%grer:]sgﬁ% Q)E}:/ a distance d, of between about 0.5 yum and
about 20 um. The dimensions and spacing of the relaxed (or partially relaxed)

20  structures 228 may be selected to correspond to the desired size of the semiconductor
structure or device being fabricated. By way of non-limiting example, for fabrication of
light emitting diodes the diode size (i.e., die size) may be about 1000 yum in width and
1000 pm in length. Similarly, dimensions of the structures may be designed to correspond
to the width and length of the desired cavity structure for laser diode fabrication.

25 Another embodiment of a method that may be used to form semiconductor
structures including relaxed (or partially relaxed) layers of semiconductor material is
described with reference to FIGs. 3A-3C. Referring to FIG. 3A, a semiconductor
structure 300 may be formed by forming another layer of semiconductor material 232 and
a mask material 234 over the relaxed (or partially relaxed) structures 228 comprising a

30  semiconductor material overlying the compliant material 218, such as that previously

described with reference to FIG. 2G. In some embodiments, the another layer of

semiconductor material 232 may be formed from materials selected to ineffectively



viscosity of the portion of conpliant material 2 18 may lead to

reorgani zation of the atons within the sem conductor material, formng a

pl ural i t ywof2oroglsessed (or partially relaxed) structures Peg/usavong9as |l ateral
di mension X2 greater than a |lateral dinension Xi of the structures 226 of
sem conductor material (FIG 2F). The relaxed (or partially rel axed)
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Referring to FIG 3A’ a sem conductor structure 300 may be forned b

f or mi ng anot heay Yegppgernofg usegi coovahtiona lithogtaphicdechaB@es mdhich aras® desarided al 234
over the rel axed (o artially rel axed tructures 22 onprij sing. a
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anot her | ayer sem conductor material 232 may be forned frommaterials
sel ect ed 160 iindedesemitalic yapserod pr silippniiiaide.onprh may bereerdernally Zigpositethgvey the

ron 119 AP g Ao LR B LR kS LENS thandn 20, ™
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and may be formed Ajsssihr(;\%nai‘n IrC(})VgtBr,] ogeer;[ir?g%%3g lé)?tre]nc%rslé atflgarst Sa)l(rtai'erﬁpyl igfo the remaining
portion of the compliant material 218" may be formed by removing a portion of the
20  compliant material 218’, shown in FIG. 3A, with respect to the mask material 234 and,
optionally, the relaxed (or partially relaxed) structures 228 and the another layer of
semiconductor material 232. The openings 236 may be formed using a wet etching
process or a dry etching process. For example, the compliant material 218" may include
borophosphosilicate glass and a fluorine-containing plasma may be used to form
25  openings 236 therein.
Referring to FIG. 3C, the viscosity of the layer of compliant material 218" may be
decreased (i.e. reflowed) to cause the overlying relaxed (or partially relaxed) structure 228
and the another layer of semiconductor material 232 to relax to a degree. The viscosity of
the compliant material 218" may be changed by exposing the semiconductor structure 320
30  to asufficient temperature to cause the layer of compliant material 218 to reflow. For

example, the compliant material 218" may be reflowed by heating to a temperature above

a glass transition temperature (T) thereof, and may be maintained at this temperature until



met al organi ¢ chem cal vapor deposition (MOCVD), or netal organi c vapor phase
epitaxy (MOVPE). For exanple, if the another |ayer of sem conduct or

mat eri al WB20im5643di um gal lium nitride, the ineffectivePolaiSee@oiosr3of
[I'l-nitride material on the conpliant material 2 18 prevents growh of the
indiumgalliumnitride material on the conpliant material. The mask
material 234 may be fornmed and processed'% 7g., patterned) over the another
| ayer of sem conductor material 232. For exanple, the |ayer of

sem conduct orpartil etdaxatiomefithdeslaxed (a:rtpianially reﬂmd}a&imﬁwrs Y Rand thephothert layer

material 2 18 and a phot or es ter ni using vent i

i t hogr aphi ¢ % SFRSPRHIYELT MAfs Li}%frléa ?Veée Ialnggémﬂgp%fzxf? piq,' ecfé’%’?%%ed
using a convepidnal swaky Henak Qmﬁhd’éﬁh&,hmd@%%sﬁ'@ﬁd &k kaficohdiRios RRnia L0
llayer 218'. As another rion-liniting exa the mask material 324 may

i ncl ude a metradyl iechentstl &v & tempsratuge p glgrfeny malu@t 6YRiCe Wherg thearelegert OF mal | y
pat ter nedSand B iUREdRRel npetBy o ruiE SRR AL e R ad i mEls T ne

patterned an Fonal MUECHS gues, nown in the

art and are raﬁbthglelﬁ?é’rlolﬂ@éim'c&dﬂ@ﬁoﬁhiatdﬂ@fﬁ%ncl&@es&ﬂﬂﬁm gdaliuf Iﬁil‘l(ﬁaﬂmm@?‘mgs
236 extending at least partially into the remaining portion of th
conpl i ant  matckeang the giscopy ob éefcepipient ByAterEB 4 "rg calsséerﬂ%lﬁlabmhﬁvrelaﬂlce

conpl i ant ”ats‘&a Lrhg thiod: Qéé%e Qith e g\ol(ﬂ%st §Ar®§ﬁf§e %egfﬁtgtﬁ Hﬁ@& times

material 234 an I-onal e re parti axe tructures
228 and the afnotdaem foﬁi;(@ﬂfmmf)ndilemr mrmhal:]hwrs hatieg thaldedRd coibhesioperiitrgs 236

may be forrred using a wet etchin r r C r,OC .. For
exanpl e, Phe CBWERT %é’i‘ﬁter??é?é$ i THRY By g T’f‘ﬁg‘?aaﬁ%? %?r%?fl%ﬁ?%H%g i fae@%aée gl ass
and a fluori r}@%@ﬂ&%&é&f'&l&@% ﬁg&ﬁmﬁ%g?@qé%g@%dm%%&mrﬁe@mu PG ré@Rnbdier ei n.

Referring to t he scosity ayer of conpliant material 218"
may be decr edd@d JA-3€.a relekddoinepdrtisly ehysd indiemeabummifrgiedsleakadng oereased
partially relaxed) structure.228. and the another |ayer of sem conduct or
materi al 232 ™® “W@PBB‘?“&IB HogPed. The viscosity of the conpliant material

218" may be changegdyer eXPOgihtdt $MEmsBHA SaNEEEbOnsed té BEiUeRicdRudG a
sufficient tenperature to cause the layer of conpliant naterial 218 to

refl ow. H6r ekrattpteeha‘tlmr%ﬁémra’lﬂﬁlaﬂméﬁe@ lagarg'of pragmipenduetor akstiably heat i ng
to a tenper at a tran T d nma
mp bfiaggl n!%é 3 r%,cg?o ﬁ sI SA. 4:Dea L r%ﬁxgtco I(G Q)A %Q?Khl%glfld ) y

be mai nt ai ne I'T parti 1on o & rélaxed
(or partiall )/strﬁ@chﬁ%ﬁ)@)m Hel{ﬁwa@sthztaﬁclm thidRpparotutetatk aygrthcmbyer of

sem conductor material 232 is achieved. As a non-limting exar’rPl t he
conpl i ant compliant material 218’, and relaxed (or partially relaxed) structures 228 such as described
with respect to FIG. 2G. As a non-limiting example, each of the relaxed (or partially
20  relaxed) islands 228 may include indium gallium nitride Ing 03Gag 92N, the layer of
compliant material 218" may include borophosphosilicate, and the support substrate 222
may include sapphire.
Each of the relaxed (or partially relaxed) structures 228 may include a
semiconductor material and may be laterally extended, as shown in broken lines, by
25  growing the semiconductor material using a growth process, such as epitaxial layer
overgrowth (ELO). For example, methods of performing lateral growth of a
semiconductor material, such as a III-nitride material, are disclosed in the publications
Lateral Epitaxy of Low Defect Density GaN Layers Via Organometallic Vapor Phase
Epitaxy to Nam et al., Appl. Phys. Lett. Vol. 71, No. 18, Nov. 3, 1997, pp. 2638-2640,
30  and Dislocation Density Reduction Via Lateral Epitaxy in Selectively Grown GaN

Structures to Zheleva et al, Appl. Phys. Lett., Vol. 71, No. 17, Oct. 27, 1997, pp. 2472



material 218" may include borophosphosilicate glass and the sem conduct or
structure 320 maybe heated to a tenperature of greater than about 600 C.
Wher e t hewoebssad4or partially rel axed) structure 228 PoEiusd@s/059%d9 um
galliumnitride In G0 >2N and the another |ayer of sem conductor
material 232 includes indiumgalliumnitride In 13Ga 87N, changing the
viscosity of the conpliant material 218" -28-cause refl ow may relieve

| attice strain. The nethod described with respect to FIGs. 3A-3C may be
repeat ed nul t34gkeThe pesral tetaaldgowthefiormiagehfoc partielt whaxpdtsenitates RA§ r s

havi ng the desired, co ition.. The conpliant material 218" may be forned
to have a t hiTERLLE ﬁgggzﬁé% fiserupRe F‘%BWf'i tate renoval thereof during
repetition. By repgatihBg k& tiBlobad nth§Behbitsthadiat RenipRfAle G efidient kd &er tidA- 3C

a relaxed (or partially relaxed) indiagmgalliumnitride |ayer having |
i ncreased i ndiiseesiborfitesenderlying eomphans thateaiab? e rwlaethody fashitate furtheristapaiept hat

may be used tq form.sem conductgr. structures hawving.lelaxe 0 artially
rel axed) Sayeogéheoﬁeméco g?ﬁ%%ror}}%e tor ﬁﬁé‘%i%)ﬁ%a(f)r ?asrg%iélg &P %(%déaé%"eﬁl%%vé%ao Sﬁ’velfias
reference to thd @eorall rdih sdigiceniductdd nfaterial £29, 4Aichds S@MinGABEBkeH Ghess Byueiur e

400 may be provided that includes the support substrate 222, the layer of
conpl i ant nmatadmprdlingtme cxampie. theiraluersl (Coparbalbt elaked) strustanesdls wey cludees 228

such as descr;j i . ect.: . AN each
of the rel ax elggﬁxglréggglr {ngﬁ%y%blecpgﬁt]eﬂé) SF@%@&@&%&%‘%}E %%%lﬁ%ﬁgﬁn [ ud?nulm
gal I i um ni t r i @diunnni@iisa /32N latdnalyl gyet sahicomivplor anteriab22r foahs, 284y adapt

i ncl ude har ophosphosili cat and the support. supstrate may i ncl ude
sapphi re.lOEa(,ﬂHeB‘tlc?ﬁ%“"rt‘éﬂegzg’&r@é%‘edr)(ﬁFP%rgfl‘lg’felraé?‘ﬁﬁgﬁ‘ﬁtu@f %ﬁ%tures 228 may

i nclude a sem Condwéh%nrmﬁﬁﬁ.i@,_mgteﬁﬁy ggm s%hﬁ_&ﬁllhh&‘coﬁéﬁt%ﬂﬁ%9 ner%b%hom in

broken |ines, by grow ng the senm conduc materital using a growth process,
such as epi t gowh uhtiytles rebwed G pattially El@ed) Forctues23p lceglesve thids agbntinuous

forning | at .owth of ' t terial, ..
Tt 1 de rtr sy ey waisBEoS AR e panm e e RohUT T SR shs axy o
Low Def ect Degtaé\ivﬂycoﬁﬁwbﬁsvrﬁ%?é@@eiéa%ﬂa?gt@nﬁh&ouw@@f fhRstcorRidi@xy to Nam

et al., Appl. Phys. Lett. _ , , Nov. 3, "1997, pp. 2638-2640, and
Di sl ocat ilén Deateiial @3 &Rewy bt ivorticalyaextended tol a dgsiredthickness Sefosmtd vlekgd @ own GaN

et U0, LA YA o B PN Bl 1o Yoo g 40 PR 27
partially relaxdim&ihd, Yetrblafs 183 (drSpartially relaxed) layer of semiconductor material 242
may be formed by vertically growing semiconductor material using a conventional
process such as hydride vapor phase epitaxy (HVPE), metalorganic phase epitaxy

20  (MOCVD), and molecular beam epitaxy (MBE), while the compliant material 218’ is
reflowed to further relax the relaxed (or partially relaxed) layer of semiconductor
material 242. The relaxed (or partially relaxed) layer of semiconductor material 242 may
be formed having a lattice structure the same as or substantially similar to the relaxed (or
partially relaxed) structures 228 (shown in FIG. 4A).

25 Another embodiment of a method that may be used to form semiconductor
structures including relaxed (or partially relaxed) layers of semiconductor material is
described with reference to FIGs. SA-5D. Referring to FIG. 5A, a semiconductor
structure 500 may be provided that includes relaxed (or partially relaxed) structures 228
disposed on a compliant material 218’ overlying a support substrate 222, such as that

30  previously described with reference to FIG. 2G. A layer of anti-surfactant material 244
may be formed over the compliant material 218’ and the support material 222. Asa

non-limiting example, the relaxed (or partially relaxed) structures 228 may comprise a



represented in FIG 4A by directional arrows. The lateral growth process
may be perfornmed at tenperatures sufficient to alter the viscosity of the
under | yi ‘yocompiseant material 218, which nmay facilitat @Crorseévensded axati on
of the sem conductor material in the relaxed (or partially rel axed)
structures 228 as well as the laterally grown sem conductor material 229,
which is shown in broken lines. By way of 2hon-1inmiti ng exanple, the rel axed
(or partially relaxed) structures 228 nay include indiumgalliumnitride,
whi ch act as mtregeaetohtaingrg MA¥itypet samicogdudier thatemal ahd thedapeholoti-suefaetantgal | i um

nitride. As the | rall rown _sem.conduct erial 229 for it may
Rdopt "t he I atbfiga 2 diy B pET aR Rt BENTBAE oy e s o
structures 228ampR, SHeONHibAddslatrl sthiBon hiiRiek of @hadhreythefedn sem conduct or
material 229 nmay be grown until the relaxed (or partially rel axed

structures 228 codtederciagtoFi ok apertnr philielpyer efjsaii-syrfadaitingioral 84omay be
mat eri al 238, _which is sho N broke { | row h
condi tion mif/m B‘éedaufsfnéraer ac\é\f(\;’e E%‘aﬁqc%lﬁ%%mﬁﬁﬁéﬁg %yﬁg lﬁ%cég%agonduct or

mat eri al 238 prapribRion€CME) dkdcyssay kepded stndaca 2d6 st the delivted ¢hnesisallyaelbosdn a
rel axed (or parti al rel axed) |ayer of sem conductor material 242, as

|
shown in FI Gstrggtures I PFEOH ARU-SYE gieed er (or partially
328 e bk sk eat- syl arEmaieEal 14dy .
relaxed) |ayer of SEoGAMIHRS Y IRLEbAuch fdk DR hey SRR Yolf! cal |y

growi ng sem conductor material using a conventional process such as hydride
vapor phase epmicxyudddéiR)tnrerilddlyarpgecescsuphasepitpiat lateyal OMIQYBYth &hD)

Lo furt hdP  GREE S BFARGHE (Sep orpaialy TEI N BaF /e BRCCAIR conauct or

material 242. &nfeﬁlbg)f)?ﬁ(eﬁ@iheé?% 5 5@l n¥atdr 8l 208 Dendi @¥AGc1Of meEHAI 23R dGt OF
mat eri al 242 y be fornmed having a lattice structure the sane as of

subst ant i al | yadeptre lattice stoictuneof the sotectd tnctpas 22&dridy thug Insayeet) grewn tcformes 228
(shown in FIG, 4A),. Anat her enbodi nent met hod t hat . sed, to form
Sem conduct o et r LS TR R R Leada TR pap i hf b i or s o
sem conduct orgr&Rh & fofth alcdntilRDES lah&thavinkh deSifRirtRidR S, Quét dshowMirPEIG. 5D.
Referring toglgl G 5A, a sem conductor structure 500 nay be provided that

i ncl udes 1pel axed (for exrample.aising epblodixea)s of ratleads péthe pagertiysoieridesarized
conpliant materjal 2 180ver|yin upper [ & A hat
previously déSerT B M tho re Seufagen s%a}%’ ’%Fé‘a%zjr%étﬂl\ea]ﬁ%?é%&%tfe §g§1{%}1r%28§f act ant

mat eri al 244 shown in FIG. 2A) may be formed to include an exposed seed layer of semiconductor

material 206 comprising Ga-polar gallium nitride overlying a sapphire substrate. The seed
layer of semiconductor material 206 may be used to grow an epitaxial layer of Ga-polar

20  indium gallium nitride Ing sGag9;N 210 thereon. The epitaxial layer of Ga-polar indium
gallium nitride Ing sGay 9,N may be wafer-bonded to a borophosphosilicate glass layer
overlying another sapphire substrate. A portion of the epitaxial layer of indium gallium
nitride Ing sGag¢,IN may be detached from the seed layer of semiconductor material 106
using a laser lift-off process so that epitaxial layer of N-polar indium gallium nitride

25  InggGaggN remains on the another sapphire substrate. A mask material is applied and
patterned to overlie regions of the epitaxial layer of N-polar indium gallium nitride
Ing sGag.oN where it is desired to form structures. A dry etching process (i.e., plasma
etching process) may be performed to remove portions of the epitaxial layer of N-polar
indium gallium nitride Ing sGag 9N and the borophosphosilicate glass selective to the mask

30  material. Remaining portions of the mask material may be removed after formation of the
indium germanium nitride Ing3Gag g2 structures. The semiconductor structure may be

thermally treated at a temperature sufficient to reflow the borophosphosilicate glass layer



may be formed over the conpliant material 218 and the support materi al
222. As a non-limting exanple, the relaxed (or partially rel axed)

st ruct ur eg0288/0%e4a3conpri se ani trogen-containing I11-V Pgpassesiosoaguct or
material and the layer of anti-surfactant material 244 nmay include a
material on which IIl-Nitrides poorly nucleate such as, for exanple,

silicon dioxides and silicon nitrides or-A#xtures thereof. Referring to
FIG 5B, a portion of the layer of anti-surfactant material 244 may be
renoved usi ngassing@btixaticn ofcie Ntpohir ngliyrRgH]ivproicids @o@@aml‘é Iretlie stakctures h ani cal

pl anari zatio ocess 1o expose ace 246

partially rel ’g&ﬁ rsg? tRpgpLleyg 2y Iigﬁ‘?%tﬁéﬁﬂ{)&@mf%g?ay pg limegit}? Tai‘?f?l t
materi al 244.5:4% allilmfHide il AohBMicu MHBCsAAdi TRt QAMiud nidfR i§Rymbe
formed on the senlcon uctor structure 520 by a process such as epitaxial

| at er al overigﬂ@MEﬁK@Ehmkmﬂ$|ng surfaces 252 of the relaxed (or partially
as a seed

rel axed) structure ich are re br oke

mat eri al . gThe sem 50%8%8{ %’f‘%? g?firégm‘%ﬁ Sr‘%§§/“ag%€¥%h % %Safs)t(anﬂgz Fucture of
the rel axed shtengddittesirdtBe 30WshoviUs FIGERA ataydedfdinddoto filbeanlcRpbse dedday er
of sem conductor material 254. The sem conductor nmaterial 248 nmy be grown

to forma cortyenabismisendestonagicniy 240 sewprianag bairelen eabumguie guerbimdth in
Fl G SD. For v@%@'sﬁbstrué' 19e @%BQ%L ?EﬁéeﬁuQJ(ngg@hmgén Qlmdy 1% a%@%fa’%{, p SRR ! on

descri bed abo an engi neere strate or “exa
i ntermedi ate sslprmmtsuthﬁa@QﬁmglmwMivdmtmEdl @af@Apndiny pbz&esfsczmd'ﬁ(hytbe rémmiaddxsingn

exposed seed |ayer of enlcon uct or erj al 6 co risi
gal I'ium APtr |a(f€nW’é‘PP Eﬁﬁr e é’ﬁ?ﬁeﬁsegostf]‘ﬁélfersgf’ ayqt @8“& Fnaé?na%%

seni conduct or, gs{ 'I\‘?hol%p?alﬂﬁﬁ nRRAUSE e iRk O A 2 thg&%@m@h} L ANER nMide

Ga- pol ar |nd|un1g ride Ino sGao 92N reon. The epitaxia
| ayer of @Ga- ﬂmigé}aoqzﬁdnayhegahmmenthmsc@ﬂdam oS@mcMﬁMCMmamaMep&m@ﬂGed to

b hosph | te gl | th bst
Dorti on of 't eGPy PRIOT g ent B Pird bt B RO Toero de PGt U By
be detached fnﬁtﬁﬁb HQ?G&SN haeetchihg ?%&ﬁqmuﬂﬁﬁﬂia A8liRs prdbesdPNBapisd Ng a | aser

lift-off process so that epitaxial [ayer of N polar indiumgalliumnitride
In sGao 93N merfainaes tomerndnes mﬂmnlsef th@&pmuﬂéa}@ubfswmtaémd,mmrﬁglkumtéﬁiﬁ al is

applied and pat kye geé(lg(?s'g h&& I On%teplf?l a:[ng?h es%le& r%f s?n%%gnd %{orN' pol ar

i ndi um gal | i Whet'e™ asT &d ormstruct ures.
A dry et chi NGndérRg @66 fdrinirf struplufes TR6 ebeiidigs Nrms@urmwhbﬂl gidkor med to

remove porti %rrx]oSgG(a)\g 921t\Ih ieAﬁ%Fr) If(;[rr?l)a(t’lugrll ofI tﬁg Stlrruc?ljresl\ll- 6ot|h(?31 rremalnmg portions of the mask

material 122 may be removed and the semiconductor structure may be thermally treated at

20  atemperature sufficient to reflow the borophosphosilicate glass layer causing relaxation of
the N-polar indium gallium nitride Ing sGag9oN in the structures. An epitaxial layer
overgrowth (ELO) process may be performed to laterally grow the N-polar indium
gallium nitride IngoGag N until a continuous layer of semiconductor material is formed, as
described with respect to FIG. 4C. Ion implantation may be performed to a desired depth

25  to define an ion implant layer, as described with respect to FIG. 2A. The implanted
N-polar indium gallium nitride IngsGag 92N may be wafer-bonded to a third sapphire
substrate and separated from the second sapphire substrate along a zone of weakness
defined by the ion implant layer. The ion implantation process and removal process may
be repeated to form a desired number of composite substrates, each having a desired

30  thickness of N-polar indium gallium nitride Ing gGag.9;N.

Although embodiments of the present invention have been primarily described

herein with reference to layers of semiconductor material comprising indium gallium



indiumgalliumnitride In0 sGao 92N and t he borophosphosilicate gl ass
selective to the mask material. Remaining portions of the mask material may
be renmovesoahtoansed4dr mati on of the indi um ger mani um ni triPGE/USR@I9EE9 92N
structures. The sem conductor structure may be thermally treated at a
tenperature sufficient to reflow the bor thosphosi | i cate gl ass | ayercausing
relaxation of the N-polar indiumagalliunT ftride In sGao 92N in the
structures. Thereafter, an epitaxial |ayer overgrowmh (ELO process may be
performed t o ditiderthd prgsapt mwentoaiismoetgallimiigds andtembddimentsi df the presen| invention| ayer
of indiumgalli Lbl’? ni (ié)l de i.s.fornmed t.o rflglhet des{ red thi %kne§15. H@sﬁaneot her
exanpl e, an RY EPSIP RAKEE }ag?rég‘?g%lﬁo SI0F BB ATPBIPE S e RE™ e ériiedi at e
structure 20Qn8B0M) 1aiy@rslaf@the2m-vntgye LeniEHdaEer tetelifnig) didgerIouRpsed seed

| ayer of sem conductor material 206 conprising Ga-polar galliumnitride
over|ying a semplendecterubaieniag cuchmselos exsamplayerer of IdiyreowacOneNctort er i al

may be aitached t g, 32800 SARRRIL S hShEAG,uSI ng a convent i onal
waf er - bondi ng procéssy and “may ’be reRoved US| ng’a conventional |aser
lift-off process swhildek ptdientseedtibalysbeaf dseribeddrebite tvith re¥péct o @drtai06
conprises N-polar galliumnitride. An epitaxial |ayer of N polar indium

gal | i um ni t r irkdeferphenslopdimantsy thesg obardmspndal] Bvibe ait Nall tesagniredpdrappyeciate that
sem conduct or; 4 11820 f-ar d
over the. epi ey e 2hiP Raofe TRk, ARG SLcHiK E niITRGLRE ILEHERT o
dry etchi ng pniodssentd maybe mpdasiisove tiegartig foom dessopethdiavgeiohas med t o
remove paortiagns.of the epitaxial |ayer of N pol .ndiumgal li ym nitride
o Bean 192N ek et  EmDdhd Rion et pAT cRbRi s TR e grt

sen conduct oreRLEL HothkP Emb i AGw Bl 0 bifE SndatBh L QARTitHh 19 DR dfe | Ndi um
galliumnitride Ino sGao 92N. After formation of the structures 126, the
remai ni ng poritventisn af contenplatskbyrtieaemieatorsi 22 may be renoved and the

sem conductor structure may be thermally treated at a tenperature
sufficient to reflow the borophosphosilicate glass |ayer causing rel axation
of the N-polar indiumgalliumnitride In sGao 92N in the structures. An

epi taxial |ayer overgrowh (ELO process may be perforned to laterally grow
the Nepolar indiumgalliumnitride Ino 9Ga i N until a continuous |ayer of
sem conductor material is formed, as described with respect to FIG 4C. 1lon
i npl antation may be performed to a desired depth to define an ion inplant

| ayer, as described wth respect to FIG 2A The inplanted N-polar indium
galliumnitride Ino sGao 92N may be wafer-bonded to a third sapphire



substrate and separated fromthe second sapphire substrate along a zone of
weakness defined by the ion inplant |ayer. The ion inplantation process and
renoval pwoceswsy be repeated to forma desired nunmbePCofUSC@IPI®3e e
substrates, each having a desired thickness of N-polar indiumagallium
nitride hio 8G0 92N. Al t hough enbodi nents of the present invention have
been primarily described herein with ref efnce to | ayers of sem conduct or
material conprising indiumagalliumitride, the present invention is not so
limted, and enbodi ments of the presentCLAWEAti on may be used to provide

| ayers of sem conductor material conprising other Ill-nitride materials,

| ayers of other IIl-V type sem conductor materials, or |ayers of other

sem conduct orywRRtieEhmhedl if:such as, for exanple, layer of II1-VI type

sem conductor materials, layers of silicon, and |layers of germaniun). Wile
the present inventlion hWametwdofdbsicptingecscmecoaivctol Schespaerice.cormprsiagn
preferred_.emodi.nent t hose .of .ordinary .skill. | h r L Lze
and appre iaﬁgovﬁgga?@wf89%%FG§QHWP%?%8%@‘%%¢%%$?kﬁgﬁnghﬁﬁ%ﬁé%ggﬁggﬁétions
and nodi ficati ons dubsttabe preferred enbodi ments may be made wit hout
departing fromthe scope of the invention as hereinafter clainmed. In
addition, fedPumiasaphsaityatorsgaekertingyoush adeyespheaigandicipenpigralangs

anot her enbodi nent i i i > wi thin the scope of the
i nvention as contéﬁ%@g%ggg%%l%ﬁgg#ﬁggﬁpgrs.%ﬁ%ﬁ’ What is clainmed is: 1. A
met hod of f ahiltedad 4 nigeaity efiihe dayducf @mpdibntundteriad torelotehe emaintonortisisg the
providinq a | ayer of sgniconductor naterkfl overlying a | ayer of conpliant
material 18n a subSEYEPESCIHENIIAGT Baisieh 819 ty of openi ngs extending t hrough

a | ayer of S%%&fﬂ?%ﬁ&th&}f sefRoRIh@br ARG RRVE B feYaxbBpOHBhAs & the§er 5 _
conpliant material’; altering a viscosity of the layer of conpliant materi al

to rel ax the rennisanmyngoterimaisriadf t he | ayer of semiconductor material; and
growi ng anot her sem conductor material over the relaxed portions of the
| ayer of sem conductor material. 2. The nethod of claim1, wherein formng

a plurality of openi ngsriRxh&RsH GY14iMr10Whbresh foR¥R aqflursBiFiof Bpshieds @kten@her i al
and partially throu?h a | ayer of conpliant _ _
15 “through a layer of semiconductor material and partially through a layer of compliant
material comprises forming a plurality of openings extending through a layer of indium

gallium nitride and partially through a layer of borophosphosilicate glass.

3. The method of claim 1, wherein altering a viscosity of the layer of
20  compliant material comprises heating the another layer of material to a temperature

greater than or equal to a glass transition temperature thereof.

4. The method of claim 1, further comprising selecting the layer of compliant
material to have a glass transition temperature of less than or equal to a deposition

25  temperature of the layer of semiconductor material.

5. The method of claim 1, further comprising selecting the layer of

semiconductor material to comprise indium gallium nitride.

30 6. The method of claim 1, wherein growing another semiconductor material
comprises laterally growing the another semiconductor material using the relaxed portions

of the layer of semiconductor material as a seed material.



material conprises formng a plurality of openings extending through a

| ayer of indiumagalliumnitride and partially through a | ayer of

bor ophosphosnivmsetse gl ass. 3. The nethod of claim 1, whecgius2abnsmBng a
viscosity of the |ayer of conpliant material conprises heating the another
| ayer of material to a tenperature greater_than or equal to a gl ass
transition tenperature thereof. 4. The method of claim 1, further
conprising selecting the |ayer of conpliant material to have a gl ass
transition tenperature of |less than or equal to a deposition tenperature of
t he | ayer of sem cpnduct.or terdal. 5. .The - i further
conpri sing sel ect icﬁg t he ™3 ?(F%ffcfflaé%lrﬁ?ggﬁr hnclg%%arﬂgé{cg%lpgit&tao%églﬁpri se i ndium
gal I'i um ni t rigd@icofductitendterid 0simpiises kaisgkhe dMiftee bdinigsaitictog nargibh@radopt

sem conductor material conprises laterally grow ng the another .

seni conduct ortheratise isEpctyrs jof gretrplaxqdanoatiang O%Bxeﬂ%h@ wigapdugtarBptenil.

sem condugtor material as a seed material.7. The nethod of claim6, wherein
| aterall y growi ng the another sem conductor naterial conprises causing the
anot her sem condudd. or rHieendthdd éfaclaaiop tvhefem gratvingdke stothee semieomfuctone

rel axed portions _of the |layer of sem conductor material. 8. The pethod of
claim 1, wherBdterig)oydtherelared a%e%qft%%W%r&éa%%?deW Biaterial eRATISE

rel axed port il%ﬁllg};dﬁﬁdgﬁin %(eez{nogicr %%&iaﬂ%?ﬁqﬁ{e{igﬁ% §hPh cGRARGUsSSRr bat eral |y

depositing the an er sém conductor materia orm a continuous |ayer of
sem conduct orsemidoeducadr.m@erialhe nmet hod of claim 1, further conprising

form ng % | ayer of sacrificial material over the remaining portions of the
| ayer of Qeni conduct or materj al and the regions, of ftBhe, Ia){er of coppl.iant

material exposed ther ebEtREd el hgeonpybine 'BHMEE 2 HET PhERIGR!
sacrificial !mat&gal%belitﬁe RXDARE 5&{1&@&&%@%&%@ sdrSRBL U8 nRRE L] SAshof the

| ayer of sem conductor materital. 10. The thod of claim9, wherein formng
a layer of saegibfid dfithd lapmtodicompliow eratdriabexpesithérpptwennt amhs of t he | ayer of
sem conductor material. and the r er.

ions of the |ayer of conpliant terial
exposed t her ebet weEROVBRAPPEIRE od g%&@(ef Pﬁﬁa"ﬂgf%&f&%@ Efl?%ﬁ’fqog%l?ﬁﬁ?saﬁhe _
mat eri al 19n WaiGRidgl dorthink bF #1232 yRO6F ddhicthah @8t @atedd. The nmethod of claim9,
wherein renmoving a portion of the |ayer of
10. The method of claim 9, wherein forming a layer of sacrificial material over
the remaining portions of the layer of semiconductor material and the regions of the layer

of compliant material exposed therebetween comprises depositing a layer of anti-

20  surfactant material on which III-Nitrides poorly nucleate.

11.  The method of claim 9, wherein removing a portion of the layer of
sacrificial material to expose surfaces of the remaining portions of the layer of
semiconductor material comprises planarizing the layer of sacrificial material to form a

25  substantially planar surface.

12. An engineered substrate, comprising an epitaxial layer of InGaN
semiconductor material disposed on a layer of compliant material overlying a substrate,
wherein the layer of semiconductor material exhibits a relaxed lattice structure.

30
13. The engineered substrate of claim 12, wherein the layer of semiconductor

material comprises a plurality of structures overlying a layer of glass material.



sacrificial material to expose surfaces of the remaining portions of the
| ayer of sem conductor material conprises planarizing the |ayer of
sacrificiwabD 20ess44al to forma substantially planar surPatais2002/05939

engi neered substrate, conprising an epitaxial layer of InGN sem conduct or
mat eri al di sposed on a |layer of conpliant terial overlying a substrate,
wherein the | ayer of sem conductor mat errd®exhibits a relaxed lattice
structure. 13. The engi neered substrate of claim12, wherein the |ayer of
senmi conduct or nat e al Brepeinsersd subsirdde af ¢lein b}, wheraiicthg dayst ehssmisondecter
layer of gl asg, Rl gLl Al 4ol oIALAGRLEH SRR Al fal Clalm 12, wherein
the | ayer of e T Sndbct s “naterra conprises a continuous |ayer of

sem conductor material. 15. The engi neered substrate of claim 12, further

conprising a plurality of structures co ri,sigf an anti-surfactant materi al
di sposed on a | aydd- of glesasingeredpubsirata abclay by ftheyg comrsing aplugsity of

sem cond UGL Ors ITRH £ icgtlnprising an anti-surfactant material disposed on a layer of glass material and

underlying the layer of semiconductor material.



