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are conventionally formed in a layer-by-layer manner (i.e., lithographically) on
25  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” of silicon material. Such wafers of silicon material are fabricated by first
forming a large generally cylindrical silicon single crystal ingot and subsequently

30  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 (30.48 cm) or more).

Although silicon wafers generally have thicknesses of several hundred microns (e.g.,



hundred nanoneters (300 run)) of the sem conductor

material on a major surface of the silicon wafer is
wW@ed10ak4997 used to form active devices on the sPCT/US009/051505

wafer. It has been discovered that the speed and power

efficiency of sem conductor devices can be inproved by

electrically insulating the poé%lon of the

sem conductor material on a sem conductor substrate
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25  example aluminum oxide (Al,O3) (which may be referred to as “sapphire”). Using
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.

When a layer of semiconductor material is formed (e.g., epitaxially grown)

30  over another layer of material (e.g., an underlying layer of dielectric material or an
underlying layer of a different semiconductor material) at elevated temperatures,

lattice strain may be induced in the crystal lattice of the layer of semiconductor
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30  an engineered substrate in such a manner that the indium gallium nitride sced layer

has a lattice parameter that will match that of an indium gallium nitride device layer

to be formed thereover. As a result, the crystal lattice of the overlying device layer
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25  bonded to the host substrate. A semiconductor structure including a light emitting
layer disposed between an n-type region and a p-type region is grown on the seed
layer. A bonding layer may be used to bond the host substrate to the seed layer.
The seed layer may be thinner than a critical thickness for relaxation of strain in the
semiconductor structure, such that strain in the semiconductor structure is relieved

30 by dislocations formed in the seed layer, or by gliding between the seed layer and
the bonding layer. The host substrate may be separated from the semiconductor

structure and seed layer by etching away the bonding layer.
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semiconductor material may be formed on a first substrate. The first substrate may
be selected to comprise a material exhibiting a first coefficient of thermal expansion.
The layer of III-V type semiconductor material and the first substrate may be
30  provided at a first temperature that is selected to impart an average lattice parameter

to the layer of III-V type semiconductor material, which, optionally, may be a

predetermined average lattice parameter. While the layer of III-V type
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base material exhibiting a first . o
as described herein. For example, embodiments of the present invention includes
structures comprising an epitaxial layer of III-V type semiconductor material grown
on and attached to a base substrate comprising a base material exhibiting a first
coefficient of thermal expansion, and a bonding substrate attached to a side of the
epitaxial layer of III-V type semiconductor material opposite the base substrate. The

bonding substrate may comprise a base material that exhibits a second coefficient of

thermal expansion that is less than the first coefficient of thermal expansion.
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25 FIG. 5 is a simplified cross-sectional view of another intermediate structure that
may be formed during embodiments of methods of the present invention and that
includes a layer of semiconductor material attached to both a bonding substrate and a
receiving substrate;

FIG. 6 is a simplified cross-sectional view of another intermediate structure that

30  may be formed during embodiments of methods of the present invention and that

includes a layer of semiconductor material attached to a receiving substrate after

removal of a bonding substrate from the layer of semiconductor material; and
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As used herein, the term “epitaxial layer of material,” means a layer of material
that s 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

30  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 grown at an elevated temperature.
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epitaxial layer of indiumgalliumnitride may )
have an indium concentration of less than about twelve and one-half atomic percent

(12.5 at%). In further embodiments, the epitaxial layer of indium gallium nitride may
have an indium concentration of less than about seven and one-half atomic percent (7.5
at%).

30 As shown in FIG. 1, the base substrate 102 includes a base material 103 and,
optionally, one or more intermediate layers of semiconductor material 106 that are

ultimately disposed between the layer of semiconductor material 104 and the base
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25  comprise, for example, a layer of gallium nitride), various methods known in the art
may be used to reduce the density of dislocations therein. Such methods include, for
example, epitaxial lateral overgrowth (ELO), Pendeo epitaxy, in-situ masking, etc.
The degree of strain in the crystal structure of the layer of semiconductor
material 104 and, hence, the average lattice parameter of the layer of semiconductor
30  material 104, may be controlled and/or selected by selecting the base substrate 102 to

comprise a base material 103 having a first known coefficient of thermal expansion

that differs from a second known coefficient of thermal expansion of the layer of
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i nternedi ate structure 100 including the base
substrate 102) then may be changed from a first temperature (e.g., room temperature)
to a selected second clevated temperature. As the temperature of the layer of
semiconductor material 104 is changed from the first temperature to the second
temperature, the average lattice parameter of the layer of semiconductor material 104
30  may be caused to change from an initial first value to a selected, different second value.

In some embodiments of the present invention, the layer of semiconductor

material 104 (and the entire intermediate structure 100 including the base
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(InyGa;xN) and the intermediate layer of semiconductor material 106 comprises
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material that exhibits a coefficient of thermal expansion that is less than about
2.5x10°%C™",

30 As particular non-limiting examples, the base substrate 102 may be at least
substantially comprised of aluminum oxide (AL,O3), zinc oxide (ZnO), yttrium

aluminum oxide (Y3Al501,), or magnesium oxide (MgO). In further embodiments, the
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25  layer of semiconductor material 104. By way of example and not limitation, the layer
of semiconductor material 104 may exhibit a coefficient of thermal expansion that is
less than about 5.00 x 10%°C™ and greater than about 2.80 x 10%C™,
In other embodiments of the invention, however, the layer of semiconductor
material 104 may exhibit a coefficient of thermal expansion that is greater than that of
30 the base substrate 102 or below that of the bonding substrate 112.
Referring to FIG. 3, after bonding the bonding substrate 112 to the layer of

semiconductor material 104, the layer of semiconductor material 104, together with the
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(symmetric or asymmetric) curve having a maximum at the desired implantation depth.
Upon implantation into the intermediate structure 100, the ions may define an
ion implant layer 109 within the intermediate structure 100. The ion implant layer 109
30  may comprise a layer or region within the intermediate structure 100 that is aligned
with (e.g., centered about) the plane of maximum ion concentration with the

intermediate structure 100.  The ion implant layer 109 may define a zone of weakness
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for an amount of time sufficient to cause the implanted ions within the ion implant

layer 109 to coalesce and form a plurality of microcavities and/or inclusions. The
elevated temperature at which this thermal treatment process is carried out may be at,
below, or above a temperature at which the bonding substrate 112 is attached to the

layer of semiconductor material 104. Furthermore, the dose of the ion implantation
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Optionally, an etch stop layer (not shown) may be provided between the
intermediate layer of semiconductor material 106 and the layer of semiconductor
30  material 104 during fabrication of the intermediate structure 100 shown in FIG. 1 to

facilitate the later removal of any remaining portion 106’ of the intermediate layer of

semiconductor material 106 on the intermediate structure 120. In other words, another
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not limtation, a flow rate of about thirty
thousand watts (1,000 W) and a radio frequency (RF) power of between about one
hundred watts (100 W) and about two hundred and fifty watts (250 W) may be used to
generate the plasma. After etching away the remaining portion 106’ of the intermediate
layer of semiconductor material 106, the aluminum gallium nitride (Al,Ga;«N) etch

30  stop layer (not shown) may be removed, for example, using a wet chemical etching

process. By way of example and not limitation, the aluminum gallium nitride
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30  base material 143. The optional layer of dielectric material 144 may be used to

facilitate bonding between the base material 143 of the receiving substrate 142 and the

layer of semiconductor material 104. The receiving substrate 142 and the layer of
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during operation of a device subsequently fabricated
ov donding substrate 112 may be removed using an etching process (e.g., a dry plasma
etching process or a wet chemical etching process). In other embodiments, however, a
laser lift-off process may be used to remove the bonding substrate 112. Laser lift-off
processes are disclosed in, for example, U.S. Patent No. 6,559,075 to Kelly et al.,
30  issued May 6, 2003, in U.S. Patent No. 6,740,604 to Kelly et al., issued May 25, 2004,
and in U.S. Patent No. 7,341,925 to Kelly et al., issued March 11, 2008. By using a

laser lift-off process, the bonding substrate 112 may be preserved and reused.
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parameter of the layer of semiconductor material 104 by at least about one quarter of

one percent (0.25%) of the initial growth lattice parameter as the temperature of the

layer of semiconductor material 104 is reduced.
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30  mismatch in the lattice parameters of the adjacent layers of indium gallium nitride, the

layer of indium gallium nitride in the device structure 162 may be formed to comprise
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below a critical thickness for the on-set of strain relaxation and defect formation (e.g., a

thickness below about two hundred nanometers (200 nm), or even below about twenty
30  nanometers (20 nm) for Ing15GaggsN). The seed layer of semiconductor material 104

may be used to grow another epitaxial layer of indium gallium nitride Ing.15Gag ssN
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as hereinafter claimed. In addition, features from one embodiment may be combined
with features of another embodiment while still being encompassed within the scope of

the invention as contemplated by the inventors.
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scepangiig 4 lemperisn of dlayerof semicendiciar awigial fraw a first temperature to
i nvent ors. %{élt W e,i s clained is: L A nethod of
fabricating a gent conduct or structure or devi ce,
COFpiisiisd NRttice hangictg ofthkéayeesBdetii@ndiicter thatyesl tofhange from a first
sem conductor material froma fjrst tenperatu i)ag,a
10second tvalisde aseserd velye wihHg Cl’aan%’ﬁtﬂ?ec“@mﬁﬁ‘ia%t)étse ek He

| ayer Ofse&%&%k%%&t?’ial'ﬁ% b &gt e feRANE S0 fHeQBR A kdhSature;
val ue to a second val ue I1'e chandi ng the tenperature

of Hohéing shednyebf seamitaatudioc traterinbib @nothtr lhyaof triaterial while the layer
t enper at l%re to the secon .terltger at yr e, baondi ng t he

| ayer ofof SEHCOHHEIE tRHer RIS 11515400 SARBEF S ayer of

Mat e hihe W0 tdnShcrdtBrel AR 1aRE of &b iESHINEGE RiatePBI 8 thedfirsi t8mperature
at the second tenperature; returning the tenperature

150f the lafigebordingstberiayonafisemmonguctamaigrial ¢ thiengtherdayer of
tenperature.a?]‘t r bondi ng the | ayer of sem conduct or
mat er i al™¥8"4H8anot her ayer of material; and

Pr ey&thiiRdihk Metidedfdkdrt@eRATIRRY @ of émithieiukRy @fatedfal from returmning
sem conductor material fromreturni n%gto the first

val ue upotherfesturatieripon reiumengibe mpeetise of te 13vay el segrconductor

sem conduct or. teri.al e first tenperature. 2.
The net h%%fe%%lt% Ai HrﬁSt ?méﬁ]?%tpg:f n preventing the lattice
ooparanmeter of the |layer of sem conductor nmaterial from

returni I’]Zg.1 to lt‘k{]eemétil(r)g (t)f (Xa?ilmule, \xlf'lh%?eri]n pr)r%E/éJrlrtljglig Qf?e l%t%%e parameter of the
layer of semiconductor material from returning to the first value upon returning the
temperature of the layer of semiconductor material to the first temperature comprises
allowing the lattice parameter of the layer of semiconductor material to change to a
25  third value between the first value and the second value upon returning the temperature

of the layer of semiconductor material to the first temperature.

3. The method of claim 1, further comprising selecting the base substrate
to comprise a base material exhibiting a coefficient of thermal expansion greater than a

30  coefficient of thermal expansion exhibited by the layer of semiconductor material.



tenperature of the layer of sem conductor material to

the first tenperature conprises allowing the lattice
w@aranosoer of the | ayer of senmi conductor mat er PEI/USH09/051505

change to a third val ue between the first val ue and

t he second val ue upon returning the tenperature of the

| ayer of sem conductor materi a 6to the first

tenperature. 3. The nmethod of claim1, further

conpri sidag selteandéthayl ¢ftedaitpals Aurthebsimiariseng seleciomgpthi geother layer

base materjal exhibiting, a,coefficient of .thermal :

e SAAETGHR {5 SOMPER: A SYRPRTE? IR h P Cxpansion les

eXRAASHE Bod Rl bRidr 8ty &P&St@y&mméd B¢ 1He ¢RAYCdATiconductor

material . 4. The method of claim1, further conprising

selmgeiialg t he another | ayer of material to conprise a
5rmt erial exhibiting a coefficient of thermal expansion

| ess than the coefficient of thermal expansion

exhi bi t exl by THeandtRYESf DimSK Mrten SotapiNingwicetingdhe 1dyer of

The method of claim11, further conprising selecting

t hesemigpaducir maehad dheniertise e gl Hirdsnpri se i ndi um

galliumnitride. 6. The method of claimb5, further

conpri sing: grow ng another |ayer of indiumgallium

ni tride;6.and Trermithed ¢fhudaimny tfindter t@y@isigf | ndi um

galliumnitride to _have a Bhi ckness gr eater than about
10} \ggowingapelerayms sk indrum egdpmiyidg#da concentrati on

of indi _ iy . _
o LB AR oy 1 ARG [t
at t achi redpoeat fizkeihuddicd pemonpdters €5i0cromchnd taconeeatrationadf indium greater

side of the |ayer of sem condu r material opposite
t he anotth%‘}aqoé}i’g e%‘i’mkcé?ﬁct?aﬁgé%’gr mat eri al ; gﬁd

renovi ng the another |ayer of material fromthe |ayer
of sem conductor material after attaching the third
15| ayer of7.seni Bemietbodef dlaitmel, ifather gompresingiyer of

sem _canduct.or, materi al.. 8. The thod of  cl.aim 7,

F urREPSEE i ST Pypartng LR oo BB

| ayers ofens@mtieandusto oppbseteitial andthet hged cTyenicehductor material;
sem conductor nmaterial on a side thereof opposite the

third | &dr of semiconductor material; and configuring

t he_pl L4 t f j td ' -

PR ol O Rl SN 8L SRt e
20engi neer#dclanpdicrkitelayaafpemiondican negoértahtol the ladyeysr of

semiconductor material.

8. The method of claim 7, further comprising:
forming a plurality of additional layers of semiconductor material on the layer of
25 semiconductor material on a side thereof opposite the third layer of
semiconductor material; and
configuring the plurality of additional layers of semiconductor material to comprise a

light-emitting device.



sem conductor material bonded to a substrate, wherein

the epitaxial |ayer of sem conductor material has an
w@rEnagwst atti ce paraneter at room tenper at ur eP@I/UKI0N9/051505

about one quarter of one percent (0.25% of an average

gromh lattice paranmeter of the epitaxial |ayer of

sem conductor material. 10. Th%ﬁengineered substrate

of claim9, wherein the epitaxial |ayer of

sem conduct orAmangsreertl shizssratgncaammisigern| caiteyigdayer of

t t t £ Lall
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epistacbAductd@¥@dicrtfl haoii LengéiRtive parhidral roohltempdieture within
engi neered substrate of claim9, wherein the epitaxia

| apboutohe guarics ehersaresrenhi@i 250 )t 28 arprscsBevBraliss pagpgler of the

| ayer of ,indi um gall.j Lt de. 12. The engi neered
Ssuﬁg??%ﬁ @@¥°§F3?%¥TH&&QEQ%%?h the epitaxial |ayer of

indiumgalliumnitride has an average thickness of

| ess than about two hundred nanoneters (20 nn?..ﬁ%.
The engilfleer ddesngapsrad Bibsirate phelam 9, Whteln feppitgdal layer of

ie P ggﬁﬁioﬁauclt&ﬁ?&ergl hgg]'%]if AV @laltthéaé :?afﬁxﬁertér Q?rdaﬁtgteﬁiﬁergture at least

ndirum-concentrati on 'eSs t about twelve an
oneubwdiftialy edqdat toparavenpe grbRitlslatttparatkter D theepyine daysdof
substrate of claim1ll, further conprising a | ayer of
10 galsPifeneRaior et ween t he epitaxial |ayer of indium
galliumnitride and the substrate. 15. The engi neered
substrate of claim 11, further conprising an
addi ti ondl epiteaxigmberbdyubstrat of eldinuhh yadreih thn apitexipldayer of

fornmed on the .. taxial |ayer. of .indiu al | i o
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galliumnitride having a thickness greater than about
five hundred nanoneters (500 nn) and a concentration

150f i ndi U gr eBeemgineernd apwstietepf gleimd brivhergia thegpitayia) layer of

at O{%dium gallium nitride has an average thickness of less than about two hundred

nanometers (200 nm).

13. The engineered substrate of claim 11, wherein the epitaxial layer of
20  indium gallium nitride has an indium concentration of less than about twelve and

one-half atomic percent (12.5 at%).

14. The engineered substrate of claim 11, further comprising a layer of
gallium nitride between the epitaxial layer of indium gallium nitride and the substrate.
25
15. The engineered substrate of claim 11, further comprising an additional
epitaxial layer of indium gallium nitride formed on the epitaxial layer of indium
gallium nitride, the additional epitaxial layer of indium gallium nitride having a
thickness greater than about five hundred nanometers (500 nm) and a concentration of

30  indium greater than about five atomic percent (5 at%).



