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METHOD FOR THE PREPARATION OF A
MULTI-LAYERED CRYSTALLINE STRUCTURE

FIELD OF THE INVENTION

fO0OT]  The present invention relates gencrally to a process tor the preparation

of a multi-laverad ervstalline structure,

BACKGROUND OF THE INVENTION

FROO2]  Multi-layered structures comprising a deviee Jayer with a deviee
quality surface. such as a stlicon-gerunium or sapphire layer, and a silicon substrate that
has a different crystal lattice structare than the material ot the dovice layer are uselul
for a number of different purposes. These muhi-lavered structures typically comprise
multiple layers of material hay ing difTering coctticients of thermal expansion. During
manufacture of such structures. however, the different rates of thormal expansion can
cradte vory largs strasses inthe multilayered structures when they arg heated. which can
fracture the device faver or substrate. This places severe constraints on the maximuim

temperature that these dissimilar paies can be exposcd to during manutucture.

[R003]  Multi-lavered structures comprising a device quality layor bonded to a
substrate may be fabricated or manutacturad in a number of wavs, For example. in one
approach, the multi-layered structure may be formed by direct Taver transter. In this
process. an implanted wafer is bondoed divect]y to the substrate. subjected 10 a low
temperature anneil, and cfeaved thermally and or mechanically to result in a thin, but
rough. layer on the surtace of the substrate. The rough laver must thea be smoothed.
Some degree of smoothing may be cone using a chemo-mechanical polishing step at
relatively low temperatures. Howover. chemo-mevchanical polishing is gencrally not
stuitable to achivve the unitormity required for state of the art multilayered structures
and 1s theretore not dosirable, "Thormal methods may also b used to thin and smooth
wafor surtace: howaever, while thermal methods casily achicve 11l target thicknesses,
uniformity. and smoothness, they require that the water be heated to high temperatures.

which damage the erystallinity ot the film due to the aforement onad stresses.
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[000:4]  Another method by which such multi-layered structures may be
fabricated or manutuctursd while solsing the smoothing problem includes bonding u
sthicor on insulator water to the dissimilar substrate and sulyjecting both 1o a low
temperature hond strengthening anneal. (Seo. coe DNV Singh. [ Shic KOWL Guarni.
P Mooney. 8.0 Koester. and AL Grill, “Electronic Materials™ Vol 320 no. 11 pe.
1339, 2003). The handle wafer may then be ground or eiched down to the BOX layer
and the BOX layver is removed by a hvdrotluorie etch. The exposad silicon layer
surface thon has the sunie thickness as the starting stlicon-on-insulator water and the
finally cxposad surface has roughness similar to a polished surface with no chemo-
mechantcal polishing or thermal step needed. Preparing a multi-layer structure in this
way. howesver. is not without problems. For example. as the entire handle water must

be ground or ctched away. the process can become both time consuming and costly,

SUMMARY OF THE INVENTHON

[0G03]  Bricfly. theretore. the prosent invention is directed to @ method for the
preparation of a multi-lavered erystalline structure. "The method comprises implanting
ions seleeted from the group consisting of hydrogen. helium and combinations thereof
mto a donor structure. The donor structure comprises a central axis and a device layer
having an implantation surface and deviee surtace which are generally perpendicular to
the conteal axis and an average thichness. G extending in (he axial direction trom the
miplantation surtace 1o the device surtace o the deviee laver, The donor structure
furthor comprises a handle faver and an intersening laver, which is positioned along the
central axis o the donor structure between the deviee surface and the handle laver. The
ions are implanted into the donor structure through the implantation surface to an
implantation depth. D1 which is greater than the thickness. tof the deviee Jayer o
form, in the implanted donor structure. a damage layer which s generally perpendicular
to the axis and located (o the intervening laver and or in the handle layer. The method
further comprises bonding the implanted donor structure to a sceond structure o fom a
bonded structure, cleaving the donor structure along the damaged layer to form a mult-
Lavered erystalline structure comprising the second structure. the deviee layer and

rosidual material, the residual material comprising at Icast a portion of the intervening
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laver and optionally a portion of the handle Taver. and removing the residual material

tfrom the multi-fayered erystalline structure.

[0006] In another aspect. the current invention is directad to & method tor the
preparation of a mult-layered microelectrie device. The method comprises providing a
microelectric deviee and bonding the microclectric deviee to the multi-Leyered
crystalline strueture formed by the process doseribed abm e,

[0007]  Other ebivets and features of this invention will ba in part apparent and

in part pointed out hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

[O00K]  TFigure TA Iy a cross-sectional, schematic drawing ol a donor structure
10 comprising a deviee laver b a handle Tayer 20, and anvintervening laver 220 The

dashed hine 24 in the handle Tayer 20 reprosents a damage laver 24 prosent therein,

[0009]  Tigure 1B is a cross-sectional. schematic drawing of a second structure

26, prior o bonding with the donor structure of [AL

[OOT0]  Tigure 2 1y a cross-seetionsl. schematie drawing of a bonded structure
0. rosulting from contacting the surface ot the doviee luyer 14 of the donor structure
{illustrated in Figure 1T:A) to the surfuce of the scecond structure 26 (illustrated in Figure

113},

[OGTT]  Tigure 3 s a cross-sectional. schematic drawing which illustrites
separation of the bonded structure 30 along the damage layor 24 in the handle lay or 20,
and thus the transtor ot the deviee luyer 14. the intervening layver 220 and a rosidual
portion 40 of the handle taver 20 that may optionally be present thereon, to the second

structure 26,

[O012]  Tigure 4 is a cross-sectional, schematic drawing of the multi-layered
crystalline structuee of the prosent myontion 42,

[6013]  Corresponding reference characters indicate corrssponding parts

throughout the drawings.
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[GOT4]  In accordance with the present iny ention. an impros od process for
making a nulti-layerad erystalline structure has been discovered. More speeificaliy, it
has been discoverad that the use of Taver transter and chemical etehing techniques
provides an improved nethod for more eificiently producing a multi-layered crystalline
structure. In accordance with the invention. the donor structurs may be any structurg
wenerally comprising at Teast a device layer. @ handle water, and an intervening layer
disposad thercbetween. Advantagcously. the handle waier of the donor structurs may
be reeveled multiple times. For exemplary purposaos herein. the donor structure is a

sthicon-on-isulator structur.,

[QO13]  Itis to be noted that the silicon-on-insulator strocture used tor the
donor structure in the eacmplary embodiment of the instant iny ention may be tormed
by known processes. Such processes include. tor example. SOI formation by oxygen
miplantation ¢Simox), bonding a senuconductor waler 1o an oxidized handle and
arinding ctehing a portion of the semiconductor wafer away (BLESOD. or bonding and
faver transter techniques desertbed in LS. Patent Application Publication Nos.

2007 0041566 and 2007 0117350, the ontire contents ot which are mcorporated herain
by reference tor all purposes. Preterably. the process of the present insention utilizes
water bonding and laver transfer techniques to prepare the donor structure. The present
imvention will theretore be set forth in greater detail below in the context ol these
techniques. 1t is to be understood, however, that this is tor purposes of illustration and
should not boviewad i a limiting sense, 1t s to be further undorstood that., in the
practive of the present invention. these techniques may be suitably carried out using a
variety of apparatus and procoss conditions well-known in the art and. in some
mstances. may be omitted or combinad with other eehnigques and conditions without

departing from the scope of the present invention,

1. Formation of the Multi-lavered ervstalline structure

[0016]  The multi-lavered crvstalline structure of the present invention may be

propared by implanting ions into a donor structure coniprising a devics laver. a handle
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laver and an intervening layer. bonding the donor structure to a second structure to
torm a bonded structure. cloas ing a portion or all of the handle layer and optionally a
portion of the intervening Tayer trom the deviee layer which remains bonded to the
seeond structuee and optionally ctehing a portion or all of the remaining handle laver
and or intervening layver from the device laver therehy exposing the dovice layer. In
one embodiment, the 1irst structure {reterrad to horein as the “donor structure™ is an

SOI structure. and the second structure is a sapphire wafer,

[0017]  The donor structure provides the deviee layer tor the tinal multi-
lavered erystalline structure. The other substrate will e reterred to hereinafter as the
“second structure.” “The second structure may be comprised of sapphire. quartz erystal.
silicon carbide. stlicon. or glass. In one alternative embodiment. an amount of a
honding layer is disposed on at [cast ong of the donor structure or the second structure

prior to bonding the donor structure 1o the second structure.

AL Donoer Structure

[OOT&]  Referring now to Figure TAL the donor structure 1O comprises a central
axis 12 and a dovies layer 14 wherain the dovies fayer 14 comprises an implantation
surface 16 and a device surface 18 The implantation surface 16 and device surtace 1s
are generally perpendicular to the contral axis 12, An average thickness, oextends in
(the axial direction from the implantation surface 16 (o the dovice surface 18 of (he
dovive laver 14 The donor structure 10 further comprises a handle laver 20 and an
mtervening layer 220 which is positioned along the central axis 12 of the donor

structure 10 between the deviee surface 1X and the handle laver 20.

[Q019]  The devies Lyer comprises any material suitable for use in the
production of nicroclectronic or photovoltaic devices. The deviee laver typiecally
comprises a naterial selectod trom the group consisting of silicon. sifivon carbide.
sapphire. germaniun silicon germanium. galliam nitride. ahuminum nitride. or any

combination of these., Inone preferrad cmbodiment. the devies layer comprises stlicon.

[0020] In general. the device layver has an average thickness. o which is

suitable for use i the production of microckectronic or photovoltaic devices: however
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the device Laver may have i thickness greater than those tvpically used without
departing trom the scope of the present nvention. Generally. the deviee fayer has an
average thickness, toof at [east about 20 nm, typically at least about 90 nim and may

have a thickness. tof trom about 20 nm to ahout 300 nm.

[QO2T]  The intervening laver may be any material capable ot adhering to both
the deviee laver and handle layer and which may be permeutad by ion implantation.
Typically, the tntervening layer is a diclectric laver and comprises @ material selected
trom the group consisting of silicon dioxide and silicon nitride. In general. the
mtervening layver has an ayverage thichness of at Teast about 10 nm. typically at least

abouw 300 nm,

[0022]  The handle layer may be any material upon which an intervening layver
may be deposited. In some embodiments of the prosent imvention. ons are implanted
into the handle layer. In such embodiments, the handle layer comprises o material
suitable for ion implantation and is capable o heing ¢leaved by ion implantation and
delamination technigues known in the art. Typically. the handle layver comprises a
material selected 1rom the group consisting of silicon. silicon carbide. sapphire.
germanium. stlicon germanium. gallium nitride. aduminum nivide. gallium arsenic.

mdium gallivm arsenic or any combination thercot,

[0023]  [n gencral. the handlo layor may have any thickness capable of
providing sutticient structural integrity to allow delamination of the deviee Javer and at
least a portion of the intervening layer and optionally a portion of the handle layer
without departing from the scope of the prosent invention. In genceral. the handle layer
may fave an average thickness ot at [east about 100 microns, typically at [east about
200 microns and may hayve a thickness of from about 100 to about Y00 microns. or eyen

from about 300 to about 800 microns,

[0024]  In some embodiments., the donor structure 10 may Turther include a
bonding layer, such as an oxide layer. deposited oxides, TEOS, CVD nitrides, or
organic adhesives. that is tormed on the implantation surface 16 prior o or after the
miplantation of ions into the donor structure 10 and or prior to the honding of the doner

structure 10 to the sceond structurs 26, Alternatively or in addition. a bonding laver
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may be formed on the second structure prior to bonding. The application of the
bonding layer provides a bonding interface hetween the donor structure 10 and the
second structure 20 80 is to prevent the tormation ot interfacial gaps that may oceur
during direct bonding of the donor structure [ and the second structure 26, While not
reguired. when present. the bonding layer may hane an average thickness of at least 10
ni, and may have an average thickness of at least about 1 micron, at least about 3

nCrons or urater.

[O025] 1t should be noted that any wehnique generally known in the art may
be used to form the donor structure. For example. the donor structure may be formed

using a laver transfor provess. a back side otch procoss. or @ SIMOX process.

[0026] It should be further noted that the ranges angd minimum thickness
values st forth aboy @ are not narrow Iy eritical to the ivention. so long as (he thickness
is sufticient to perform a transier ol the device layer to the second structure by any of

the atoremaentioned procasses.

[Q027]  Referring again to Figure 1A, fons, such as hydrogen and or helium
tons, are implanted throveh the implantation surtace 16 at a substantially uniform
depth. In the exemplary embaodiment. the ions are implanted through the implantation
surface 16 and into the handle laver 20 to an implantation depth [y, wherein Dy s
greater thun the combined thickness of the deviee layer and the intersening layver. [n
another ecmbodinient. bowever, the ions may be implanted through the umplantation
surface 16 and into the intervening laver 22 such that the ions do not reach the handle
laver. It should b noted that in ambodiments wherein a bonding layr is deposited on
the implantation surtace before the implantation takes place. the implantation depth, Py
may be increasad to account for the added thickness of the bonding fayer. The ion
miplantation detines a damage layer 24 in the layer in which the jons are implanted. [n
the exemplary embodiment. as shown in Figure 1AL the ion implantation detines a
damage layer 24 within the handle Lever 20.

[OOZK]  In general. ons are implanted to an average depth that is sutficiont to
ensure a satisfactory iransfor of the deviee layer 14 upon a subsequent bonding and

cleaving process, Preferabls. the mplantation depth 1s minimized to docrease the
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amount ot handle laver 20 and or intervening laver transierred with the deviee fayer. [n
general. the tons are implanted 1o a depth of at least about 200 Angstroms or oven at
least about 1 micron beneath the implantation surtace depending on the thicknesses off
the device laver and intervening layer. In some cmbodiments. the ions may he
implanted to a depth of at least about 20 nm. tvpically at least about 90 nm. at least
about 230 nm or even at least about 300 nm. 1t should be noted, however, that larger
implantation depths may be used without departing from the scope of the present
myention as they merely inercase the anmount of intorsening layer and or handle fayer
that will have to be remoyed after cleaving to reveal the device layer. As such. it may
be preferable to impliant the 1ons to a depth of from about 200 Angstroms to about |

micron or even irom ahout 20 nm to about 300 nm.

[60Z9]  don implantation may be achioved using mouns known in the art. For
cxamiples implantation muy be achieved in a manner according to the process ot LS.
Patent No. 6.790.7.17, the entire contents of which are incorporated herein by reterence.
[n some embodiments, an energy of. for example. at least about 10 keV. at least about
20 keVoat Teast about 8O keV, or at Teast about 120 keVonay be used 10 implant
hydrogen at a dosage of at least about 1 x 10" jons em’, at keast about 2 x 107
fons em . at least about 1 x 107 ions em . or even at keast about 2 x 107 fons em
Typically. the concentration of hvdrogen implanted may be from about 2 x 107
fons em o about 6 x 10 " jons em . [ should ba noted. that hydrogen may be
inplanted as HE: or alternatively as H - without departing from the scope of the present

IMVention,

[0030]  Tn other embodiments. an energy ofL for example. at Jeast about 10
ke, at least about 20 keV. or at [east about 30 keV, at loust about 30 ke, at loast
about 80 KeV oreven at least about 120 KeV may be used to implant helium at a

N - [ N e 2
dosage of at least about 3 x 107 1ons ¢, at [east about 1x 107 10ns ent, at least
about 3 x 1077 fons em L or even at least about 1 x 107 fons cny. Fypically., the
concentration of heliunt implanted may be trom about I x 107 jons ¢ to about

Al 3 1: M .,
IX 107 lons emy.

[0031]  In other embodiments, both hydrogen and helium tons are implanted.

[t should he noted that the implantation ol both hydrogen and helium in combination
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may be done concurrently or sequentially with hvdrogen being implanted prior to the
helium or alternatively, with hetium being implanted prior (o the hyvdrogen. Pretorably.
the hydrogen and helium are implanted sequentially with the helium being implanted
first using at least about 10 keVe at [east about 20 koV ., or at least about 30 keV. at [cast
about 30 keV, at least abont ¥0 KeV or even at feast about 120 keV to implaant helium
at a dosage of at least about 5 x 107 fons em . at least about 1 x 10 7 {ons em . at leust
about 3% 107 fons em’, or even at least about 1 x 10° jons ¢m” and then implanting
hyvdrogen at substantially the same deprh as the helium using at Icast about 10 ke, at
feast about 20 KoVo or at Loast about 30 ke V', at Teast about 30 ke at 1Sast about R
KeV or even at least about 120 keV 1o implant hydrogen at a dosage o at least about 3
x 10Y jons e, at least about 1 x 10™ ions cmy. at least about 3 8 [0 fons em , or
even at least about 1x 107 {ons e, Tn one embodiment. for example, about 1x 10
He ions em’ are implanted using about 36 keV into the donor structure aticr which
about 0.3 x 10" H: fons em” are implanted at about 48 KeV or alternatively about | x
10" 1 jons em’ are implanted at about 241 keV are implanted into the donor structurs,
The speciiic amount of energy required to pertform the implantation of the tons into the
donor structure depends on type and form of 1onis) selected. the ervstallographic
strocture of the material through which and inte which the 1ons are being implanted and
the desired implantation depth. Bt should be noted that the impluntation may be carried
out at any temperature suitable for such implamation, "Fypically, however, the
implantation may by carrivd out at room temperature. [t should be further noted that in
this regard. the implantation temperature referred o is the global temperature and that
lovalized temperature spikes may occur at the actual site of the 1on boam dug w the

nature of on implantation,

[0032]  After implantation is performed. the denor structure 10 may be
thernully treated o begin the Tormation a cleave plane at the damage laver 24, For
cxanmiple. the donor structure may be thermally treated at o tomperaturs of from about
L30-C toabout 373 C tor a period of from ibout | hour to gbout 100 hours. fo an
alternatis ¢ embodiment. as ix deseribed befow. this thermal treatment may be combined
with a thermal treatment performad atter the bonding of the donor structure 10 to the

second structure 26 50 as o simubancously strengthen the bond between the donor
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structure 10 and the second structure 26 and beain the formation of the cleave plane at

the damage layer 24,

13, Handle Water Structure

[0033]  Retorring now to Figure 113, the second structure 26 comprisos either a
stngle water or a multi-layer warer having a bonding surface 2h. 1n the exemplary
cmbodiment. as is shown in Figuee 1TB. the sccond structure 26 1s a single wafer, The
second structure 26 may be comprised of a material selected from the group consisting,
of sapphire, quartz crystal, glass, silicon carlide, silicon, gallium nitride, aluminum
nitride. callium aluminum nitride. or any combination thereob. In one preterred

embuodiment. the second structure 26 comprises a sapphire water,

C. Waler Bonding and Transter of the Deviee Laver

[0 Oncee the donor structure TG and the seeond structure 26 hinve been
prepared or selected, forming the final multi-lavered crystalline structure comprises
transferring the devies layer 14 of the donor structure 10 onto the secomd structure 26,
Generally speaking, this transfer is achioved by contacting the implantation surtace 16
of the dovice layer 14H o the bonding surface 28 of the second structure 26 in order to
torm a single. bonded structure 30 with a bond interface 32 between the two surtaces.
and then ¢loas ing or separating the bonded structure along the cleave plane formed
along the damage laver 244,

[0035]  Prior to bonding. the implantation surface 16 and or the bonding
surfaes 28 may optionally undergo cleaning, a briet etehing, and or planarizaton to
prepars these surfuces for bonding. using technigues known in the art. Without bing
bound by a particular theory., it is generallyv believed that the quality of both surfaces
prior 1o bonding will have a dircet impact on the quality or strength of the resulting
hond interface.

[0036]  Alternatively or in addition to Turther conditioning the implantation
suriaes 16 and or bonding surface 28, a bonding layer may be tormed on the

miplantation surtace and or bonding surtace prior to bonding the donor structure to the
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sceond structure. 1t should be noted that when torming a bonding layver on the donor
structure. such tormation may be pertormed prior to or witer the implantation step. The
bonding layer may comprise any matertal suitable for bonding the donor strocture to
the second structure including tor example an oxide laver such as stlicon dioxide,
stlicon nitrde. deposited oxides. sach as TEOS. and bonding adhesives. Without being
bound by a particular theory, the inclusion of' thie bonding Taver provides a bonding
interface between the donor structure 10 and the seeond structure 26 <o as o prevent
the formation of interfactal gaps that may oceur during direct bonding of the donor
structure 10 and the second structure 26, The thermal oxide growth temperature may
range trom at [east about 800-C to about 1100-C and the thickness of the bonding
faver typically ranges from about 10 nm to about 200 nm. The atmosphere under which
the bonding layer is grown typically comprises oxygen, nitrogen, argon. and or
mixtures thereot for dry oxidations amd warer vapor for wet oxidations. CVD deposited
oxides are typically deposited at low temperatures (e, from about 400 °C to about

600 €y Further, some bonding adhesives may be apphiod at a thickness ot at least |1
micron at room temperature. or slightly higher. and then biaked or cured at temperatures

to approximateiy 200 €,

[0037]  The roughness ot the surface 1s one was by which the surtace quality
Iy quantitatively measured. with lower surface roughness values corresponding to @
higher quality surface, Thersfore, the implantaiion surface 16 ot the deviee laver 14
and or the bonding surface 28 of the second structure 26 may undergo processing to
reduce the surtiaee roughness, For exampie, in one ainbodiment, the surfiace roughness
is loss than about 3 anestroms. This lowerad RMS value can be achieved prior o
bonding by cleaning and or planarization. Cleaning may be carried out according to a
wet chemical eleaning procedure. such as a hvdrophilic surface prepatation process.
One common hydrophilic surtace preparation process is 4 RCA SCT clean process.
wherein the surfaces are contacted with a solution contuining ammonium hvdroxide,
hydrogen peroxide, and water at & ratio ofl for example. 1: 120 at about 60 € for about
10 minutes. followed by a detonized water rinse and <pin dry. Planarization may he
curried out using a chemical mechanical polishing (CMP) technique. Further. one or

both o1 the surtaces may be subjected to a plasima activation o inerease the resulting
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hond strength before, after. or mnstead of a wet cleaning process. The plasma
ey ironment may include. for example. oxygen. ammonia, argon. nitrogen. diboran. or
phosphine. I one preferred embodiment, the plasma activation environment is

selected trom the group consisting of nitrogen. oxveen, and combinations thereof,

[QO3K]  Referring now to Figure 2. the donor structure 10 is bonded to the
second structure 26 by bringing the implantation surface 16 of the deviee laver 14 and
the bonding surface 2& of the second structure 26 together to form a bond interface 32,
Generally speaking, wader bonding may be achiovad using essentially any technique
known in the art. prov ided the energy employed o achicye formation of the bond
mtertace is suificient o onsure the integrity of the boud infertace is sustained during
subscquent processing. such as layer transfer by cleaving or separation. Typically.
however. waier bonding i1s achicved by contacting the surtace of the devies layer and
the sccond structure at room temperature. Tollowed by a low temperature anncal tor a
period of time sufticient to produce @ hond intertace having a bond strength greater
than about 300 m) m . akout 750 mJ m . about 1000 mJ m . or more. To achicve such
bond strength values, tvpreally heating takes place at temperatures of at feast about
200 °CL 300 °CA00-C, or esen 500 °C for a period of time of at {east about § minutes,
30 minutes, 60 minutes, or ¢even 300 minutes. As noted abov e, in one embodiment. this
low temperature thermal anneal may be performed in addition to. or i place of. the
thermal treatment of the donor structure 10 prior to bonding, which is doscribed above.
[n an embodiment wherein the donor structure 10 1s pot thermally annealed prior to
bonding. the low temperature thermal anncal of the bonded structure 30 facilitates both
the strengthening of the bond interface as well as the formation of the cleave plane that

is focated along the damage laver 2.1

[0039]  Referring now to Figure 3. atter the bond interface 32 has been
formed. the resulting bonded structure 30 is subjected to conditions sufficient to induce
a fracture along the damage layver 24 within the handle fayver 200 Generally speaking.
this fracture may be achieved using techniques know in the art. such as by a
machanical or thermal cleave. Tyvpically. however. fracturing is achicved by anncaling
the bonded structure at an clevated temperature for a peried of time to induce tractore.

For example. the anncaling tomporature may be at least about 200 (L at least about
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230 Cor higher. [n some embodiments. the anncal may cven be carried out at
emperatires of at [east about 330 €430 CU 530 Co630 Cooravon 730 Cltvpically at
cperatures of from about 2007 C to about 720 €L and more typically from about
2000 C to about 400 C. 1t should be noted. howaver. that because of the diftering
coctticients of thermal expansion ol the various material involve ic.e. silicon and
sapphire). it is often preferable to carry vut the aforenentioned anncal at lower
temperatures due o the thermal mismateh between the donor material and the handle.
As such the anncal may be preforubly carried out using an annealing temparaturs of
from about 2007°C to about 300 C. The anncal is performad over a time period of at
Teast about 3 minutes, 30 minutes. 60 minutes. or even 300 minutes. 1hgher annealing
temperatures will require shorter unneal times, and vice vorsa. The annealing step can

be conducted inan ambient or inert atmosphere., ¢.g., argon or nitrogen,

[004Q]  In one preforred cmbodiment. the separation (e tracturing the
structure along the damage Tayer 20 within the handle layer 201 includes the application
ol mechanical toree. cither wlone or in addition to the anncaling process. The actual
means of applying such a mechamical toree is not eritical to this invention: e, any
known method ot applving a mechanicil foree 1o imduce separation m a semiconductor
structure may be emplos ol so long as substantial damage o the dovies kayver s
avolded.

[0041]  Relerring again o Figure 3. two structures (34 and 36) are tormed
upen separation. If the separation o1 the bonded structure 30 oceurs along the damage
layor 2:4in the handle layer 20. and the ¢leave plane dogos not coincide with the bond
interface 32,0 but rather is present inthe handle Javer 200 a portion of the handle Taver is
part of both structures (1o, a portion of the handle layer is transiorred along with the
intervening laver 22 and deviee layer 10, In the exeraplary embodiment. structure 3+
comprises some portion 3% of the handle Tayer 20, Structure 36 comprises the second
structure 26, the device layer 14 the intervening laver 220 and a residual portion 40 of
the handle layer 20 on the surface thercofl Inan alternative embodiment, wherein the
tons are implanted to a depth so as to form the damage laver completely within the

intervening laver, structure 3+ comprises the entire handle layer and optionally a
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portion of the intervening layer and structure 36 comprises the second structure 26, the

device layer 14, and all or a portion of the intervening layer 22.

[0042] When present, the residual portion 40 of the handle layer 20 has a
thickness (T) that is approximately equivalent to the depth at which ions were
implanted into the handle layer 20. Accordingly, this thickness (T) is typically greater
than about 10 nm. For example, in some instances the residual layer may optionally be
at least bout 20 nm, 50 nm, 75 nm, 100 nm, 200 nm thick or more. Preferably, the
thickness (T) is sufficient to avoid damage to the device layer 14 upon separation; for
example, in one preferred embodiment, the residual portion is between about 20 nm to
about 200 nm thick.

2 ing t lavered Crystalline Structure after er Transfer
A. Removal of Residual Handle Layer

[0043] In accordance with this invention and referring to Figures 3 and 4,
after the device layer 14, at least a portion of the intervening layer 22, and optionally a
residual portion 40 of handle layer 20 have been transferred to the second structure 26
to form bonded structure 30, bonded structure 30 is subjected to additional processing
to produce a multi-layered crystalline structure having desirable features for device
fabrication thereon. For example, if a residual portion 40 of handle layer 20 is present,
bonded structure 30 may be subjected to one or more processing steps in order to
remove this residual portion as well as intervening layer 22. Although essentially any
technique known in the art may be used, the residual portion 40 and intervening layer
22 are preferably removed via etching. The etching composition may be selected
according to various factors, including the composition of the residual portion 40 of the
handle layer 20, the composition of the intervening layer 22, and the selectivity of the
etchant. In one embodiment, the entire residual portion 40 of the handle layer 20 and
substantially the entire intervening layer 22 are removed via a wet etching process
using an etchant comprising NH;OH, H,;0, and H,O. This etchant is generally know to
those skilled in the art and is commonly referred to as an "SC1" solution. Such an

etching process is typically carried out at a temperature of from about 50°C to about
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KO Cowith the time period of such an cteh depending on the thickness of the layer to be
removed. the exact composition of the SC1 composition. and the temperature undar
which the eteh is performed. In another embodiment, @ KO solution nuiy be used to
remoy ¢ the handle layer. and an HE solution may be usad to remove the interyening
laver. Advantageously. the HE solution will remove the intervening layer without
roughening the deviee layer surface. In vet another embodiment, an SCT solution is
tsed to remove the handle lay or and an HE solution is used to remos e the intervening
laver,

[0044]  As shown in Figure 4. the final multi-layered crvstalline structure 42
comprises the seeond structure 26 and the device laver 1L In one preterred
crubodiment. the final multi-laverad ervstalline structure 42 comprises a sapphure laver

with a sificon layer bonded therao.

3. Multi-lay ered Crystalline Structure

[0045]  The multi-lavered ervstalline structure prepared inaccordance with the
present nvention may have a substantially ummiform thickness ranging iromn about 300
um to about 8OO pm thick. Preferably. in these or other conbodiments. the deyice kaver
has a thickness of from about 20 nm to about 200 nm and the seeond structure has a

thickness of from about 300 um to about KOO pm,

[0046]  Muln-layered erystalline structures manutactured according to this
mvention may be usad in vartous eehnologics. For example. the multi-luyered
ervstalline structure of this invention 1y suitable tor use in the manufacture of a multi-
favered microelectric devics comprising a microclectriv deviee and the multi-luvered
crystalling strueture of the instant invention. Suitable microcleetric deviees include. but

are not lmited to transistors and antonna structures.
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CLAIMS:

1. A method for the preparation of a multi-layered crystalline structure, the

method comprising:

implanting ions selected from the group consisting of hydrogen, helium
and combinations thereof into a silicon-on-insulator structure, wherein the silicon-on-
insulator structure comprises a central axis, a device layer having an implantation surface
and device surface which are generally perpendicular to the central axis and an average
thickness, t, extending in the axial direction from the implantation surface to the device
surface of the device layer, a handle layer, and an intervening layer which is positioned
along the central axis of the silicon-on-insulator structure between the device surface and
the handle layer, wherein the ions are implanted into the silicon-on-insulator structure
through the implantation surface to an implantation depth D1 which is greater than the
thickness, t, of the device layer to form in the implanted silicon-on-insulator structure a

damage layer which is generally perpendicular to the axis and located in the intervening

layer and/or in the handle layer;

bonding the implanted silicon-on-insulator structure to a second structure
to form a bonded structure;

cleaving the silicon-on-insulator structure along the damaged layer to
form a multi-layered crystalline structure comprising the second structure, the device

layer and residual material, the residual material comprising at least a portion of the

intervening layer and optionally a portion of the handle layer; and,
removing the residual material from the multi-layered crystalline
structure.

2. The method of claim 1 wherein the ions are implanted using an implant

energy of at least about 10 keV,

3. The method of claim 1 wherein the ions are implanted using an implant

energy of at least about 80 keV.
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4. The method of claim 1 wherein the ions are implanted using an implant
energy of up to 120 keV.
5. The method of claim 1 wherein at least about 1x10'° jons/cm? are

implanted into the silicon-on-insulator structure.

6. The method of claim 1 wherein at least about 2x10'® ions/cm? are

implanted into the silicon-on-insulator structure.

7. The method of claim 1 wherein at least about 1x10'7 ions/cm® are

implanted into the silicon-on-insulator structure.

8. The method of claim‘ ] wherein at least about 2x10%7 ions/cm? are

implanted into the silicon-on-insulator structure.

9. The method of claim 1 further comprising thermally treating the

implanted silicon-on-insulator structure to begin the formation of a cleave plane.

10.  The method of claim 9 wherein thermally treating the implanted silicon-
on-insulator structure comprises heating the implanted silicon-on-insulator structure to a

temperature of from about 150°C to about 300°C for a period of from about 1 hour to

about 100 hours.

11.  The method of claim 1 wherein bonding the implanted silicon-on-insulator
structure to a second structure comprises thermally treating the bonded structure to

strengthen the bond between the silicon-on-insulator structure and the second structure

and to form the damage layer.

12. The method of claim 11 wherein thermally treating the bonded structure

comprises subjecting the bonded structure to a low temperature thermal anneal.

13.  The method of claim 11 wherein the low temperature thermal anneal
comprises heating the multi-layered structure to a temperature of from about 150°C to

about 600°C for a period of from about 1 minute to about 100 hours.

14. The method of claim 1, wherein the device layer comprises a material

selected from the group consisting of silicon, silicon carbide, sapphire, germanium,
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silicon germanium, gallium nitride, aluminum nitride, gallium arsenic, indium gallium

arsenic or any combination thereof.

15.  The method of claim 1 wherein the intervening layer is a dielectric layer,

16.  The method of claim 15 wherein the intervening layer comprises a

material selected from the group consisting of silicon dioxide and silicon nitride.

17.  The method of claim 1 wherein the handle layer comprises a material that
is splittable. ‘
18.  The method of claim 17, wherein the handle layer comprises a material

selected from the group consisting of silicon, silicon carbide, sapphire, germanium,

silicon germanium, gallium nitride, aluminum nitride, gallium arsenic, indium gallium

arsenic or any combination thereof.

19. The method of claim 1 wherein the second structure is selected from the

group consisting of sapphire, quartz crystal, glass, silicon carbide, silicon, gallium

nitride, aluminum nitride, gallium aluminum nitride, gallium arsenic, indium gallium

arsenic or any combination thereof.

20.  The method of claim 1 wherein implanting the silicon-on-insulator
structure comprises implanting atoms selected from the group consisting of helium and

hydrogen through the device layer and into the intervening layer of the silicon-on-

insulator structure.

21, The method of claim 1 wherein the ions are implanted to depth D1 of at

least about 200 Angstroms.

22. The method of claim 1 wherein the ions are implanted to depth D1 of

from about 200 Angstroms to about 1 micron beneath the implantation surface.

23.  The method of claim 1 wherein the second structure comprises a material

selected from the group consisting of sapphire.

24.  The method of claim | wherein the second structure comprises a multi-

layer substrate.
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25.  The method of claim 1 wherein the method further comprises depositing
or growing a bonding layer on at least one of the second structure and the device layer

prior to bonding the silicon-on-insulator structure to the second structure.

26.  The method of claim 1 wherein the bonded structure consists essentially

of the silicon-on-insulator structure and the second structure.

27.  The method of claim 1 further comprising forming the silicon-on-insulator
structure by bonding a handle wafer to a donor wafer to form a bonded wafer pair and

transferring a layer of the donor wafer to the handle wafer.

28. The method of claim 27 wherein the donor wafer is cleaved to transfer the

layer of the donor wafer to the handle wafer.

29.  The method of claim 1 wherein the ions are implanted to depth D1 of

from about 20 nm to about 500 nm beneath the device layer.



