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TECHNICAL FIELD
The present invention generally relates to the fabrication of semiconductor
15 structures or devices using engineered substrates, to intermediate structures formed during
the fabrication of semiconductor structures or devices, and to engineered substrates for use

in the fabrication of semiconductor structures or devices,

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,

mtegrated 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 ofsilicon 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 Jongitudinal 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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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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25  lateral expansion and relaxation.

Tn 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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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 plorality of openings extending partially through the layer of



15exhibits a relaxed (or partially relaxed) lattice structure. The
engi neered substrate may further include a sacrificial nateri al

di sposed i WOSALWS6#43t he openi ngs. BRI EF DESCRI PTI ON OF PSAUGARRIOSMA? | e
t he specification concludes with clains particularly pointing out and
20di stinctly claimng that which is regarged as the present

I nvention, the advantages of this invention nmay be nore readily

on, the advantages of on ey iy
Conj unct 1 on wi 4 EREAC QBT TP ey et Bt F Ao fggint g

and 1B are crQgsrcaRGIViRbdly thdrésfis of an internedi ate structure forned
by nethods known in the art that include a I,abyer aof . sem conduct or

material; 25F Gs. 2Zxidtgnalenborymspisof g Pessey duveriqn igiude Wipmpdials sitypfures

i ntermedi at e SHELGEdHGe hRALIENalRRat Rl BREoAMIctoR SnRIRAD: T8RS aPlescribed
met hods of the present™invention; Fl 2H is a plan view of the

i nt er medi atte sherairct Thedntemengiatd struptEs negsinclude a plurgligg of opapiggs exfeading through
sinplified crossrsect | ﬁ By b g§qi - '%Qﬂia

may be forned a(sjl?}r?? eesglﬂ%é?ar%ﬁﬁl %’2? F{{g{;ﬂg{ tf%%lgsp@%é%@l%%lrﬁ'\l/ nt | (S)en;
30FI Gs. 4A- 4C sabgragi Mk idyeedf ghasomstesaatdyerkibit v ickangeabte astositytseffivedi tat e
S e BSR4 e GRS IRIE R IR Mo
Cross-sect i onghatuiSwRp&kd BtwbdtBE IReHobassshateel bridthé IRV tiRyseheoh@ictrd

during enbodi nents of nethods of the present inventign. o
10 The III-V type semiconductor may be planar with, or may be formed over the sacrificial
material.

Embodiments of the present invention also include engineered substrates. The
enginecred substrates may include a layer of semiconductor material disposed on a layer
of compliant material overlying a substrate, wherein the layer of semiconductor material

15  exhibits a relaxed (or partially relaxed) lattice structure. The engincered substrate may

further include a sacrificial material disposed in each of the openings.

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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25t hat is at IpemhcmubmamtAsa‘Sﬁ ymcthl ngl e crystal of the material and

t hat has been for h that the, e cr.ystal. exhibits a kno
crystal | ographic o Sélﬁ‘%ijtefeblh%e term Ifxgg'ﬁ%e&n%oéﬁdgft?ﬁm%lﬁéaltlgﬁﬁs'aﬁfl\g%ﬁes
lattice paramghpmaterifpesiobseetedniprisesPRat of BoRiRtleaRhts@oibrobBlB bf HiE
sem conductor material, nmeans an average | attice paraneter exhibited

by the | ayer apriagisiobls i Cdotnd i) @pd ape 05@%@@41%%#@8@%&%16@%&8@%@10
material is epiyid, 8! 4/ 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



30 grown at an elevated tenperature. As used herein, the term
“lattice strain " when used with respect to a |ayer of material

means straP@ 2813 crystal lattice in directions at Ie%WU520°9’0°9939
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Its own wei ght”
favorable manner. The term “relaxing” means and includes changing the position of

15  atoms in a material layer relative to the bulk positions so that the lattice strain within the
material is at least partially relieved and the material 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.

Referning 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
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By way of example and not hmitation, 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 (GalN), 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
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nitride), may (MBE)o mrtﬂé'niomﬂyavmﬂous:mn@eck ody l:belswelarforamgme intermediate layer of
15  semiconductor material 206 to reduce the density of dislocations therein, such as, for
example, epitaxial lateral over-growth (ELQ), facet-imtiated epitaxial lateral over-growth
(FIELO), in-situ masking, and wafer 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—linﬁting 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
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Refernng 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 (Z.e., composite)
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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;.xN) 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 laftice 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).
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only a portion thereof. In enbodinents utilizing the sacrificial
substrate of metgnabgo. ﬁéy@gesgqggi by the directional arrows 214 shown m FIG. 2A, ions may

25  be implanted 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 fons are implanted into the intermediate
structure 200. Generally, ions implanted with less energy will be implanted at relatively
30  shallower depths, while 10ons implanted with higher energy will be implanted at relatively

deeper depths.
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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, €.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
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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 titaniumy). 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, ¢.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
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material 223 Q&Mpé?&uﬁe%@ﬁéﬁﬁ&t%ﬁ O PeRentEL BB RAMIGLRN afd PRBERGis2 89 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
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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 pm 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 overlyin'g 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
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| ayer of sem conductor material 232 may or e [

rommaterials
sel ected to i rpfifredy, thetelaxed (ot artially 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 (Ty) thereof, and may be maintained at this temperature until



deposit on the conpliant naterial 218'. As a non-liniting exanple,
the relaxed (or partially rel axed) isl ands 228 may include indium

gal | i um ni VO Z480/05 qpﬁU3 05Gaa92N and the another |ayer of SHEBHYIEYS?
material 232 may include indiumgalliumnitride 1110.13Ga0. 82N and
may be formed using a growth nethod suchw% for exanple, 5

met al organi ¢ chem cal vapor deposition ( or netal organi c vapor

phase ent axy
sem conduct or %@Eﬁ%ﬁ*@é’ﬁeﬁg Y |(?frﬁa§tlap fegar’ﬁe c%r%gg{&rﬁldlﬂ}]ee %lgl:tlfi e
nucl eati on of dfkdmibbridutteemaretisnBals a@lﬂexteheAeanm limitingrerareple,ahe difpliant

prevents growth of the indium gall ni.fride material .on.t
conpl i ant mat épgterial 2 i gnayaagiu %&P@PL@&%§E3%&%@WWOHW%FWQE§w

(e.g., patternedh.Q¥sEd m%&p@rm@wg{eﬂbﬁmm@ﬁt @em:cmteqxl@felaa@é ®Ffi al
232. For exanmpl é, the layer of sem conductor material_ may

sel ectivel § f grrmely wieaed)tstecters 236 ltﬁhﬂem@l@mugaﬂlu@mdahuosﬁa@%ﬁ@# B8 st
may be patter %&gerlf@epgf s%f?ﬁ‘b\égﬁﬁé'toq ana dé?:a(?ﬁ:rhﬁﬁmnﬁnﬁﬁa%ﬂmngﬁﬁ'ﬁi IHE{?AGEE'WN
are not descri refrn evel ope

using a conventiona
devel oper whi chargigshandscoeify eehe donpliewmpltarial?18l' ty@nsedtBow mag r@lnm lh‘r@r:e

Tater 8l or s PFBOR LRI SRl R B e nar by (ese) PuieisyE

the anot her | ayefieh f&ﬁmemdmmrmmiamay@é haZ’BJ% thedudirdteypmipesipat tTGhEned
and et ched using conventional techniques, i are known.in the art
and are ndf désephgmbmatcHaledsampy preioansd b Oﬁév%arfgr\%nqsﬁprﬁ‘ii@mgﬁg t‘b%&'mlf fays

236 extendi ng r@rﬁoJa?lﬁéﬁeoﬂﬁﬁ"lhg ?éplaﬁl'tldnn r&ﬂ&ﬁtlﬂgem@in%&gd&&ﬁﬁeﬁ%ﬂl%feﬁeﬁ& to
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relax to a degre e viscoSity of the conpliant” materi al
be changed by “eﬂapcﬁ@ﬁqu) ¥tk 26e mS@mﬁdtlI!@‘tl@ng sxpmplet aackeofFhor eB?GF(b(OaPalTlally

sufficien tenp 4 % tt]?erlh £18
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by heating to camplmpmmahurzes aim;macladeg:lomospheammateg anl thesupporttubsteatd 220
t hereof, and ms% ?dmal ntai ned at this tenperature until
include sapplure.
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 ofa
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~
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structures, 228 and the another |ayer of sem conductor I 2 S
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i ncl ude borophosphosilicate glass and the seni conductor structure 320
may be heated to a tenperature of greatersphan about 600 C. Where the
rel axed (or 5partially relaxed) structure 228 includes indiumagallium
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structures 228 suchhasoResriGbee, tié lakrdll§ sehnicolidietor 2(ateriAB22® may be
non-limting exanple, each of the rel axe or partially 20rel axed

i sl ands 228 megfowmBpil de relaenadiien Rpstrally sekrel 5 AEE eBisae lo Sy at%ézinuous

layer of conpl 1%%? bt i lior 2dderi , 5L 8RR HORDAIHAES hhidrGai@ thand

t he support su rate 222 may Include sapphire. Each of the rel axed
(or partial | y greivécenditigsmaytbg abgedstgthatdle Gondhugdelager & sngieenduetoior

mat eri al al%d nn%é’ter?a? 2£ §1tng§ el \lre¥tic%ﬁ§r &l gne 24 1 de%gé)clvmicms?trocf&%ﬁa }eiaggé(or by
partially relaxed) layer of semiconductor material 242, as shown in FIG. 4C. In some
embodiments, the relaxed layer (or partially 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. 5A-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 anfi-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



25growi ng the sem conductor material using a growh process, such as
epi t axi aI | ayer overgrowth (ELO). For exanple, nethods of perform ng
| at eral \fg GP43 seni conduct or material, such as a IITqT’EﬁZP‘Pan%’”

mat er i aI are disclosed in the publications Lateral Epitary of Low

Def ect Densi ty GaN Layers Via O ganonetalbhjc Vapor Phase Epitaxy to
Namet al., Appl. Phys. Lett. Vol. 71, No. 18, Nov. 3, 1997, pp.

2638- 2640, 30 i cat el | K =]
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(or partiaghly: L@[|]ﬁ1 o

f ormed ha?/%) ngua ???%néhg%{%% Sftﬁ}ragggﬂ%g@?a%%e% afh%h% 1s yaeﬁéifG?FMalklﬁdmm
simlar to thealtimhakede hoiGapaNtmal Heyvafettardaf)to g borephasplesilR2A8 g(aﬁ'i@ym
in FIG 4A).

overlying another sapphire substrate. A portion of the epitaxial layer of indium gallium

nitride Ing 3Gag ;N 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 gallinm nitride

25  InggGapgeN 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
InpgGago2N 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
mdium gallium nitride Ing 3Gag g;N 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 Ing3Gagg2N structures. The semiconductor structure may be

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



25Anot her enbodi nent of a method that may be used to form

sem conducfor,  structures including relaxed (or partiall d
| ayers of é@rﬁoi%orﬁg’ﬁétor material is described with ref eﬁrlceilr’@%ﬁ@gob%ﬁ%ss.
5A-5D. Referring to FIG 5A, a sem conductor structure 500 may be

provi ded that includes relaxed (or partiabpy relaxed) structures 228
di sposed on a conpliant material 218 overlying a support substrate
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partial ly rel asag)issN-pslirgapiamaZBide Wah epitaaiablayeapl Bomidr édliby ghitiok eitride
lines, as a seed material. The_ sem conductor .material 248 d l%t ka
lattice structiBesSageNmbe éqr%‘féa‘@tﬂ?etf&?‘ﬂlﬁg °§Wl%ﬂ?5?°t?rﬁ’ﬂ?§?n%?ﬁﬂg as

grown to formg.Lel ﬁfafge Foavied aripaf @A CARAME bfitaxXBladr 0B N-pb24 indTBE gallium
sem conductor material 248 may be grown to forma continuous | ayer

havi ng a desi mittide Focfaneds A dyekehing paersse(i ¢ rplme ctobihg PIOSEsy MaX Beml e,
usi ng enbqdi tiad 1. i s
Sbove, *an ong gy Rl SRER0C B0yl e iR ael AT N HER aliRffhirice
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| ayer of sem ga)dueber ARt Rfmaion 30fhe BRyctbes 125ettle tomaitinypcations pf thaxiaak
layer of Ga- p?rlla?cgﬁal 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 3Gago;N in the structures. An epitaxial layer
overgrowth (ELO) process may be performed to laterally grow the N-polar indium
gallium nitride IngsGag 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.gz2IN.

Although embodiments of the present invention have been primarily described

herein with reference to layers of semiconductor material comprising indium gallium



20 indiumgalliumnitride 1n0.8G0.92N 210 thereon. The epitaxial

| ayer of Ga-polar indiumagalliumnitride | n0OaGa0.92N may be

waf er - bond¥@ 201/03649dr ophosphosi | i cate gl ass | ayer over IRATF2HAROE1&
sapphire substrate. A portion of the epitaxial |ayer of indium
galliumnitride 1n0.8G0.92N may be detached fromthe seed | ayer of
sem conductor material 106 using a |laser Tift-off process so that

epi taxial |ayer _.of N polar. indiumagalliumnitride.25]n0 .0. 92N .
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i ncl ude an exposetbrseednttrayleted by theemdeniorsduct or nateri al 206
conprising Ga-polar galliumnitride overlying a sapphire substrate.
The seed | ayer of sem conductor naterial nay be attached to a second
sapphire substrate using a conventional wafer-bonding process and may
be renmoved using 10 a conventional laser lift-off process so that
the seed | ayer of sem conductor material 206 conprises N-polar
galliumnitride. An epitaxial layer of N-polar indiumgalliumnitride
I n0. 8Ga0. 92N may be formed over the seed | ayer of sem conductor
material 206. A mask material may be forned and patterned over the
epitaxial layer of N-polar indiumgalliumnitride In0.8Ga0.92N. A dry
etching process (i.e., plasma etching process) may be 15 perforned to
renove portions of the epitaxial |ayer of N-polar indiumagallium
nitride 1n0.8G0. 92N exposed through the mask material and the seed

| ayer of sem conductor material 106 form ng structures 126 conpri sing
N-polar indiumgalliumnitride In0.8G0.92N. After formation of the
structures 126, the remaining portions of the mask material 122 may
be renoved and the sem conductor structure may be thermally treated
at 20a tenperature sufficient to reflow the borophosphosilicate gl ass
| ayer causing relaxation of the N-polar indiumgalliumnitride
In0.8G a0 92N in the structures. An epitaxial |ayer overgrowh (ELO
process may be perfornmed to laterally grow the N-polar indiumagallium
nitride 1n09GO0 IN until a continuous |ayer of sem conductor materi al
is formed, asdescribed with respect to FIG 4C. lon inplantation my
be perforned to a desired depth



25to0 define an ion inplant |ayer, as described with respect to FIG
2A. The inplanted N-polar indiumgalliumnitride In0.2G092N may be
waf er-bonded to a third sapphire substrate and separated fromthe
second sapphire substrate along a zong of weakness defined by the ion
i npl ant | ayer. The ion inplantation g%%cess and renoval process may
be repeated to forma desired nunber of conposite substrates, each
havi ng a deSiEﬁd 30t hi ckness of N-polar indiumagalliumnitride

I nasGa0. 92N. . L gh enbodi ments of the present invention have been
primarily described herein with reference to |ayers of sem conductor

mat eri al conprifsi RO{#E4 ' 7 | i icEss egent
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materials, or |aysfsemicaidigtosanitedatisnd at lewst gaitially (kroatglas, for

exampl e, | ayer of |} \of ypaotent eRdkalopdRt erial s, |ayers of
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A ot oy o hapien St lar A g RRE Ty v et o
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appreci ate thatyi T]%lé%@ﬂbds@f bliafint Bofurfesrhesmpe@inyg:addi ti ons,
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reflowing the layer of compliant material.
3. The method of claim 2, wherein depositing another
semiconductor material over the layer of semiconductor
material comprises depositing the another layer of semicon-
ductor material at a temperature sufficient to alter a viscosity
of the layer of compliant material. |
4. The method of claim 1, wherein forming a plurality of
openings extending through a layer of semiconductor mate-
rial and at least partially through a layer of compliant material
comprises forming at least one opening of the plurality of

openings to extend into the layer of compliant material a
distance from about 10% to about 95% of a thickness of the
layer of compliant material.

5. The method of claim 1, further comprising selecting the
Jayer of semiconductor material to comprise a I1I-V nitride
material.

6. The method of claim 1, wherein reflowing the layer of
compliant material to relax the layer of semiconductor mate-
rial comprises heating the layer of compliant material to a
temperature above a glass transition temperature thereof.

7. The method of claim 1, wherein reflowing the layer of
compliant material to relax the layer of semiconductor mate-
rial comprises heating a layer of borophosphosilicate glass to
a temperature of about six hundred degrees Celsius (600° C.).



1. A nethod of fabricating a sem conductor structure or device,
conprising: formng a plurality of openings extending through a |ayer
of sem conductor material and at |east partially through a |ayer of
conpliant material; and reflowing the_|ayer of conpliant material to
rel ax the layer of sem conductor mat eftal . 2. The nethod of claim
1, further conprising: depositing another sem conductor material over
the | ayer of sem conductor material; renoving an exposed regi on of

the | ayer of co ' r 4 0 4f t L@kl [
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met hod of cl abfreamplanienateidtlai ng a plurality of openings extending
through a | ayergof\ ﬁ@éﬂh@_@ndﬁ@bﬂcmﬁn%ra abmacondnctios sdrugture oal | y
t hrough a | aygr_ .of co&? % t.material conprises formng at |east one

openi ng of thESHICHr C ' '
cgrrpl i gnt mat er?l%n()g?%é;ﬁﬁggﬁ rr%gnngai‘gi)(ég ea)i %%oég%gﬁﬁg%%‘?% rraof
thickness of the hesteriabfndoapayemof campliant matgialpeeH¥m®Ha of
i {4 L R S0 sl e e o
claim1, wherei e@%@g%@b‘er}a}ﬂ?l}.‘(@f# @ﬁi%@%@é@e}]ggtal%é‘tal‘?fl%g&{tg0?elo‘;x
the layer of sem the1eoét or nateri al conprises heating the |ayer of
conpl i ant nat er {aposioi heotleraemicoadnctommyiteris]l ovanthe layer
tenperature th_erepfse icoRAfctRINaPd]: ghdi m 1, wherein reflow ng the
Iayer_of corrpl!an material, to r l ax %Eﬁl E ' f}ﬂlgl or
mat eri al conpri %W%El%t]&eq BYEIOLP ?éﬁ%‘g%ﬁogmﬁe gllass to a
t enper at ure of abmalﬂ._ si x hundred degrees Celsius (600 C.). -25-
8. The nethod off g¢ci e nbthod efelaint 6f wdwirsin tdrmolmyga pottionradl i ant
material 1o rg%@ﬁf :#“3 | BT oP e REELAGNE fatSMAPRhd! a dayef icfes
growi ng anoth er o Sem congduct or erlal cat t re
suf ficient tocam Falﬂﬂ@aﬁ@éy&vﬁ 13g atsilr]g)asﬁr{r\}%fo gqg%ﬁ%ﬁ@ﬁ&a&nf;t eri al
openings comprises forming the plurality of openings to '
extend through the layer of semiconductor material and only
partially into the layer of compliant material.
- 11. The method of claim 9, further comprising selecting the
Jayer of semiconductor material and the another semiconduc-
tor material to comprise a III-V type semiconductor material.
12. The method of claim 11, further comprising selecting
the layer of semiconductor material and the another semicon-
ductor material to comprise indium gallium nitride.

13. The method of claim 9, wherein heating the layer of
compliant material to alter a viscosity thereof occurs simul-
taneously with depositing the another semiconductor mate-
rial over the layer of semiconductor material.

14. The method of claim 9, wherein heating the layer of
compliant material to alter a viscosity thereof comprises
reflowing a layer of compliant material comprising at least
one of an oxide, a phosphosilicate glass (PSG), a borosilicate
glass (BSG), a borophosphosilicate glass (BPSG), a polyim-
ide, a doped or undoped quasi-inorganic siloxane spin-on-
glass (SOG), an inorganic spin-on-glass, and a doped or
undoped silicate.



9. A nethod of fabricating a sem conductor structure or device,
conprising: renoving a portion of each of a layer of sem conductor
material and a | ayer of conpliant material overlying a substrate to
forma plurality of openings; heating the |ayer of conpliant material
to alter a viscosity thereof; deposi t$ g anot her sem conduct or
material over the |ayer of sem conductor material; and renoving

anot her portion of the |ayer of corrpl | ant mat er i aI 10. The net hod
of claim9, vvherelnr vin tLo ach of a Jayer of

sem conduct or nat ebP-alheFaetho laaam excomprisingheating theg ng a
substrate to forlayer }dfwcﬁhplmnbtnaipﬂxal g e lteorpvissesityaherenf afier

plurality of opepifgs Ui D drﬁbﬁ heh§ %ﬁ&sf&o plERIT ARG UL or
mat erial and only €%§H 13 é tant,{ma erl al .
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sen conduct or nedevice cmnmganot her sem conductor material to
Cf)rmrl ii af Il Lh V tyreidaig achgeetoff semictndaictor nia’a:erfﬁm@ml}gng f
claim urther ¢ \Y/ £em conduct or
mat eri al and the a "J{E&%#%‘g‘&%xﬁ %ﬁ%ﬂ]ﬁ%ﬁgfeﬂ}% ﬁq_{bs?lfaté ri.se . ndi um
gal lium nitride. E?M fonatgs SxtRsing IR BlaYeho

l'ayer of conpliant rmf mmzxtonchlci:()r matarial andqm'gaallyetha@tﬁglmadayer
si mul taneously w th (glp ia@ﬂ thieranot her. sem conductor materi al

wher el nheat i ng. A égeéé S‘C@é}%%aéfﬁé L F%l papssiig
t hereof conprises r %Y"-?r CIgic %ma FHEE rqnéi conpri sing
at | east one of agrewi an@tmoﬁhhﬁﬂdm@ﬁmﬁtaﬁal oREEthe selaxed

borosilicate gl as St dg ik SG, a
polyi m de, a goped g’P ]a Elgiﬁ@g nor adnl C tgié)%;a?\teﬁggmi) OgJ ass
(SOG), an inorganild @mmap Y icdat e.
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conprising: proyj n)ﬂérf&ﬁ 1ﬁdhﬁﬂ alﬁﬁrﬁﬁﬂhd@@ﬁdqiz@ﬁaﬁy&hmwgh a¥wydnging a
layer of conpli %oroﬁﬁésphoasﬂlggte SfRypstrate;

18. The method of claim 16, wherein altering a viscosity of
the layer of compliant material comprises heating the layer of
compliant material to a temperature greater than or equal to a.
glass transition temperature thereof,

19. The method of claim 16, further comprising selecting
the layer of compliant material to have a glass transition
temperature of less than or equal to a deposition temperature
of the layer of semiconductor material.

20. The method of claim 16, further compnsmcr selecting
the layer of semiconductor material to comprise a III-V type
semiconductor material.

21. The method of claim 16, further comprising selecting
the layer of semiconductor material to comprise indium gal-
lium nitride.

22. The method of claim 16, 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.



formng a plurality of openings extending through a Iayer of

sem conductor naterial and partially through a layer of conpliant
material; altering a viscosity of the |layer of conpliant naterial to
rel ax the layer of sem conductor nate %al; and grow ng anot her

sem conductor naterial over the relaigd portions of the |ayer of

sem conductor naterial. 17. The method of claim 16, wherein formng
a plurality of openings extending through a |ayer of sem conductor
material and partially through a |ayer of conpliant material
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nitride. 22. The net of ' ' '
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claim 22, wher ei gt'éra tﬁc.ﬁr owfﬁﬁﬁg%ﬁoiﬁﬁggﬁgﬁrnﬁggwem °
material conpris Vt%ﬁ;&%glfl%élgqnot her sem conductor, mat.erigl fo
adopt the lattice semootinger pbrons ofepaste @t tlaWSOstemsonay@forof
seni conduct or mat eri &l ateriadand Be]dRE O compliatmuiferinh ¢o efomyrow ng
the another sem conductor. material."gyer the relaxed portions of the
l ayer of seniconduct PWAF&?@‘PI’%‘%}H% ses |ateral |y depositing fhe
anot her seni conducdterieg erviatosiy fadr thealaysiQincRupliagy dpagnal to
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fabricating a sem cosemicondsctarsnatesialangiggiens ebHh @é’?ﬁ&: com-
pliant material exposed within the plurality of openings;
removing a portion of the layer of sacrificial material to
expose surfaces of the layer of semiconductor material;
and
growing laterally over the layer of sacrificial material the
another semiconductor material using the layer of semi-
conductor material as a seed material.

27. The method of claim 26, wherein removing a portion of
each of a layer of semiconductor material and a layer of
compliant material to form a plurality of openings comprises
forming a plurality of openings extending though the layer of
semiconductor material and only partially into the layer of
compliant material.

28. The method of claim 26, wherein altering a viscosity of
the layer of compliant material comprises heating a layer of
borophosphosilicate glass to a temperature above about 600°

C.



removing a portion of each of a |layer of sem conductor material and a
| ayer of conpliant material to forma plurality of openings; altering
a viscosity of the layer of conpliant material to relax the | ayer of
sem conductor nmaterial; formng a |ayer of sacrificial material over
the | ayer of sem conductor materi al artd regions of the | ayer of
conpliant material exposed within the plurality of openings; renoving
a portion of the layer of sacrificial material to expose surfaces of
the | ayer of semiconductor material; and growing |laterally over the

| ayer of sacri f 28i Themaethadof clademedbtwherainmlicomgaviscostyad al

using the |lay ' 187 i | 27.
The net hod of ﬁ&? %Iyn%% %g&ﬂ\igg}rig?ﬁﬁlrdg%g{%%h ﬁsg? g:?ﬂﬁa’l?gygﬂ]@o?‘r a | ayer
of sem conducPércaP ?‘PB@%\WHME el & sy f“ﬁﬁy ﬁ&tn@ﬁtmpetro forma
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form a substant 33| TYeRhafiyd 6PE[A6E33, whtreihlslafREiRi tHe y@rm 33,
wher ei n pl anar¥2| ng thag I%jyer 1of sacrificial qu%ela.l %I GopRLlses
grindi ng, et o ARCTIBFIAL MAECal SoutRtRrLerniing e, of e
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35.The method of claim 26, wherein growing laterally over
the layer of sacrificial material the another semiconductor
material using the layer of semiconductor material as a seed
material comprises growing another semiconductor material
having a relaxed lattice structure.
36. The method of claim 26, wherein growing laterally over
the layer of sacrificial material the another semiconductor
material using the layer of semiconductor material as a seed
material comprises growing the another semiconductor mate-
rial to form a continuous layer of semiconductor material
having a lattice structure at least substantially the same as a
lattice structure of the layer of semiconductor material.
37. The method of claim 26, wherein growing laterally over
the layer of sacrificial material the another semiconductor
material using the the layer of semiconductor material as a



35. The nethod of claim 26, wherein growing laterally over the |ayer
of sacrificial material the another sem conductor material using the
| ayer of sem conductor material as a seed material conprises grow ng
anot her sem conduct or material having rel axed lattice structure.
36. The nethod of claim 26, wherein g?%mnng | aterally over the |ayer
of sacrificial material the another sem conductor material using the
| ayer of sem conductor material as a seed nmaterial conprises grow ng
t he anot her sem conductor material to forma continuous |ayer of

seni conduct or seed ardtatiahewinyisesl depgosiingtthaanotlkeraserhsamtduc-

substantial | ytdﬂ‘ﬁl&ﬁéﬁﬁl 38 ﬂ)rhfi‘te{ icoRitiRiost Iyer b kBmitanencer -
sem conduct orp{iéﬁa 37. The nethod of "claim 26, wherein grow ng

| aterally ove acrificial rmaterj al anot her
seni conduct or eA.raEﬁ%%f%f QUL L PGS Bng%bﬁt@ Aot Srat eri al
as a -29- sem:material conprises depositing the another

sem conduct or nE@nirgy at e itaxmlalayenofmdmm gaLlﬁxmoi1tméawenauctor
mat eri al . 38. A
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of indium gal l'i ungditim lﬁnﬁzx pdtrideiland pattialthéntayles lafeglofss
material; and exp Pd Q9L aé{ﬁﬂ of glass material to a tenperature

suffici ent to dec easé V st‘:05| t her 39.. The thod of claim
38, wherein forﬁﬁip@s@g@ﬁlﬁaﬁfﬁ’lfléﬁa %lea}wg? Grﬁe&éﬂ’ﬁ’fgﬁﬁﬁ%w “i de over
a layer of glass ﬁateawtﬂaldam%s&&b&m@u’e’ﬂwp@ .ses: growi ng the

eltmt t aﬁ i al L ﬁyer 39f Thaghemabbf claih3 8! Wwirreveforatiobhed e pithgidlat IeI
attaching the y gal lium
nitride on a ]ﬁ)@%%}f}%ﬁbggb 1@?}{1 ﬁé{rﬁeBgﬁ%agaei& &{)% At egﬂeﬂ?] | ayer
of glass mat ePRaA SGRALFL Wg He&&ubstrate; and separating the another

substrate from gi'mwimg/‘ehe epitantil day gadt indium galldem nitride ofer et hod
of claim 38, wherghftRyrRapsRatd;ne | ayer of glass material to a

heating a & ayersBic E‘?\ til%r@%? F1E% ﬁ?@?@'ﬁ%ﬁeﬁ%g bgSAaREhSEP
tenper at ure oxi deZaBIYsAJEIEHES| O Eap hﬁ@o 2PPOsHSi ecﬁ’ﬂ?fﬁrass, a
bor ophosphosi | i Camd)sgi'z&teﬁthealayﬂry)ﬁghlss mat!eriad)mzmel)apgrthe -ass, an

i norgani c spi n-onggh@s or a silicate to the layer of indiumagallium
nitride. 41. The aim [ ayer of
gl ass materi al ﬁpaga 1@5& aqlmctbeg ﬁ?‘lgggﬁ}ghfm?%Q]agﬁgggxlsﬁ?éﬁ@q@osi ty

t hereof conpri sesg mmrigtm | ayer of glass material to a

t enper at ur e abo4@. Bhehasthod efelalind8 twhpmsiatexpesinetleolayer of
glass material to a temperature sufficient to decrease a vis-
cosity thereof comprises heating a layer of glass material
comprising at least one of a low temperature oxide, a phos-
phosilicate glass, a borosilicate glass, a borophosphosilicate
glass, a polyimide, a siloxane spin-on-glass, an inorganic
spin-on-glass, or a silicate to the layer of indium gallium
nitride.

41. The method of claim 38, wherein exposing the layer of
glass material to a temperature sufficient to decrease a vis-
cosity thereof comprises heating the layer of glass material to
a temperature above a glass transition temperature thereof.



