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[0003] From the beginning of time, human beings have relied upon the sun to derive almost
all useful forms of energy. Such energy comes from petroleum, radiant, wood, and various
forms of thermal energy. As merely an example, human beings have relied heavily upon
petroleum sources such as coal and gas for much of their needs. Unfortunately, such
petroleum sources have become depleted and have lead to other problems. As a replacement,
in part, solar energy has been proposed to reduce our reliance on petroleum sources. As

merely an example, solar energy can be derived from "solar cells" commonly made of silicon.

[0004] The silicon solar cell generates electrical power when exposed to solar radiation
from the sun. The radiation interacts with atoms of the silicon and forms electrons and holes
that migrate to p-doped and n-doped regions in the silicon body and create voltage
differentials and an electric current between the doped regions. Depending upon the
application, solar cells have been integrated with concentrating elements to improve

efficiency. As an example, solar radiation accumulates and focuses using concentrating



1 elenents that direct such radiation to one or nore portions of active
photovol taic materials. Although effective, these solar cells still have
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BRIEF SUMMARY OF THE INVENTION
[0007] Embodiments in accordance with the present invention relate generally to
techniques including methods and apparatuses for temperature control during cleaving free-
standing thick films from material in bulk form, such as a silicon ingot. Such free-standin'g
thick films are useful as a photovoltaic material such as a solar cell. But, it will be
recognized that the invention has a wider range of applicability; it can also be applied to other
types of applications such as for three-dimensional packaging of integrated semiconductor
devices, photonic devices, piezoelectronic devices, flat panel displays, |
microelectromechanical systems ("MEMS"), nano-technology structures, sensors, actuators,
integrated circuits, semiconductor substrate manufacturing, biological and biomedical

devices, and the like.

[0008] A free-standing thick film of semiconductor material having a thickness of 15um or
greater, may be cleaved from a bulk material utilizing implantation of an ionic species at a

desired surface temperature. In an embodiment, the cleaving involves removably holding the
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desired surface tenperature. In an enbodi nent, the cleaving invol ves
renmovably holding the 2 bulk material through a seal on a tenperature
controll ed stage using a nechanical clanp device, then inplanting particles
such as ions at a first, |ower tenperature to create a cleave region, and
then inplanting particles such as ions at a second, higher tenperature to
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Mor eover the apparatus includes an inplant device configured to perform
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region and the surface region. The apparatus further includes a mechanical clamp device
adapted to engage the bottom region of the bulk material to the planar surfacé of the stage
such that the bulk material is in physical contact with the planar surface for thermal energy to
transfer through an interface region between the bulk material and the planar surface of the
stage while the surface region of the bulk material is substantially exposed. Additionally, the
apparatus includes a sensor device configured to measure a temperature value of the surface
region. The sensor device is adapted to generate an input data. Moreover, the apparatus
includes an implant device configured to perform implantation of a plurality of particles
through one or more portions of the surface region of the bulk material. Furthermore, the
apparatus includes a controller configured to receive the input data and process the input data
to increase and/or decrease the temperature value of the surface region of the bulk material
through at least the interface region between the planar surface of the stage and the bottom

region of the bulk material.



apparatus includes a controller configured to receive the input data and
process the input data to increase and/or decrease the tenperature val ue of
the surface region of the bulk material through at |east the interface

regi on between the planar surface of the stage and the bottom region of the
bul k material. 3 [0010] In another specific enbodinent, the invention
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includes sensing the state of the bulk material to generate an input data. The input data

includes temperature information at the surface region and the bottom region and the length

of the bulk material between the surface region and the bottom region. Moreover, the method

includes maintaining the temperature of the surface region by processing at least the input

data and executing a control scheme utilizing at least one or more of particle bombardment to

heat the surface region, radiation to heat the surface region and gas-assisted conduction

between the bottom region and the stage.

[0012] In still another specific embodiment, the invention provides a method for processing
semiconductor materials for thick film transfer. The method includes providing a bulk
semiconductor material onto a planar surface of a stage. The bulk semiconductor material
includes a surface region, a side region, and a bottom region. The side region, bottom region,
and the surface region provide a volume of material which has a length defined between the
bottom region and the surface region. The bottom region couples to the planar surface of the
stage. Additionally, the method includes securing the bulk semiconductor material using a

mechanical clamp device adapted to engage the bottom surface of the bulk material to the
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sem conductor materials for thick filmtransfer. The method incl udes
providing a bulk sem conductor material onto a planar surface of a stage.
The bul k sem conductor material includes a surface region, a side region,
and a bottomregion. The side region, bottomregion, and the surface region
provi de a volune of material which has a |length defined between the bottom
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[0014] According to certain embodiments, the bottom region of the bulk material opposite

to the surface region, can be contacted thermally and mechanically through an adapter or

interface plate. The bulk material could be secured to such an adapter plate using glue or

other techniques, with an opposing face of the plate mounted onto the temperature controlled

stage. Particular embodiments of the adapter plate can also allow for clamp mounting. In

such an embodiment, the adapter plate with clamp mounting eliminates the requirement to

clamp the bulk material directly, and improves utilization of the bulk material by allowing the

bulk material to be cleaved closer to the bottom region.

[0015] Use of an adapter plate according to embodiments of the present invention could
also desirably relax the planarization tolerances of the bulk material bottom region and thus
reduce costs. For example, under certain conditions the bottom of the ingot can be slightly
uneven. However, this unevenness can be offset by the attachment between the adapter and

susceptor. In particular, the adapter can have pins or seats to help align the ingot to it.



stage. Particul ar enbodi nents of the adapter plate can also allow for clanp
mounting. In such an enbodi nent, the adapter plate with clanp nounting
elimnates the requirenment to clanp the bulk material directly, and

i mproves utilization of the bulk material by allowing the bulk nmaterial to
be cleaved closer to the bottomregion. 100151 Use of an adapter plate
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device may include, but is not |imted to, a drift tube technique, a Radio
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60/ 864584 cormonl y assigned, and _hereby 1ncorporated by reference for all

pur posesombinatipng Ioéf}@pep,éﬁ)r@mg]ierﬁgﬁf,() combined with a Drift Tube Linac or a RFI (RF-

Focused Interdigital) Linear Accelerator), and other suitable techniques. An example of a
linear accelerator can be found in U.S. Provisional Application No. 60/864584 commonly
assigned, and hereby incorporated by reference for all purposes. In a preferred embodiment,
the present method and device forms a thickness of transferable material defined by a cleave
plane in a donor substrate. The thickness of transferable material may be further processed to
provide a high quality semiconductor material for application such as photovoltaic devices,
3D MEMS or integrated circuits, IC packaging, semiconductor devices, any combination of
these, and others. In a preferred embodiment, the present method provides for single crystal
silicon for highly efficient photovoltaic cells among others. In a preferred embodiment, the
present method and structure use a low initial dose of energetic particles, which allows the
process to be cost effective and efficient. Additionally, the present method and structure
allow for fabrication of large area substrates. It will be found that this invention can be
applied to make thin silicon material plates of the desired form factor (for example, 50pm-
200um thickness with a area size from [5cm x [5cm to upwards of Im x 1m or more for

polysilicon plates). In an alternative preferred embodiment, embodiments according to the

6



the present nethod and device fornms a thickness of transferable materi al
defined by a cleave plane in a donor substrate. The thickness of
transferable material may be further processed to provide a high quality
sem conductor material for application such as photovoltaic devices, 3D
MEMS or integrated circuits, |1C packaging, sem conductor devices, any
cobi na% Qi Blvend gy mﬂde%hsgéed Ikt IR REECpIRRTHITRY bring d1e, P esent
nmet hod provi des or S|Rg l e crystal 't con for highly eff|C|ent
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| ayer that can further provide for layering of a hetero-structure epitaxial

pr ocesssucttssivhbtadeaye sticasdsimikar epiutting sicepoidreabiromm ked dwd) acoorfdorgito at h| n

rTU|tI-junCI ot ovol taic.cells t hers. .Merel

ond Gal fmeincapbd T S heg bR aoBh Preasi M o B G sead
layer, M/&mdlcﬁng'ldéxhé’@zﬁfcﬁera?&i me@YE ForlsCEFRE aURAING1iB6h %’8! ﬁ)?hleléﬁé?ﬁ@affﬁnd
according to an enbodi nent of the present invention. a specif

enbodi nthetmaltpueposese deftounset thetk carbelntheayptidtes suediéisations) zgndtad)teuiaaaws ng
mul tiple slices froma single ingot, e.g., silicon boule. That is, the

met hod 19 Pe TheReAk Yehe: BendTHE RS Bk \ﬁ@icylbed 8RB D t%@@re(sém%b@}ﬁcétgm%at i ng
slices of bread froma baked ) according to a specific enbodinent. In a

pr ef er r sreepevocilarbnbglowhe present invention provides a clanping and/or
hol di ng device and rel ated nethod for securing a bulk silicon ingot for
mechani cal and thermal purposes. O course, there can be other variations,

nodi fi cations, and alternatives. [00191 These and ot her benefits nay be
descri bed throughout tHHRIFEFEIERCRIPEON OF HDPRMYINGSr e particul arly bel ow.

BRI EF P THE DRAW.NGS. [ 00201 Fi 1 sh i | i.f d f
I R g T Rl e N et A e el Ul
in aCCOﬁﬁﬁﬂﬁ&uy@ dffhidk ﬁ(ﬁﬁbﬁkﬁbmmn &Eoﬂdﬁﬁ‘cep&ﬁﬁpémbbdlﬁﬁﬂi &fQRe lge@&gll Figure 1

A shows a sinplified view of a controller included in the apparatus of Fig.
invention.

[0021] Figure 1A shows a simplified view of a controller included in the apparatus of Fig.

1 in accordance with an embodiment of the present invention.

[0022] Figure 1B shows a more detailed diagram of subsystems in the computer system
included in the controller of Fig. 1A in accordance with an embodiment of the present

invention,.

[0023] Figures 2A shows a simplified cross section view of a bulk material being held on a
stage by a mechanical clamp device via grooves the side region according to an embodiment

of the present invention.

[0024] Figure 2B shows a simplified top view of a bulk material with circular cross section
shape being clamped by a mechanical clamp device according to an embodiment of the

present invention.



1 in accordance with an enbodi nent of the present invention. 100221 Figure 1
B shows a nore detail ed diagram of subsystens in the conputer system
included in the controller of Fig. I A in accordance with an enbodi nent of
the present invention. 10023] Figures 2A shows a sinplified cross section
view of a bulk material being held on a stage by a nechanical clanp device

via gro t i eln i L: esent
nvent i BA2Sh 0B BTt £ 5hE% SRnBfRL t e ARk hee R e o o or
Wit h ci seetib@shape bshgtaipedrby asihagmanteel ¢clgmp ldavipe dedoydiag teatvstir ealbodingenp

devi ce a&;or di ng[,to an enbodi rent of the present invention. 7 [0025] Figure
2C showsl Beor iIRYSYoRop view of a bulk material with hexagon cross

section shape being clanped by a mechanical clanp device according to

anot her [(@2bpdiFigm¢ 2Dchowh e sipmEdedicross sanionview pDHRAK nkatepin] deRiY cddnopesl a
sinplified crpss section yiew of bul k material being clanped by a

mechani B4R H&CB%“’ZéWIPede\YF%? Via p &9@ sepetyee 3 the battophee gt aceprdinggP dRO%EL or di ng

to anot Qﬁgodiﬁ@f)&itfl@?}esﬁﬁiﬁ@ﬁti esent invention. [0027] Figure 2E shows a
[

sinplifred cross section view of a bulk material being held on a stage by a
mechani cal _cl anp devi ce direct, at side regi on wthqut a groove according to
an embileAknFie ?ﬁéhw%%élmpﬁﬁﬁﬁé@mw 8¢tio 6%?2‘8%% w@ﬁp@twl@m eld ayapl i fied
top vie j @k afg: B : Lng: 3 i cal

ol . decpey afhechired Bl Ryicdile o s R i BB o BriRE O

enbodi membodimehhe the peeerit invenaom.i on. [ 0029] Figure 3 shows a sinplified view
of the bottomregion of a bulk material with a cl ose-|ooped groove

accordi 3 1 af 1 LB L.gure 4 shows a
si npl i fpg)o?fggr gggslﬁgggg lll(g)cﬁy{lnslgi\ﬁl%‘lg géﬁﬁ?ﬁ%ﬁéﬁ%rl aﬁa%gllalnépﬁg?id]a Ei:/&lg clanp on a
st age wchimpad bealnedhadviltclanip ddvéek ditdchatgide rbgivnedthotihegioot ¢ axvoeding tvearnbul k
material _and the stage in accordance with an enbodi nent of the present

i nvent i 8Mbodimes4qf th GEsentSnehHOR a sinplified flow chart illustrating a

met hod of tenperature control during inplantation and cl eaving process

accordi iP29p &igueerBahoweatingflifiel &iqw eSthabottomvegidn ofia bulk material with a

close-looped groove according to an embodiment of the present invention.

[0030] Figure 4 shows a simplified cross section view of a bulk material being held by a
clamp on a stage with a sealed cavity filled with gas between the bottom of the bulk material

and the stage in accordance with an embodiment of the present invention.

[0031] Figure 5 shows a simplified flow chart illustrating a method of temperature control
during implantation and cleaving process according to an embodiment of the present

invention.

[0032] Figure 6-11 are simplified diagrams illustrating a method of cleaving a free-standing
film from a bulk material under temperature control according to an embodiment of the

present invention.

[0033] Figure 12 shows a simplified view of a plurality of free-standing thick films being

removed from a bulk material in accordance with an embodiment of the present invention.

[0034] Figures 13A-E show various approaches to securing a bulk material to a

temperature control stage taken by embodiments of the present invention.



[0032] Figure 6-11 are sinplified diagrans illustrating a nethod of cleaving
a free-standing filmfroma bulk nmaterial under tenperature control
according to an enbodi ment of the present invention. [0033] Figure 12 shows
asinplified viewof a plurality of free-standing thick filns being renoved
froma bulk material in accordance with an enbodi ment of the present

invention. [0034] FigeTsi ERAHESGEIPYIGRIOLYSEINVERT®] to securing a bul k
material to a tenperature control stage taken by enbodi nents of the present

i nvent i [0035] 8 ThEPrs¢EMPESORIPATEObenerallyHE tdchMENEY i@Nufl @384 thddseandr esent
invention relates generally to techpjques .i ncludj ng nethods and, apparatuses
For  nan RGeS 5 TR MRgRES Tt CHRANTYY. (b EreRre Saofatods. and
appar at s thsas inéfRlea téﬁga@f@é oot el ing GreeClt BRI idk RSt HlafGial hi CK
films frommterial in bulk form such as a silicon ingot. Such

f r ee- st arhdillnfprmhsush ajalsicoariegais Sfieh fregstandiphthickvibinsaire usedtlesiaal such as a
solar cell. But, it wll, be recognized.th enbodi.nent s, | accordance with
Che. pr cBMRvaTIUREEEH SHE B TR Pt o] bERETEER R bad e G) g0 be
appl i edadcgrdahétewith IRGFeRht AR HALNE asviaefcrgng%soffagﬁnéamma?; ifcapass poal

packagi ng of integrated sem conductor devices, photoniC devices,

pi ezoel eppliedtd othdetypeses, applicatiopa sush adifentheegslimensienad phekegingrod eitegratedl

systens (".MEMS"), .nano-technol.0 structures ensors, actuators,

ot cor atCHO TPl SO HONAETErS, BIESE PRI P R PR BB ogi cal and
bi omedi gadroelf@MinsRBanid dydthas k"MEMS["?Q%-tﬁn&@@dstﬂﬁfﬁbﬂ,seﬁslai?s_, h&hdbrsbul k
material” can refer to a predom nantly honobgenols piece of single crystal

or pol yotegsated tirovétspmtdedmauctot suidiratg nzanafesturingy biekognqal endabisinedicel cryst al
silicon boul e ary &y ortion thereof. Alternatively, for purposes of the

i nst ant 9PAFSnMN94BpIKCation the term "bulk material” can also refer to the
predom nantly honbgenous single crystal or polycrystalline material in
conj unct@036] wiAshisedhkerein, thertermatulilk mateaikl"ehe nefert to,a grodonetoanihy kombgenovsar i ous

adapt er pl ate.enbodi ments .descrj.bed bel ow, as |1 as any  o-rings or .other
ol enent BEOCHIGEEH SLoals €Y SHLRE itubsiufigt Bre BooRpIO: B oAy
honogengys,sh ISrciﬁc]}i*iﬁlBﬁlthe?éof. &Qﬂe%ﬁ'ﬁ%@l&%ﬁt& ngﬁ)gggiéto? 'ilﬁ@ihstaﬁ%ﬂt apblication

free-standing t m of sem conduc al having ‘a thickness of 15m

or grettederm frajk metedhﬁwaedlsbnmﬁera) theipredmairentlp hombgénaus ngpglenpydalteat i on of
an ion |gln| C Sﬁ.ECI es at. I\/EY ener %t | evel . In &H}gor%rlﬂggdl nmen t he cl eaving

i nvol veBOWHFFANTE HrEh & ceniyncfiop h qng,pE more a ments, }'o’r example the

various adapter plate embodiments described below, as well as any o-rings or other elements
employed to secure such an adapter plate to the predominantly homogenous single crystal or

polycrystalline material.

[0037] A free-standing thick film of semiconductor material having a thickness of 15um or
greater, may be cleaved from a bulk material utilizing implantation of an ion ionic species at
MeV energy level. In one embodiment, the cleaving involves implanting ions at a first, lower
temperature to create a cleave region, and then implanting ions at a second, higher
temperature to enhance stress in the cleave region. Cleaving the bulk material in this manner
substantially reduces the amount of semiconductor material that is conventionally lost to the
kerf of a blade or wire cut. The resulting cleaved free-standing thick film of semiconductor

material, such as single crystal silicon, is particularly suited for the collection of solar energy.

[0038] For purposes of the following disclosure, a “free-standing thick film” is defined as a
film of material that can maintain its structural integrity (i.e. not crumble or break apart),
without being in contact with a supporting member such as a handle or transfer substrate

and/or requiring mechanical support from the supporting member. Typically, thin films (for



tenperature to create a cleave region, and then inplanting ions at a second,
hi gher tenperature to enhance stress in the cleave region. Ceaving the bulk
material in this manner substantially reduces the anmount of sem conductor
material that is conventionally lost to the kerf of a blade or wire cut.
The resul ti ng cl eaved free-standing thick filmof sem conductor material,
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maintain its structural integrity (i.e. not crunble or break apart
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pl ace. Handling of thicker films (e.g. silicon filns having a thickness of

15-50 nyreagythee 1P #&-1itated by the use of a support, but such a support is

not mandatory. Accordingly enbodinents of the present invention relate the

fabri cafoogg] ofn érdecrodnamditofrédbtahdihg thidk @imsSiilth tadknBaMip1g 130 tekipess  of
greater than 15 m [0039] In order to ensure the free-standing thick filns
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achi eved by bal ancing one or nore heat sources and/or sinks of thernmal

power dbalaneing ¢ns qrrnmrah@@ttsp@wes amborcinkawif therpalopeees during thedmpdpmtations of t he

tenperat u cont rol e fo hout t he CI fication and
ror b patt] Seaih Stask ohrties e ob B SRpRhrd el s AR e R

i nvol vegreldnt c(ffctag@,qlyncﬁﬁ@;eel)arﬁmiﬂ[gaﬂ,elo\pomer according to a speC| f| o
enbodi nent. The CW power flux sources and/or sinks can be one or nore of
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i nterface region; (||i an IR heating source by forcing a current to flow
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contact, 1.e., heating or cooling through a gas-layer interface region; (ii) an IR heating source
by forcing a current to flow through the bulk material volume (such as electromagnetic
inductive heating source); and (iii) floodlight or other appropriate CW radiant source for
heating the surface from above., and any combinations of the above. Of course, someone of

ordinary skill in the art would recognize other variations, modifications, and alternatives.

[0041] In a specific embodiment, the purpose of these CW sources or sinks will be to set
the desired range of the treatment zone of the bulk material, defined as the cleave region and
the silicon layer overlying the cleave region, as accurately and quickly as possible. These
thermal sources or sinks can be controlled through surface and bulk temperature
measurement via electronic controller to achieve the desired overall thermal profile for the
treatment zone. Of course, someone of ordinary skill in the art would recognize other

variations, modifications, and alternatives.

[0042] An additional thermal power source is the implant irradiation itself according to a

specific embodiment. A conventional implant device may deliver 50-100 kW of beam power
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heating the surface from above., and any conbi nati ons of the above. O
course, soneone of ordinary skill in the art would recogni ze other
variations, nodifications, and alternatives. [00411 In a specific
enbodi ment, the purpose of these CWsources or sinks will be to set the
desired range of the treatment zone of the bulk material, defined as the
cl eave £ J S
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10044] Furthernore, the surface can also be treated through a pul sed thernal
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thermal time constant depending on particular material and film thickness to be cleaved. For

example, for a typical silicon treatment zone, the time constant is estimated to be 20-50usec.
Longer thermal pulses are quasi-CW and would be combined as a CW source mentioned
above. The pulsed power flux sources may include flash lamps and pulsed laser sources with
energies deposited within 30-50usec. The thermal pulses delivered by these sources can

instantaneously heat the treatment zone up to and past the melting point of the bulk material

if desired.

[0045] The effect contemplated by this treatment is to add shear stresses onto the cleave
region under formation to lower its cleave energies. More specifically, because the thermal
conductivity within an implant EOR is significantly degraded, a temperature difference is
generated across the cleave plane. The temperature differential causes a CTE (coefficient of
thermal expansion) mismatch between the materials across the cleave plane and a
corresponding shear stress. The shear stress adds to internal stress present due to the way of

holding the bulk material on the stage and other stress such as silicon displacement stresses.
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exanple, for a typical silicon treatnent zone, the tinme constant is
estimated to be 20-50sec. Longer thermal pul ses are quasi-CWand woul d be
conbi ned as a CWsource nentioned above. The pul sed power flux sources may
i nclude flash | anps and pul sed | aser sources with energies deposited within
30-50sec. The thermal pul ses delivered by these sources can instantaneously

heat th a o) (I hnt d
mater i o4Ol THE ResAF itphlc ARARAIOnE IR AT iR BB cIhe PPl

add shethe ckhveplapsisdrbed] the sttéssesvare compiessivaimedand siressesi Direst in fuomer its

cl eave energi es. re specifically, because the thermal  conductivity within
an i npl BR uqﬁdsetwé-%/&na m@ﬁﬁaﬁsw i &g PEERt PrapRTHARA A s B-RETESEESNce i s

gener at ﬁﬁltﬁ;ﬁ%%??t}%ehrl%ié‘st)ﬁ%%o%%fﬁ?OQﬂF& ﬁmﬁrgﬁi@rsﬁegivf RIGRbE Qhaffiaes a CTE

(coefficie ermal expansion) m smatc et ween taLe mat eri al s across
t he cl ebythedblimeingmela@orcor r espondi ng shear stress. The shear stress adds to
internal stress present due to the way of holding the bulk material on the
stage and ot hgr- g{,regs such as silicon displacenment stresses. 11 [0046] The
stresses are in-plane stresses (along the X-Y surface of the cleave pl ane)

and if he cl eave pl ane i eated,. the. stresses are conpressiyve in-plane
ot esseshereias 8% grefy oss oo Todebs Loy S Y Madhios SRTBCGECNFR R amoant
propor t {1eRgd ekparksiiR dnd-A% ANBe RldRERure MikdrbleiBrbsPiheldMvERIaHE O %sﬁaﬁihg a( @bout
0.27 for silicon). This stress value can be quantified Dby the follow ng
rel at i othermaaianer flwhdemsity of £, irthWags/cmsshatollossng fetatiohgap boldegi on, E is
Young's Modulus, a is the coefficient of thernmal expansion and AT is the

tenperature dpffgrenog across the cleave plane. Assuming a thernmal power
flux density of P. in\Wtts/cn2, the foll ow ng relationship holds: Pa = Kcr

AT/ tcr ere Ker, is.the effective t.hermal conductivity of the.cleave region
and ¢ er “Peeind eieliehdies Rammal el B e §RBRE Towiol At hd Bidue e 771 m
can be fHIrAdA0E re@Id. eRRatkedSackds HRWiRYc £ LHREY expRssed(ds falldWinBaqRtJsbul k
where (3 is the conductivity reduction factor for the cleave region relative
to the bul k materi al . p 'g?erefore, the stress value is driven by the power
flux P. and i Acréadlbs 2\/ﬁ Y943 reduced ther nmal conductivity in ternms of a

factor (3 which depends on the anount of inplant FOR damage. For exanple,
i f the bbek frintherdoatudtiyity rgluction factordor the Olears/regwnaslatise tpethadulkooaterial.

Therefore, the stress value is driven by the power flux P, and increases with a reduced
thermal conductivity in terms of a factor B which depends on the amount of implant EOR

damage. For example, if the bulk material is a Silicon ingot, B may be as large as 100.

[0047] The treatment by using the pulsed power flux to increase shear stress may
effectively lower the implant dose required to facilitate the cleaving process and
simultaneously help anneal bulk radiation defects. Of course, there can be other variations,

modifications, and alternatives.

[0048] Figure 1 shows a simplified diagram of an apparatus of temperature control for
manufacture of the thick film materials in accordance with an embodiment of the present
invention. This figure is merely an example, which should not unduly limit the scope of the
claims. One of ordinary skill in the art would recognize many variations, alternatives, and
modifications. As shown in Figure 1, apparatus 100 for temperature control includes a stage
120, a mechanical clamp device 130, an implant device 140, a sensor device 150, and a
controller 160. The stage 120 with a planar surface 122 is used to support the bulk material
110 to be cleaved. The bulk material 110 to be implanted and cleaved can be characterized

by a surface region 112 including the treatment zone consisting of the cleave plane 115 and
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[00471 The treatnent by using the pul sed power flux to increase shear stress
may effectively lower the inplant dose required to facilitate the cl eaving
process and simultaneously help anneal bul k radiation defects. O course,
there can be other variations, nodifications, and alternatives. [0048]
Figure 1 shows a sinplified diagramof an apparatus of tenperature control
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modi f i c%ﬁ%ﬁ@%ujd&mgﬁmforﬁr Fﬁmgevr@, ed%ﬁ%ﬁ'bﬂjd%terloo for tenperature control

i ncludes a stage 120, a nechanical clanp device 130, an inplant device 140,
a sensof00d8)i ds sh&@n irakig. & in cmnemipddiment]1 60 plahheswfaagé22 20thaistdge d2Blisanar

surface 122 js.used to support the bulk materi 110 to be cleayed. The
Bl k. b Vg e TRt e MEEY! L #BE Pg AR TR EFRALD by o
surfacegtgd o, 1 ol ilgg})gﬂletrﬁfcihraﬁfégltdm{?ﬁ d&a 1@1@%@5@% ngépliteﬁ?n &lgave

pl ane 115 and 12 the i ng | m of undetached silicon erral 113, a
si de r egiwanp that the sarfact tegionrld@iaswelllf the sidéd mggnhl 17 btitldatflease d0Foradithd he sur f ace

region 112 tq.the bottom regi.o 8. re details.  about the Rul terial
f or p_roéég@i 144 (tt}mtgf)éur &¢ 81%15&%%%& @mgﬂ[a%w%fre/&gb%wa Yieﬁp‘fz%ea.anérq Yone
enbodi R/ c1dEd Ry MU fR WL ?)?8néLgI2m81fel ﬁéaestaﬁmggetlhﬂc%%hﬁ. Fep eWith the

bottom region 118 of the bulk material 110, utilizing a mechanical clanp
devi ce ad@thnalltiempingmméchegnikbms atverdieg bacereal encbhaiipents arecdudiied i Figndhabl y

applied.in such a way th t he surface region 112 as |l t he side
D o 2h Db dfad Bh dheface 20 SR s Hechanicth e ARuce b0 HAE bF bgi o) of
t he bul hal i . I df

€ bu &oﬁ%@?h%tra@rlqo%ﬁ?% %-Hl?r{eln%oﬁé(lﬁgﬁ?ﬂc}bzfﬂgf% Iﬁ@ﬁé’par&l@el@@t%@?ﬁ? or

manuf acture of one"or nore free-standi ns.  For exa opti onal
cl anpi ngurfaee hahpstis sageobrdanvghdrembedinaing thadiagh Nt ssak fer idnpesdtun@t ed i n

Figs. 2A- 2F. .In ope enmhodi nent, baoth the stage 120 and fhe nechani cal clanp
feus oo SoqBiahal g SOk BRRDRRSHe 4T fHedy PR RS SPUCE WS Bk BN DEGRTE Oy rovabl o

in a pl : nay : t . her
embod mon e ket SRR E o3 S aleril Pl 4 MR coh AR
mat er i akasagyarnsterfhcd fegio@\hepusearthd batsons mgianeofahe bulklmatByal hpdthiengamar cool i ng

th d bott i 1 f ot bulk material vi igh t I
conduct PTEs OF B eky F SPat L0 ReapilgPbienBrpginheRA SR aRIREL S of ¢ he
bul k mglﬁfdc@h‘?@}ﬂ]ﬁ‘&rﬁ"gﬁ]@fﬂeaﬁ% };&fé&@%&%ﬁ&@% idd{1&iw RAR Hedflnd S capabl e

of changing t erma ux 148 fromt
source can be applied in the apparatus 100 by forcing a current through the bulk material 110

volume via the mechanical clamp device 130.

[0050] Referring to the Fig. 1, the implant device 140 is used to form a cleave region 115
by introducing ionic particles in MeV energy level with a certain power flux 145 to the
surface region 112 of the bulk material. The implant device 140, due to the power flux 145
from particle bombardment on the surface region, also can be used for temperature control by
adjusting the duty factor of the implant device 140 to tune the particle power flux. In one
embodiment, one or more CW thermal sources 141 such as floodlight located above the
surface region can be used to provide additional controllable radiant heat flux 146. In another
embodiment, one or more pulsed power flux source 142 can also be used to provide pulsed
thermal flux towards the surface region 112 or specifically to the cleave region (from the side

region) to add shear stress to facilitate cleaving.

[0051] The sensor device 150 comprises a plurality of sensors including temperature

sensor, position sensor, pressure sensor, and surface roughness probe. At a given time point
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surface region 112 during the cleaving process. Alternatively, an inductive
Joul e heating source can be applied in the apparatus 100 by forcing a
current through the bulk nmaterial 110 volune via the nechanical clanp
device 130. [0050] Referring to the Fig. 1, the inplant device 140 is used
to forma cleave region 115 by introducing ionic particles in MV energy

level Wyhéh e 681K AABHAOMONs héld¥n 14 thelstagk N80 afdBHRELhe bRAtatdA pRiceisie, bul k
material. The inplant device 140, due to the power flux 145 fromparticle

bonbar ditre sensondavie 0ris aenableeaficoHectimgll seagor Hetagelatgd o thetséaip et e brk cont r ol

by adjusti. he . dut.y factor,of the.inplan evyice 140, to tu the particle
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additional controllable radiant heat flux 146. In another enbodi nent, one

or nor efepdhask/deqdbmmiard ¢antrob saheme ta deternine alcgpirglgovisedocbapgedyid deripains ed
thermal .fl ux towar t surfa region 112 or. specifically,to the cleave
Fogi on BF SRR OGRS Al (&Rl Rt cavi o,
[0051] Jib&isepoeéssdevi ce 150 conprises a plurality of sensors including
tenperature sensor, position sensor, pressure sensor, and surface roughness

probe. s, S RASL TSI gl A cbRfoiRr o TBL I8l 1 3Rckea o' 4 on Lo

the sta rin atron processes., sensor device 150

i's Capaférﬁ)rﬁafo;ﬁmbﬁ@fitmgip@hﬂatusarme@fchatla1smnlaats@ebdegsiﬁ@@fiaf@hﬁti@ﬁ the bul k
material 110 at that tine paint. The sensor data recorded by the sensor
devi ce @fcprdingsto agembpdiraenttod theresephiventioay Theodiagrampe mesely ap§xamplenput  dat a

for exegutfngo fy \LESIRACKASRILQLIRF e Canht lreReNGIR A pafleh et Bandsfont ol

routine ange an 'n enperature o erial to an

reci pe wahldgedophize Mng e infodli Bdiiossl AREGEEVs, ardl idiatiogs. AlseBEWS, the 00521 Fi g.
1 Ais asinplified diagramof a controller 160 that is used to oversee and
per f or neaetlar | ninglpdeseongpheleeftanics1led vatictrlinks acoqrpuigsisystem l9Pocessi ng of
information according to an enbodi nrent of the present invention. This

di agr anj0os3eieh ypeaiticconaiadi@ent, ieicohtrsiled b0l ustthaishiloy elet fidiicd he2 tscope of
the clains herein. One of ordi nar1¥ skill in the art would recognize many
ot her n®dcRiePARlY S cantrdl fiegtiope st orgxamples thetconal elegrogirsvie2 indhedescont r ol | er

160 inc [ | ec ' ' i C I stem 170.
foosa] P SRR b EHEE QR RS Kb UbH S RN R RBhET
el ect r oada@sed k6 2otiple thRXeepdt1Q0 Bb pérddrnt ¥ mpkratae totttol ffutiohp RS couply thexanpl e, the
control electronics 162 includes )

mechanical clamp device 130 to clamp or unclamp the bulk material 110, to couple the

implant device 140 for implantation process, to couple external heat source (such as CW

source 141 and pulsed source 142) for both temperature control and assisting the cleave

process, and to couple the sensor device 150 to receive the information related to current state

of the bulk material and generate an input data packet for the computer system 170.

[0054] In another specific embodiment, the computer system 170 may be a Pentium™ class
based computer, running Windows™ NT operating system by Microsoft Corporation.
However, the computer system is easily adapted to other operating systems and architectures
by those of ordinary skill in the art without departing from the scope of the present invention.
Fig. 1B is a more detailed diagram of hardware elements in the computer system 170 of Fig.
1A according to an embodiment of the present invention. This diagram is merely an
example, which should not unduly limit the scope of the claims herein. As shown, the
computer system 170 is configured to receive the input sensor data via an I/O controller 171,
to process the data in a plurality of control codes 165, 166, 167, running in a central processor

173, and to send the output control commands/instructions back to the control electronics via
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multiple electronic boards or function cards. Each of those boards may be
respectively adapted to couple the stage 120 to performtenperature control
function, to couple the nmechanical clanp device 130 to clanp or unclanp the
bul k material 110, to couple the inplant device 140 for inplantation
process, to couple external heat source (such as CW source 141 and pul sed

source I:!‘é%)aptfr@l[er ket h EEWB@PHﬁﬁitggFE&f?ﬂol bk AS SRy H&‘?%rfeh?&v&rtaﬂf ocess,

and to couple the sensor device 1 to receive the information related to
cur r ent cattrat funciddnstih¢hebapplratmst 160 dlor exenpierthe eingrohpodeniaftrudsing iptheket f or

t he conputer syste 70. [0054] 1n_.another. specific e di.nent, .t he conputer
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t he scope of the clainms”herein. As shown, er system 170 is
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process_the data in | ural i of .coptrol. cqdes 165, 6, 167, runpning in a
Cent r ol Jpioat dgpushBe Patfqanddrdnnte e ey BoRt Bhtl RolatS To0 Uot | one
back tochihg 6N Rhinglye&iN %@%n%@léfecbérﬁ)ﬁﬂ@ﬁi Sthkehodifikatidach of the

plurality of control codes is specifically designed for certain control

f unct i oalernativehendppaatengs 100. For exanple, the control code 165 running in
the conputer system 170 may be a programfor controlling the operation of

the i W[O@BS] dﬁi’iﬁé@iﬂc%mtﬂﬁ%é’rﬁi afl@hd RdrBweRerSdiRd &Ysub@ttdmn PN thé %rﬁ‘p&%@lams
towards the surface region of the bulk material. |In another exanple, the

cont r ol systede A6@e metyrchbenextqdrnog a aystem bye hET. didregampkasybisestehaswthiasg procedur e
to be perforned by th hani.cal cl anp deyjce .or.a s l e monitorin

scherre DBl i stttoar b e SER4a% bion 7o hidhis CanBE ot R ppet e
control 1 zdend Gihers @Y s}tﬂg«vxﬂ Périhe il &ﬂﬁﬁ?lttﬂ)ﬁﬂfut Q%))edléiftiée:’s‘gwﬁféhl%lﬁ leymends for

cooling of the stage, adding 'Joule hea rough the clanp, and/or heating
t he sur éetwllpyltlhearele earmadted trathe sompetessystes byOiny nwubsref meaas kfovar @i nary

kill inth t | d i t ificati , | ti ,
and var MSEROHED o SO POTL /bt PIARRI SOl RBHS &P PE pite RsPaiest Beol enmnt s or
subsyst gifRm@br &HemCBMHRLkREnal SHSHRY 186Qual & 4 A8 OMNEE efirY behRe§ Y54 em bus

175. For exanple, subsystens such as a
wide area network such as the Internet, a mouse input device, or a scanner. The

interconnection via system bus 175 allows central processor 173 to communicate with each
subsystem and to control the execution of instructions from system memory 172 or the fixed
disk 179, as well as the exchange of information between subsystems. Other arrangements of
subsystems and interconnections are readily achievable by those of ordinary skill in the art.
System memory, and the fixed disk are examples of tangible media for storage of computer
programs, other types of tangible media include floppy disks, removable hard disks, optical
storage media such as CD-ROMS and bar codes, and semiconductor memories such as flash

memory, read-only-memories (ROM), and battery backed memory.

[0056] Although the above has been illustrated in terms of specific hardware features, it
would be recognized that many variations, alternatives, and modifications can exist. For
example, any of the hardware features can be further combined, or even separated. The
features can also be implemented, in part, through software or a combination of hardware and

software. The hardware and software can be further integrated or less integrated depending
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printer 174, keyboard 178, fixed disk 179, nonitor 176, which is coupled to
di spl ay adapter 176A, and others are shown. Peripherals and i nput/output
(I/0O devices, which couple to I/O controller 171, can be connected to the
conput er system by any nunber of means known in the art, such as serial
port 177. For exanple, serial port 177 can be used to connect the conputer

system {0 SHIREAGH. FuRiHRE Hests dAfl AliehoRSiRofMEpseitth@hiioR chibe connect s

to a e area network such as the Internet, a nbuse input device, or a
scanneroutrﬂmi below eccvoding ¢d therFigures. syst em bus 175 al |l ows central processor
173 to communi cate with each subsystemand to control the execution of

lnstrucwoqus Ff PSS LRI BB ymilpiéf‘leaivletmebffalmﬁamaﬁmkbel@hela@nw%ltdgeas t he
exchange of ormati on between subs%/stems Q her arrangenents of

subsyst bys nmmanuqaﬂ clanprdssse ivomgroaves theside tegianciticendaty to ab;pntb@dsveertbbf thedi nary
skill in

t angi bl B ﬁeg‘gfng’%’?tb?n S%I}E?F%EEUTSF a %%ﬁpge?‘%% eégvlilﬁ]%dh%’{j‘flu te‘f‘%gm?%ﬁﬁf angi bl e

nedi a iEL%CB{y'G?thUc%HY Ohs kBordiRpPYviahlietHiardyvelils koghRt hiadl vaghtindge nedi a
such as and bar codes, and sem conductor nenories such as flash

menor y, altezsadives lapd nmd:ﬁqaesnS( Fith@bullanuteblat t KYA/miaz bk @ue-proeessyd, i 0ddiepn Wl t hough

t he aboyve has been il strat {;i i.n 1te ns. of1 s[ eCIL hardware features, it
woul & EEADERTS RaoPRaZr oy SR AER B Rt Fay B Dne S o BT one

can exi g side@bgiof ¥MMPuLed RH¥ceHe the %e@ﬁﬁrﬂ@@&ﬁnfpﬂﬁ:@%@%@ thARhdBulk HakdrRl
conbi ned, or even separated. The features can also be inplenented, in part,

throughcasrifetmrrelydwel omthertstargatlﬂ% big. Bérﬂmmse simplifiesofidaiew.of Tigeodvar dwar e
and software,can be f er inte te or l.ess_integrate di ng 15 upon
the appPtEuAHER hetirinket e i SPHR FhsMruniBE R RsEhaied ERast

I nvent i gi&aiaPRd t@the cgr&ﬁﬂés Q?&l@fﬂp@ﬁ@&ﬂghﬁgerfap FlQeZH:Mﬁ)Wseass-lmbﬁﬁ&Y Rhgures 2A
and ZBsh0W5|rrpI|f|e vi ews of materi al being held on a stage by a

mechani ofithe saraer’pulaemtwl V5 ahcgvmmxlég ZAn beigg dlampedi assuraingdhatithgbull neaterial
enbodi nent of he ent1 nvention. These figures are nerely exanpl es,
whi ch sAGWA 9™ @‘OP? P&he scope of the clains. One of ordinary
skill in the art vvoul d recognize many variations, alternatives, and

modi f i cH058hs In Fserdsatdwith@r emdodimanofithy phrsersriaventionetbe bulk maternaldilfAon t o

have a surface rel apar i |I| atin a t|on t o, have one
o or ey Gp pEenG O Pl £Ref Eelitfnif ik Et R BRAHuRih et tan ca
clanp dﬂﬂﬁvﬁﬁnﬁ%tﬁaﬁnﬁb Fechid kmP&RliREh@the péaﬁohﬁotstﬁ@ﬁﬁmwa@ﬁm 10A Hehtgy st age
120A. Fig. 2A shows a sinplified si de vi ew of g}woove surroundi ng t he

peri phefclampsd b theang chanigaloslamp deviearpl Inage docated @on theesidearepian) nedr thel kottom
region so that at least 70% part of the bulk material, including the surface region and the side
region in at least 70% of length from the surface region, is substantially exposed for
processing without the interference of the mechanical clamp device. The length of the bulk
material, depending on the material type, may be pre-determined based on the capability of
handling the thermal mass and heat transfer by a particular apparatus 100. The length of the
bulk material also determines, depending on the film thickness, how many free-standing films

can be yielded from cleaving the bulk material.

[0059] For example, the bulk material 110A may be a single crystal silicon ingot that
exhibits an original length of 5 cm and has lateral dimensions of 15 ¢cm %X 15 ¢cm (with a
weight of about 3 kg). In one embodiment, cleavage of about 70% of the length of such an
ingot, utilizing techniques according to embodiments of the present invention, may produce
350 free-standing single crystal silicon films, each having a thickness of 100 pm. As 1 m?
represents about 45 tile surfaces with an area of 15 cm x 15 ¢cm, about 7.8 m” surface area of

silicon can be produced from 70% of such a 5 cm thick ingot. In another embodiment,
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devi ce adapted to the grooves to clanp the bulk material. Fig. 2B shows a
sinplified top view of the sanme bulk material as shown in Fig. 2A being

cl anped, assuming that the bulk material has a circular cross-sectional
shape. [0058] In accordance with an enbodi nent of the present invention, the
bulk material 11 OA may be prepared to have a desired length fromthe

sur £ aceqLRALOBr iRl A RRYAILERWr ik Aing S orbhudEl G150 2be-ddhathg RAL 1 ©

enbodi nent , e positions of 10A bei ng y the
mechani c:@htabdll@(rm filesihaeing3lthivksess o€ 20 aoh. (Ianhis bmbsdident slgiuwdY nﬁeufrsntcbe bot t om
region so that at |east 70%part of the bulk material, 6 including the surface
regi on eawdermraduced dromy %‘M oo aidrmythigkeinget. Zgworemaimpiggi(yo of Hig ipgRs 8Lr f ace

RS A L S S e T e R b

t he mat maiedikl toyppeduceayrdsk ingoefatelevringned based on the capability of
handling the thermal nass and heat transfer by a particul ar apparatus 100.

e 1 engiobup 1} Depecildy B Ao AOmEi RS GRS BoD b, {11

t hi ckness ee- stan can yi el eaV|ng t he
bul k maingbi, a|p01y[sﬂﬁ519}:adFWafdi’}(ﬁilﬁpd)IEs,ubithﬁe hwilkon@bﬁﬁarﬁhml\lﬂﬁ agyrimian si ngl e
crystal silicon ingot that__exhibits an orlglnal | engt.h of 5 cm and has

| at er al wafeﬁs@r%lbﬁif?ée of grogp dl K matsrials, grgip H/Y mwérlghtg huramtmde,sslh@l. In one
enbodi n?emmde%l'ﬁl% R(ge II(P;. gé%ngﬁ@ erhbo8iREnt (e dufN@LAOf caf4eh tos%ﬁ@t%e utilizing
t echni ques accor d

iments of the present 1 nventio may produce
350 freﬁra&hahdfhegsnsgmgf}etad:slylsbmbarsbd dlth@ﬂfrf)llnbb’&r gamtbnha«/tbngr meﬁahm@m&ss of
100 m As.1 nR  represents about 45 tile surfaces with gn area of 15 cmx 15
cm  aboBwrity l%ve}ﬁedwﬂwélpapérad%ffs S@Pghtcbéﬁvq,earfa%@sw@u HCIEPGmeotoandf such a

5 cmthg&#y&ggl gurahgg%”@%%%gg nt 16 cl eavage of about 70% of the

| ength Uch arr I ngo 750 free-standing single crystal

silicon films having a thickness of 20 m In this, enpodinment about 39 nR of
sili conlOOééh By 9 defsREle CHGH ?mr@# ogp by Qi fReeitici digatationhidar @i ni ng 30%

of the h&l&ﬂ{aﬁé@%ﬁch% EAURH %‘Rvﬂhg ;%be%h@@h@w@é %&Qtionsdr thE ARk, ﬁcﬂ%x?x‘ﬁﬁfeet urned to

the nelt as urifie mat er | roduce a fresh ingot for
cl eavi nghccﬁrﬁ@ﬁd}]cellma tmo:&nltd haxzewdsﬂmiunmﬂly(l@(h)e(lbﬂb brr(rhtlersurafhcelo‘r[éAtauan be a
single cryst icon cast wafer, tile, or substrate,

| | |
a sili cw@éaff?afﬁ't%:ﬁ‘fn%gwéﬂr ates ngéﬁﬁgfﬁ%sréfl GREFSErstarfing msdqriah havipg oHensaHen | | N
mat eri aka%es ‘QBQHE d ihfNhti ngﬁeg B hilSt I tltl;né ?‘l‘[;éﬁd}'ctrys'tﬂ%rleﬁt'a 1br§9§h bé:ﬁgcpfgggar% the
I'ne u ot

like. In speC| Ic e nt, the material can nsitive
Of course there can be other variations, modifications, and alternatives.
[0062] In accordance with an embodiment of the present invention, the bulk material 110
may be prepared to have a plurality of cross sectional shapes based on the manufacture setup
and material type. Accordingly, the clamping setup or mechanism can be varied or modified,
provided that the surface region and majority of the side region of the bulk material can be
processed without interference of the mechanical clamp device and the remaining bulk
material can be released from the clamp device after certain cleaving process ends. For
example, two arc shaped clamping arms located in opposite sides are shown in Fig. 2B for the
circular cross section shape. In another embodiment, a single arc arm with longer length may
be used for the removable clamping. In yet another embodiment, three or more arc arms with
shorter length and alternative locations may be used for the removable clamping. Fig. 2C
shows a simplified top view of a bulk material 110B with a hexagon cross section shape
being removably clamped by three rectangular shaped clamping arms 132 adapted to the
three notches 103 on the side region. Fig. 2D shows a simplified side view of a bulk material

110C being held on a stage 120B by a mechanical clamp device 133 via a lock structure 104
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material. The single-crystal silicon can be either fromsolar, sem conductor
or netallic grade purity |evels, depending upon tradeoffs sought between
factors such as efficiency, cost, and post-processing such as inpurity
gettering. [0061] Any of the single-crystal material can be cut to specific
orientations that offer advant ages such as ease of cleaving, preferred

devi ce I be cut
o have! o anseaibnteal i s FamiRE aff STV ey petitd PRI LS PR, Vi ol
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arm 133%131?1%11%1 fs'&%ﬁécf %dall(g%%efciéﬁvé Eeﬁgﬁﬁjﬁé Krfo H oér@ssmgy REmHBYL r egi on

of the materi a henr tate cer ain reeto position to

hol d or the alaikk ﬁhﬂsmdlkyajmiﬁwmaﬂlajdﬂ;ﬁﬁlorsdcsuﬂmhg/(foaxanm]c st 1dabier80 oafithde ot her
variatio q 5# kcatlon and alternatives. 00631 Still inh accordance with
an enbobt st gpet rfmbadarat A clappingggphanisnEisgsing fHiptighpresto | he

oul X el Y bubd B HE 1 @9 oft ild RRA 12000 The Andrhyd] OFhHLian cOATERM LhRK! any
preprocessed grooves or notches can be clanped by two or nore G shaped
mechani mathanicahgdamp device may be bigger than that of the bulk material so that when the bulk

material is processed at an elevated temperature or certain heat flux is passed through the

clamp towards the bulk material the thermal expansion causes the clamping even tighter. In

yet another embodiment, the clamp arms are adapted to match the shape of the bulk material

to be clamped and have no sharp protrusion on surfaces so that the clamping engagement

with the bulk material does not cause cracking on the side region due to strong clamping

force applied.

[0064] In accordance with an embodiment of the present invention, the bulk material may
be pre-processed to have a planarized surface region where the implant process will start with
and a smooth bottom region where the stage may engage with. As shown in Fig. 3, the bulk
material may be additionally processed to have a close-looped groove 114 located in the
smooth bottom region 118. As an example, the bulk material is assumed to have a square
cross section shape. In one embodiment, the groove 114 is also in substantially square shape
and located along the vicinity of the edge of the bottom region 118. In another embodiment,

the groove 114 is capable of receiving a adapted gas-tight seal as the bottom region 118 of
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devices 134 and fixed on top of a stage 120C. The cl anpi ng positions are

| ocated near the |ower half (for exanple, at |less than 30% of the length
nmeasured fromthe bottomregion) of the side region. In one enbodi nent,
this clanping position allows that 100% of the surface region of the bulk
material 110D is exposed and avail able for process wi t hout physi cal

| nterfefena Jlﬁt?fﬁltlﬁ%ﬁ% Eﬁg&;ﬁ@% She pIBRAshEA deIP] %‘Vak'élétl:d ¢ahipn of the
surface region iC eav ng out of t con I ngot for

phot ovoheehanicdbslamp desiconeltefgaadiganteabasl thp tvaw efadebplahiresupiaesertwéenvent i on.

Addltlonall i n .anot her enbodi.ment e clanpin nmechanj smii imed to
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cause cracking on the side region due to strong cl anping pplied
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b1 ocoss 2%&9*3421&25&%@ P Al Ficenide maB? y s TREARRIi s, TRV mBBiRHR, O o
regi on Ai8howAs nﬁﬁlgeneaﬂnthb éulktrhetetiall I Ormtlemped with 1ta$>9t10mdeg10n hag belag beldar e

cross section shape one enbodl e groove 114 is als

subst anf? i fﬁ9 SWiEArari 1 §E§}9e9tagad80m tsamé Al { e IpPEshpatyyedt t%f: Rettelge of

t he bot f pabl e of

recei vi %1 mglzgg‘g‘pteg%gg%@zgwgig as tthE%%% %‘%%&%%g{%ﬁa\aﬁ%&g? {h%gﬁ?the bul k

mat er i agrob¥©OEl4 m tha batged regioth 1 theregbamneavityu2ftadeh e bbhiemstgige 1(&ssd tted with
i The gas-ti seal and the two en ed pl anar

th h | ¢l d
su(raf agggu@g' ﬁzbﬁf t@”@geﬁ%@ g@%%@/ﬁwsw t%gn%lzﬂti@%%}dms métaa&%gaﬁhe st age
creat esaaqeANlhifed Jﬂgs AP oPEa Lﬂalséag %&' i o%thé‘m?aﬁgflzg%ﬁthn? g Lawpiopf gas,

dependlng on the pressure, I ncr ease
enclosed by the gas-tight seal 122. The plurality of gas passageways 126 are connected

within the body of stage 120 through a gas supply assembly (not shown) having a gas inlet
128 and a gas outlet 129 so that a gas 127 with a certain pressure can fill in the cavity 124.

[0066] In one embodiment, the gas-tight seal 122 can securely maintain high pressure in
the cavity 124 up to 20 Torr for a 6-inch silicon wafer or up to 300 Torr for a thick silicon
ingot or tile with a weight of about 3 kg. Outside the cavity, the bulk material may be located
in a vacuum system under a pressure around 5x107 Torr. In one example, the gas-tight seal
122 may be an O-ring. In another example, the gas-tight seal 122 may be a flange made of
dielectric material or metal material. The gas 127 may be a cryogenic gas or a room
temperature gas or a heated gas. In one example, the gas 127 may be at least one gas of

helium, hydrogen, argon, or nitrogen.

[0067] In one embodiment, a mechanical clamp device 130 adapted to the second groove
116 in the side region of the bulk material is applied to clamp the bulk material 110 on the

surface 121 of the stage 120. In another embodiment, the clamp device 130 may comprise a
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thermal conductivity between the bottomregion of the bulk and the stage. In
yet another enbodi nent, once a certain gas-supply assenbly is built in the
stage this gas-assisted conduction effectively turns the stage, that is
used to support the bulk material by engaging its bottomregion, into a
tenperature controlled stage. 10065] Figure 4 shows a sinplified cross

[ ' f A ' ' .t er . . Il ed
Stage. 1 RERERP i B oTRL R RELER AR Paud STROERHRERDNC ' ©

figure the upwasl fyreaniuexdnsere difiéreficesttomdteth thoburtied wdgion ivithta iabeurscope of the
claims. One of ordinary skill in the art would recognize nany vari ations,
al t er nag¢viresmentfad ferbatiam rginisundepthe agkimessrepyighin diecay iy Bol wkappleni al 110

is cla ' its I i .surface 121 of
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bot t om Fhgiradeviced 38 epuldhherefereharetopnld dre bulematergeagaiot suchportard/ rsesas it s

top and bottom boundaries. The stage 120 further includes a plurality of

gas paspagepaysceldt anbddimestytHeatge 120 isd élbitrostdiie caask dontdidihg aclleaged by
the gas-tight seal 122. The plurality of gas passageways 126 are connected
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)
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to 20 Torr for a 6-inch silicon wafer or up to 300 Ton for a thick silicon
i ngot o#5 Tpires gaugpd & theicatty b4, Hisguechaniky clamp devaee t3emanhe ehminated apd| k

mat eri al l,oca [0 8, vac. Yy e r r X10"7
Tone 1 nreBlEe RSP ECU el Ay MR SELNANT o B SRR R RETHOGE e,

exanpl ea stafewiiRsketirgdtiticc@mkkihd 2amby uded. AdditngRy,dethemechgica@danc materi al
or netal material. The gas 127 may be a cryogenic _gas or a room tenperature

gas or @evikea3dcngake stage fearemanpicd onareaydase 1907 Theyirayebase itpelbistcapaide gas of

el amp u2RuRE o aRhAR el i) X C Rl b Podalel 08 AR EMRR A2 SOTCR 5 e

bul k mag@irdeahere sa@pbitelvirtatiohgmpodifications, kindrakehhtales110 on the surface 121
of the stage 120. In another enbodi nent, the clanp device 130 may conprise a

19 neta Y WM i t . r t terial with
cert ai nlov(\)/g?g h{%r_fogfée(;%ﬁhbgaﬁlge\}\gfrtég?%}r@ e&eglﬁg%g& B%Ae%lgggéeg%ﬁdgs éigéLeléterEEcgp f/"\d/ggn t he
sur f aceme@git@AddMR heaingas thebulk material 110 according to an embodiment of the

invention. An electric source 138 develops a joule heating due to a current I passing the bulk

material. The heating level is equal to I’R where R is the resistance of the material based on

its resistivity, material dimensions and contact geometry.

[0070] Adjustment of the pressure of the gas 127, through the gas supply assembly (not
shown) built in the stage 120, can result in temperature control in the apparatus 100. Gas
molecules bounce between the bottom region 118 and the planar surface 121 of the stage,
transferring energy between the surfaces. For certain bulk material, stage dielectric material,
and gas type, a gas surface accommodation coefficient is about fixed. For a fixed height of
cavity 124 the higher the gas pressure the higher the thermal conductivity or better energy
transfer between surfaces 118 and 121. For a cavity height less than 10 microns, the gas
mean free path typically still may be larger than the cavity height even with the high gas
pressure, for example 200 Torr. Therefore, on average the gas molecules may travel between
the surfaces 118 and 121 without collision so that energy is not returned to the surface that it

came from, making the most efficient heat transfer between surfaces 118 and 121. When the
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envi ronment and the bottomregi on under the backpressure within the cavity.
For exanple, a 200 Torr cooling gas backpressure in the cavity 124 used
while the bulk material in wundergoing inplantation within a vacuum

envi ronment woul d produce about 135 | bs of force. C anp device 130 woul d
therefore have to hold the bulk material against such upward forces. [0068]
In certgaj i t t.aiyni ng a
i ef oot o eepagy: BRked itfe ShARTI sle) oot FREHEOR BlyhEa BME Lo A7

vol tagefubt;hémhetermmeatmtamlthqaduaﬁaee reglcmcltlQ@dﬂ baphharighé withl dontral.erial 1 10, an

el ectrostatic force may be generated to attract the bulk material 110 on
the sta 20, to about 25
Tort |sgga geédhﬂuﬁ eo?E@ﬁ?hB&%ﬁme&ﬂﬁgﬁéﬂﬁé ﬁ%% Fp&ﬁl ggf@éH€30 may be
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pl anar suwfdaea thédooli@k or ewrﬁﬁntahmpwwhlmahﬁg ﬁuhél48 vewdrds thenarfacendgiohcat i ons,
and alternatives. [0069] In anoth the cl anp device 130 can
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materi a ectric
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the material based on its resistivity, material dinmensions and contact
geomet r Jke Proees®]  Adj ust ment of the pressure of the gas 127, through the gas
supply assenbly (not shown) built in the stage 120, can result in

t enper af0orz] chniﬁom}heriembbbm@p,phe pastssitR0 cofdhir tionid lﬁﬁuédeby beurfiwe bet ween t he
bottomregion 118 and_the gatanar surface 121 of the s transferring
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118 and 121. For a cavity height |ess than 10 m crons, gas _nean free
path typounse pif e&srwallwgrh%enqu,&ran&f?rah?tww the, boyndapies @fhtbe e*«l/Véw WeRet he hi gh

gas | ecul es
may travei i[) e%al%;é e sf?}l% ggeefgglf&tlsm t 230 f:O?S]tl ?ly %c?%:ﬁg%gﬁa 883 ﬁ?g
ener gy madm@ftdléle&ttibmwﬂeriah the surface that it canme from naking the nost

efficient heat transfer between surfaces 118 and 121. \Wen the 20
[0073] The desired thermal conductivity is depended on the heat capacity or thermal mass

of the bulk material that is being handled. With a relatively heavy bulk material and a thin
cavity height between the stage and the bottom region of the bulk material, high pressure of a
light gas such as He or H; could be best choice for achieving high thermal conductivity.
Additionally, adjusting the gas pressure could be a very effective way to control the heat
transfer between two solid surfaces. For example, for a silicon ingot about 5 c¢m thick, a
thermal conductivity up to 4x 10 Wm™K ™' may be achieved using a thin cavity of a few
microns in height and a gas pressure up to 300 Torr. This high thermal conductivity achieved
with a relatively high backpressure can only be maintained if the bulk material is of sufficient
mechanical rigidity against potential upward bending. For the 5 cm thick ingot materials
described in some embodiments (and even after thinning to a final thickness of 1.5 cm after

repeated film detachments), this requirement is met.

[0074] In the above examples, the bottom of the bulk material could also be coupled to the

temperature controlled face through an adapter plate to which it is permanently or

21



gas pressure is reduced wwth a controlled rate, the heat transfer is | owered
under control and further the tenperature at the surface region 112 can be
changed with control. [0071] Adjustnent of the tenperature of the gas

supplied further can result in the tenperature control. In one exanple, the
gas 127 can be pre-cooled to cryogenic tenperature for accelerated cooling,

provi di pehpdrAMyNYE. dA H8&LribEARThGE AR teloWNthdRiapek bREEWHERIPBwitRe t he
bottomregion of the bulk material. Alternatively, the gas 127 can be

pr e- heamechanizakinditbermad coupligirom e tadotoi theyhent trensfer plalemQfrcouppeethereheat i ng
flux 148 towards the s fromthe stage. Essentially, the stage

f - eqi
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tenperature control device with CWpower flux control for the bulk material.
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nol ecul bBeeahascglecsampmnay echuldedwiiszionhljméise éxla plurdlity of tadicaequensy awedruptodn
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dielectric material. [0073] The desired thermal conductivity is depended on
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thermal conductivity. Additionally, adjusting the gas pressure could be a
very ef moonted et thayxit eparbme pbihetimplahedgvicetMAnsf er bet ween two solid surfaces.
For exanple, for a silicon ingot about 5 cmthick, a thermal conductivity

up to 4K0%6¢ Whcaifise % o SkiABMiLHe drtWeduldredoddimaaRy hlidtn@fved VaBWtion¥ crons in
hei ght and a gas pressure up to 300 Ton. This high thermal conductivity

achi eveand mpdificatiang oA thesnfighiatpn baibik prplsideyiccakooaxample, swah implented i f t he
bul k material is of sufficjent. hani cal .rigidity against potential upward
pendi ngtots s pEertmal e e B fRios b beinld A At belE Wb oai mont <
(and evgneRrtdi& (R!F@-Dﬁia@})oﬁ@rifmfdbeéPJinaTc*'(DQ“EJgﬁ%ila@fe flor® coMpahib@suchfagpeated film
detachnments), this requirenment is met. [0074] In the above exanples, the

bot t om 8tcsyhdeduiologydnerdf Rleasaivn CalifenbeorRinhloedset dntetddgitated (RFT)

technology from Linac Systems, LLC of Albuquerque, NM 87109, and others.

[0077] Referred again to the Figure 1, apparatus 100 utilizes the implant device 140 to
introduce a beam of ionic particles in MeV level to the surface region 112 of the bulk
material 110. This implantation of ionic particles into the bulk materiél, in accordance with
embodiments of the present invention, may enable a cleaving process to form free-standing
films. The energies depend, in part, upon the implantation species and conditions.
Effectively for certain energy level of the particle beam, the particles can reach down to a
certain end-of-range (EOR) depth beneath the surface region 112 and add stress or reduce
fracture energy along a plane at about the EOR depth. These particles reduce a fracture
energy level of the bulk material around EOR depth to form a cleave region 115 or cleave
plane. This allows for a controlled cleave along the formed cleave region to remove the

overlaid film 113 from the bulk material 110.

[0078] In accordance with embodiments of the present invention, ion implantation can

occur under conditions such that the energy state of the bulk material at all internal locations
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tenperature controlled face through an adapter plate to which it is
permanently or 21 tenporarily fixed. As described in nore detail below the
adapter plate would allow the mechanical and thermal coupling fromthe bul k
to the heat transfer plate. O course, there can be other variations,

nodi fications, and alternatives. [0075] Referring back to Figure 1, another
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The ionic species may conprise hydrogen, deuterium or helium species. The
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particle beam the particlesS can reach down t certain end -range (EOR)
dept h belhest the beam susdancethr agiram mhi2acarsd tmtdlrﬁaw Egs)no}rurs@dhaiehe fondetmr e

ener | ong,a pl ane . about the  F dept Th ti d
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al ong the fornmed cleave region t0 renove
of the target surface and also allow time-averaging of the beam flux.

[0080] Both the ion implantation and the associated temperature rise may be rate limited
thermal processes that can be utilized for the temperature control during the implant and in-
situ implant annealing processes. For example, the apparatus 100 described earlier may be
able to control the ion implantation results in terms of both the dosage and the substrate
temperature rise, to achieve a desired cleaving plane appropriate for removing free-standing

films from the bulk material.

[0081] Referring again to Figure 1, the apparatus 100 uses a sensor device 150 to collect
data related to current conditions about the bulk material. Particularly, the sensor device 150
uses a plurality of sensors to measure or monitor surface properties of the bulk material 110,
including at least the temperature values at both the surface region 112 and the bottom region
118 as well as the surface roughness of the surface region 112. The measurement and

monitoring may be continuous and dynamic during the implant process. The sensor device
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overlaid film113 fromthe bulk material 110. [0078] In accordance with
enbodi nents of the present invention, ion inplantation can occur under

conditions such that the energy state of the bulk material at all internal
| ocations 22 is insufficient to initiate a non-reversible fracture (i.e.,
separation or cleaving) in the bulk wmterial. It should be noted, however,

that i npjoanhipbd ipable®s dgeasically Yererine adeCalihRitataXoP i pAficHgf metas (e. 9.,
m cro-detect's) in the bulk material that can typically be at |east

parti al fime peiphi r ed by subsequent heat treatnent, e.g., thermal annealing or
rapid thermal annealing. [0079] An associated result of the ion
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associ apgeameeyarabepedri se may be rate limted thermal processes that can
be utilized for the tenperature control during the inplant and in- situ

i npl ant [0@83lealAi agord 9 €6 B&Bs0ro thegtesdired endoReviEplp avagthd $1ak0d withscthe bed
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mat eri a erring agarn par at us uses a
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bulk materiral. Particularly, the sensor device 150 )
example a pressure gauge, should be operable for a wide pressure range or multiple gauges

can be used to achieve the desired pressure measurement range.

[0084] The third type of sensor may be capable of tracking the weight of the bulk material
110 after each thick film has been detached by the cleaving processes. The weight of the
bulk material corresponds to a specific heat capacity and thermal resistance, which in turn
determines a thermal time constant useful for optimizing the temperature control using the
temperature controlled stage 120. Alternative or in conjunction with a weight sensor, a
position sensor or "tile-counter" may be used, which monitors the surface level change or the
current length 111 of the bulk material, measured from a current surface region 112 to the

bottom region 118, after each progressive cleaving processes.

[0085] A fourth type of sensor is the surface roughness or defect inspection sensor that
provides information of the surface condition after each cleaving process. Based on this
input data the apparatus 100 is able to determine whether the ingot or tile surface needs to be
relapped, polished or repaired. In an embodiment, this type of sensor may be able to measure

planarity differences or particle spikes that were caused by certain cleave failures. This
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uses a plurality of sensors to neasure or nonitor surface properties of the
bulk material 110, including at |east the tenperature values at both the
surface region 112 and the bottomregion 118 as well as the surface
roughness of the surface region 112. The neasurenment and nonitoring may be
continuous and dynam c during the inplant process. The sensor device 23 150

may be gapaklien Movwyhadhsahty lg@fb%eﬁtdlﬁ@_no@e f€hbiffy tb '&BH&mﬁﬁh%Iﬂ Bfodg&tYon

particul ar process tine point he sensor device 150 may include at
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gas 12714t . yplcih@opstasmscu ls@n@&sra treeydusenbased be efpcess alectrafic,slgepbt ed gas

t hat gui des eratur e of , the bottomreqgion. 118 usi
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be used to achieve desired pressure neasurenent range. [00841 The third

type of propagation nﬁshetyéeaaapmb@ a@ﬁolﬂmdk|arsgeCt1ﬁ<eemb®<bmenbedeimaIulpomﬂteer i al
110 afterb <ﬁChtt m has been g'getﬁ(:he y A n%ag_lr g@sses The
wei ght BP9 ‘Eenbiﬁnﬁlnﬁﬁf“éPF%ﬁr“818?F8 g1reL" v 4 SE F‘f 68 U ad o€y and
thermal resistance, which in turn determnes a thernmal time constant useful

for opt (0987 n@efelrréng agppeiodiiguie e detappiratnsilAg further in@tﬁ@eﬂasgmteolk@orhé(k ol l ed
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current surface region 112 to th
temperature controlled stage 120 to dynamlcally control the temperature of the bulk material
110 during the progressive implant processes useful to produce a plurality of free-standing
thick films. In one embodiment, the controller 160 is configured to execute a dynamic
feedback/feedforward control scheme to determine the best operation routine. In this control
scheme an input data related to current conditions of the bulk material including surface
temperature, bottom temperature, bulk material weight (or length), surface roughness, and
etc. is processed. Based on a pre-determined recipe for implantation, in-situ annealing,
and/or subsequent cleaving at any specific time point, the controller calculates an optimized
control routine as an output wherein the operation instructions are given to adjust duty factor

of the implant device 140 and/or to change the bottom temperature using the stage 120 by
adjusting the backpressure and temperature of the supplied gas 127 in the cavity 124.

[0088] Additionally, in one example, the controller 160 may be also coupled to one or more
external floodlight heating source 141 above the surface region to provide extra CW power
flux 146 towards the treatment zone of the bulk material under processing. In another

example, one or more pulsed thermal sources 142 located above the surface region may be
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bottomregion 118, after each progressive cl eaving processes. 100851 A
fourth type of sensor is the surface roughness or defect inspection sensor
that provides information of the surface condition after each cl eaving
process. Based on this input data the apparatus 100 is able to determ ne
whet her the ingot or tile surface needs to be relapped, polished or

repai r e, %\ﬁ;p?ﬂe@mgb er tﬂlﬂksi 4% ¥, ngéaltﬁﬁ%? AlerdRY s&?ac%gélﬁgérgtup@@mf re

pl anarity erence particle spi at were cause certain cl eave
failur emp1d'lfbinping4a1ienﬂmDnaembasdlmlehowbg ;tdlmdalpqmmabsawscefsogztcm hdpfdewhla;gmose its
ability to co tinue . n

t I t f
t he res IEeRe ?%Véée%@aﬁlﬁﬂgo ab.t E?nftﬁ'ogi%ﬂ @ggfjslgrrggfs H 9 nel %Bry o
i ncl udean, AGANSEGa Rl f‘?f?% frgowe e%eroﬁgnlgé%H&%s&][oﬁas - 628 fnﬁkf&fi‘@e' on Of

t he treatnent Zone 90 1 cle g power ux i< ind uci ng

onset oftaridify fled prMEctiIORagRt.| 0ge akamgle bhe pelsedihermalanerce (0N YRES fedti t or ed.
Additionally, the acoustic em ssion detected by the sensor, which is
transi epilseivaism delixamasabgu ﬂ|1n50a10#£@§ &f prarey BRIt ovifloe alpqr%@%rl%wélbs@ el case,

can be us o.throttle th nergi es r

cl eavi n‘é’ogl?fﬂ aegew naélﬁéencoon\ octS &ngggsggs%ﬁ 5 ?ﬁ & fndar] W?Ialsgéj

typi cal fiye \%ﬂila'd@%ésﬂ%és@@Q&eh%te\‘vﬁﬁﬁnﬂ-l%efg%lﬁﬁﬂ IQOpMﬁe LH’MH foRthisbe dOW” t 01
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and ot hBOR regip0@Bxducéed dreni sipsathat cantforthirgeduee tleavhenagipaoatven idifietef ur t her
includea an controller 160 which can be configured to receive and process

t he i nptf® X §Erer at ed by the sensor device 150. The controller 160 al so

coupl es to and commands the inplant device 140 and the tenperature
cont r ol [0889fst Agendider eampymaithe &skyligho i todle nidsely abspbedawithia thé EORe bul k

material 110 ring the o ressi.ve i nplant processes usef ul oduce a
plural | @%}na&e PRI S AR At Eﬁaﬁ%mgwq Herelhi ol | er
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to deternlne t he 0 erat| n routine. In this cont ene an i nput
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t enperat ure mte erature, mat eri.al wel | engt h), surface
F oughnewsterishdh BftatRd Bateosssie! theah egrean whE bl SRR, pe  or
i pl ant &lHo8RonddfoD0tHicRIYBERds BPmore depending on the implant energy (which determines
the cleave region thickness) and the effective thermal conductivity of the cleave region. In
accordance with certain embodiments of this invention, heating of the surface region includes

heating of either the EOR cleave region, the overlying film to be cleaved, or both.

[0090] In yet another example, extra cooling may be contributed by attaching a water
cooling system (not shown) at the bottom of the stage 120 and by attaching independent heat
sink to the mechanical clamps 130 to enhance conduction. More descriptions of a method of
temperature control during the cleaving processes for removing free-standing thick films

from bulk material will be seen in the specification below.

[0091] Figure 5 shows a simplified flow chart illustrating a method of temperature control
during cleaving processes for progressively removing free-standing films from a bulk
material according to an embodiment of the present invention. This figure is merely an

example, which should not unduly limit the scope of the claims. One of ordinary skill in the

26



and/ or subsequent cleaving at any specific tinme point, the controller

cal cul ates an optimzed control routine as an output wherein the operation
instructions are given to adjust duty factor of the inplant device 140
and/or to change the bottomtenperature using the stage 120 by adjusting
the backpressure and tenperature of the supplied gas 127 in the cavity 124,

[ 0088] Addbhldesdlghize nh Iy%ﬁaﬁdrﬁ”ﬂ'te@nativ@@ 26@ ddofida6ibnsl 6PhdmYythbe 280 so coupl ed
to one or nore externa roodllght heatlng source 141 above the surface
regi on ineludesohe fdlosving procwwspower  flux 146 towards the treatnment zone of the
bul kK material under processing. In another exanple, one or nore pul sed
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radi ati on reaching there for that the | ocal FOR damage increases the silicon
I R absop%{“i on coefficient. The instantaneous tenperature difference across
the |l ower thermal conductivity FOR region produces a shear stress that can
further reducé. Ribeay@o6e fiergrfeoaming ckoaeingiprodesses €if witheayystam 00@sses. [ 0089] As
anot her exanple, if the laser light is to be nostly absorbed within the FOR
darmage in the Wapoll t ave
regi on al ong ;ﬁ%%a§§évg§h$?%&MH§&ﬁ5er|pﬁera&l ehggg?gﬁﬂg%t?ﬁiﬂgﬁﬁb&
mat er i aprpeess € nbtaperceqliosexeprecesy; aidl | gener ate a high level of stress
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rel axation ti mrg%tz@mfor%e&mﬁ GlrBRY FolpREES f%ﬂk'm?(@ ftnl;\f'etsocfrf{@ﬁmpf 25
nanoseconds to m cr oseconds or nor e dependi ng on t nt energy
(whi ch skebackntd pescess 21 adeawardse giherwisd)isetdraek &) pmndssahé aacﬂbawandv.e t her mal
conductivity of the cleave region. In accordance with certain enbodi ments
of this n ei t her
he RSP ZEyah? BoaS il 8L oS AREs { BULE0 ARG 4n CRBbpARRLE

the present invention. Other alternatives can also be provided where processes are added one

or more processes are removed, or one or more processes are provided in a different sequence
without departing from the scope of the claims herein. Further details of the present

invention can be found throughout the present specification and more particularly below.

[0093] Referring to the Figure 5, the method 200 first includes a process step 210 to
preparing bulk material for cleaving to produce free-standing film. In accordance with
certain embodiments, the bulk material may comprise a semiconductor material such as
single crystal silicon, present as grown in the form of a bulk ingot. In another embodiment,
the butk material may be a large tile of polycrystalline silicon. In a specific embodiment, the
ingot materials and/or polycrystalline tiles may have a pre-processed body with a length and a
substantially circular or polygonal cross-section shape. The length of the bulk materials can
be predetermined to facilitate temperature controlled cleaving. For a bulk material with
uniform density, the length is equivalent to its weight. For example, for crystalline silicon

ingot, preferred length is about 5cm with a weight about 3 kg.
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(0090] In yet another exanple, extra cooling may be contributed by attaching
a water cooling system (not shown) at the bottom of the stage 120 and by
attachi ng i ndependent heat sink to the mechanical clanps 130 to enhance
conduction. Mre descriptions of a nethod of tenperature control during the
cl eavi ng processes for renoving free-standing thick filnms from bul k
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cl ai ns Hidfeminhoptians forarextptoaedsstepf t he present invention can be f ound
t hroughout the present specification and nore particularly below. [0093]

o st e S LSO LR o SRy o 210

accor damekided mhking a first groove on the bottom region of the bulk material. In a specific
embodiment, the first groove can be a close-looped one which is located near the edge of the
polygonal bottom. The first groove is designed to fit a gas-tight seal for creating an gas-layer
interface when the smoothened bottom region of the bulk material is engaged with the planar
surface of the stage. Additionally in one embodiment, the process 210 further includes
making a second groove on the peripheral side region of the bulk material at a pre-determined
position. The position of the second groove typically may be set below 30% of the length of
the bulk material measured from the bottom so that, at the next step, a mechanical clamp
device adapted to the groove can properly clamp the bulk material from the side region
without interfering the implant or cleaving process progressively performed up to 70% of the
bulk material from the surface region. In one example, the second groove may be a single
groove surrounding the peripheral side. In another example, there may be a group of grooves
located at various positions around the bulk material. In another embodiment, the process
210 may include making a lock structure at the bottom region for, at the next step, a

mechanical clamp device having a key structure to securely lock the bulk material on the

stage from the bottom.

[0096] The first process step 210 of the method 200 to prepare the bulk materials further

includes clamping the bulk material by a mechanical clamp device using the second groove
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certain enbodi nents, the bulk material may conprise a sem conductor materi al
such as single crystal silicon, present as grown in the formof a bulk
ingot. In another enbodinment, the bulk naterial nay be a large tile of
polycrystalline silicon. In a specific enbodinent, the ingot materials
and/ or polycrystalline tiles may have a pre-processed body with a I ength and

a s Ubsés%r@lélﬁﬂr) bdoovt! fHARAIRhatRelHBBARM ent RSBUIR S5l 130 8REbe JGrelPRIY N Of

the bulk materials can he predetermned to facilitate tenperature
cont r ol byetthe oleebariicr] clafgr devideurdm theet lettoad regiontvia ailick stroetdendintayspedihie | engt h

o of o reabamgtes SouBgnE s bt BUE TRty FResiRe 25 v fiame oot her
speci fi g ahadiaiB N hel@bRBR k1@ 1S iBHLK bBRER L Abn 1 P8 cAlphaMbRge pRfudes

using a variety of planarization processes to snoothen both the surface
regi on fuwfacpiidefcthe gtage seplatated atdy by e gaeadht skall 172, did gahéighiotealbld2riegi on f or

hol di t tage. ln yet h i fic_embodi nent ing th
pul k. magcBEaied b mpae fes Bpele Rt romonh ool Bt BeAndans DR part 1l e

| pl ant s\ pfaEE e3Band AthEx@BNiRe ERGteh B &0&{ 9Y4 BaebClRE, 98MOhabSERY the
i npl ant device 140 in the apparatus 100, to coll apse the surface roughness
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different options next process step 0 The first process step 210
of the thetstagel 1200ithanpnlepbdSeandra dutiekl A9atldheigab $27 cart breat cryagehiedesoamaki ng a

first groove on the bottomreqion of the bulk material. In a specific

enbodi nEMPCrAHE 'th’ngﬁ?l?Sg%f’egagﬁﬁnB%Lﬁat‘éq?ose-I ooped one which is |ocated near
the edge of the polygonal bottom The first groove is designed to fit a
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a pre-determned position. The position of 'the second groove typically may
be set {sebowlesB9 bor examnple i senedr device is shown in Figure 1 as sensor device 150.

[0098] In one embodiment, the one or more sensors operated by the sensor device include
temperature sensors for measuring temperature at the surface region, T, and the temperature
at the bottom region, Ty. In another embodiment, the one or more sensors also include a
position sensor to track the bulk material history during the cleaving processes by detecting
the surface region position of the bulk material which in turn provides the current length or
weight information of the bulk material. In yet another embodiment, the one or more sensors
include a pressure sensor to indicate the pressure within the cavity between the bulk material
bottom region and the stage surface. Collecting the sensor data or performing certain
measurements are carried at any given time point once the bulk material is prepared at
process 210 and till the final cleaving process is over (except certain cleaving process
criterion is not met that stop the process flow). The collected sensor data can be sent and
processed by a linked controller. For example, the controller 160 is included within the

apparatus 100 as shown in Figure 1.

29



the bulk material nmeasured fromthe bottomso that, at the next step, a
mechani cal clanp device adapted to the groove can properly clanp the bul k
material fromthe side region wthout interfering the inplant or cleaving
process progressively performed up to 70% of the bulk nmaterial fromthe
surface region. In one exanple, the second groove may be a single groove

surr OunﬂioPﬁq t 1Re BRICERNEA 303146 mbho@ 200 b u@é(ﬁ‘férmoﬁtrﬁltlé}% BrdtB tR&ea group of

grooves [ocated at various positions around rial. I'n another
enbodi meEnsor dateeaspnooms ©f a 2d&0paratyrd ﬁecdhmdb’feed&lrwgrcbpdncrokscskmmuctb ghangathet he

bot t f t th t step, . h I h k
ot r uor uETe eriwR R RSl B o dieita Erocen (helenEiGy B oA ot fom
]10096] %Hﬁefa&ﬁr@%a@ﬁ%%o@és@?ec?ﬁeo Afan },@sed"@é hed p3fR, ther&q&w&mﬁm aled K

materials further includes clanping the bul k material by a nechanical clanp
devi ce psinnfgr tHe:&iesle@prdcegs toneerat®, ds of thel lmiﬂpmgtemal/a th¢ suréace a¢ giew, madare ve
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regi on $ch8me dupétenhineabhs rphtinedp chmﬁm@mntewpeta’wem &g@usfemlealtoedf only by

a gas-tjght seal 122. as- t| 122 nfl to match the
i Sot glaBy et et iohnaedof medoh FofAregPaRTe 8 drefhars e P ace 121
and at - 1o SRl 1Re S BB LEn bl UM AR id athk3d uRahMERTD: LRI phidefRnhliRgbot t om
region 118 of the bulk material and the planar surface 121 of the stage
bei ng t heatkoq ratasito deatht orthdpuneartéereperatespiechd mebteftidibe mamet.i ght seal 122 is

secure enough, assisted with the nechanical clanp device, to hold a
hi gh- pr Pﬁ%]’ edb bf&é%&‘%&) 24Iﬁdﬂﬁé Ql'éihoﬁ%o ‘isht'h@n Eé&‘férhﬁédjtgéxecfu&r B delbdied €of . In

a specitic enbodinment, the planar surface of the stage 120 contains a
pl ur al i tontof raydise pasegelgémytspmmﬁrqm a@ll\reovunas gast 12 Znfeiblodungnt, théreordeli ty 124

with an a t essure. . The t ypi ca i s hydr.ogen..or helj.um gas
Suppl | ot I SHAn G eBRST s ot oS dRe B 6oyl eBtreP R e Rl P 82
an out | gly;1i39; coﬁb@ct%sarﬂd%nﬁﬁ&dﬂ%eﬁtttré}{sfé?gﬁt'ﬁ's CF& exaRiple, hE@c[H%FiE &lquired if
Alternatively the gas can be heated Referring back to Figure 5, once
t he bul theratrentitethpérstupe €piabeldvathd sd:tq:iomhtéfmt tn & bgecifst engleodmehtaeseshowmanpr ocess
st.ep a related to the

step 22 t erforned. In this
current q@tSHP%lqebefjn‘f?%aIBlﬂf% ﬁ'ﬁ? B O Q& THQTE e%%male{?fi@ﬂ‘t B‘g)*f‘b‘ﬁg‘%g S sensors
oper at efoQylights @RS %edjt%\ﬂeﬁﬁthe EQ¥fact84T0h 801 biBe SBISALteHAVIOSTdr? aBHRWN i N
Figure 1 as sensor device :
with a CW power flux 326. The controller may be linked to these external radiant sources
through a feedback loop to control the lamp current, on/off frequency, and spatial
contribution to heat the surface with desired ramp rate and uniformity. External radiant
sources may also include pulsed thermal sources 303 such laser pulsing sources for annealing

and cleave region enhancement through pulsed power flux 327.

[0101] In another embodiment, part of the cleaving process involves an ion implantation
process utilizing high energy particles generated by an implant device. Power flux 305 of the
high-energy particles bombarded on the surface region 301 tend to heat up the latter. The
controller may be linked to the implant device, for example the implant device 140 in the
apparatus 100, to control the duty factor, on/off frequency of the operation as well as the

beam size and scanning speed of the particle beam to control the heating during implantation.

[0102] In yet another embodiment, heat flow 306 can also come from the bottom region
309 to the surface region 301 by thermal conduction. The supporting stage 310 may be used

to drive or control the heat transfer by changing the bottom temperature. In one example, the

30



[0098] In one enbodi nent, the one or nore sensors operated by the sensor
device include tenperature sensors for neasuring tenperature at the surface
region, Ts, and the tenperature at the bottomregion, Th. In another

enbodi nent, the one or nore sensors also include a position sensor to track
the bulk material history during the cleaving processes by detecting the

surfacend e, Qﬁﬁilfeﬂ %oﬁéh HAEp M Kdf aPRkEioh %pl@(ﬂiaﬁan hitndalh prc@é‘sia‘fleS the

Be
current eng? wei ght i1 nformation of the bulk materia In yet anot her
enbodi nmnﬂa;netlmmdrmﬁacetmmreﬁmﬁsors i nclude a pressure sensor to indicate
the pressure within the cavity between the bulk material bottom region and

the staggofiur (P68 anbthbd RbIdNG ehthBea® BBROT06LaA 8158 coRB Tt H@lﬂghé‘eﬁfn ain ,
measurenents are carried at any given %I me point once the bulk materlal is
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For exafip l__ﬁf‘ath the &ﬂbﬁ%gﬁﬁtaﬁ@@aﬁ&ahﬂ@bﬂé@@s@ ameérmmeltemed ARRAE alMserA0R. as
shown in gure 29 [ 00991 The process step 230 of the nethod 200 is to

th t I t h dat
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t enper aﬁ&a&nﬁlfanﬂyh%rle%ﬂfngﬂw Riedihg HR Bot@aSlehPerabire 56 it (HeMRh@RY &t dupRcand/ or
cl eaving) tenperature based on a process recipe. At any specific tine

poi nt , te@@nrcbmmg@@mmmtmsoralmmg medess candre compedssséd: da ophas pesds,

terrpera ure of the the s ace
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data at abhm Etﬂdﬁ?the%ﬂkﬂa&e ﬁé‘gidn 08 th %feedo‘t’t%% @Qf%nBWC%%?ﬁ’cl@Ml}I Reecmatrol ler in
t he feedback/feedforward control schene to determne a bést routine to

change bcbt@rmmrrp@rﬁtumgmp@clabgcrmc gas miebssppledintedicoayitiTs] 5 batweehidet ar get  set

int, d/ t t tha d trol
Pout | nebStout Freigtasihec st does et ST FISTOFS By Bl daitighfirabd hf §ahine
fast est pREsuA ad }ﬁ%zﬁs POEHSE G ﬂi'e'i‘ﬁiﬁ catiB@le/ £astla ﬂﬂ:@tn@l%rc{n@) theagd n{d%ﬁé?dspr ocess

terrpera}tjure int nost efficient manner. [01001 The process step 240 of the
met hod 20&culss tdlbide wﬁhﬁhﬂmsmfacmowﬁémmb’ twb@ct@dmakﬂmrgyoﬂromohﬁl ne to

reach the set poi from |ven n an enbodi nent, the control
oo nebasrE realL Ao el fabs TasH e DobY iyelng Mg Sa e et et tmer o oo
utilizi pgidauled in@ln?freé ﬁé’th%h 88 chdn2BY § £G4thvRNe tlﬁe‘&vﬁ?ﬁ@i‘éﬁfﬂo%uﬁﬁfé thk hagsf er

paths. For exanple, heating is required if the current tenperature T, is

bel ow t transéet point Tp. In a specific enbodinent, as shown in the
sinmplified diagramof Figure 6, one or nore external radiant sources 302

such as{0105] In most cases, due to large thermal mass of the bulk material the cooling control
time constant by conduction through the stage is slower than the heating by radiant source or
particle bombardment on the surface region since the EOR region will develop a
progressively lower thermal conductivity upon implant and certain cleave plane formation
anneals and thus this layer will be more susceptible to surface heating. As the cleaving
process continues progressively, the bulk material length is reduced and so does its cooling
time constant. By utilizing the position sensor data that tracks the changing length, the
controller would be able to update the time constant and adjust other control paths if
necessary. Thus an updated optimum control routine for the upcoming cleaving process can

be generated.

[0106] In one embodiment, as the bulk material is thinning, the gas pressure within the
cavity may be lowered to reduce the thermal conductivity to slow down the cooling. In
another embodiment, the control scheme is design to accommodate all the rate processes to

keep the control loop stable and to achieve the fastest or at least pre-determined heat/cool
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floodlights can be used to heat the surface region 301 of the bulk material

300 fromabove wth a CWpower flux 326. The controller may be |inked to

t hese external radiant sources through a feedback |oop to control the |anp
current, on/off frequency, and spatial contribution to heat the surface with
desired ranp rate and uniformty. External radiant sources may al so include

pul sed xtath%lrtcggét et $srEd ?t%’ssstle'ﬁgeﬂa%@fn PHOS PSR YR GRS | Pdr &R %ﬁ:‘ FH& to2nd

cl eave reg ance nt th gh pul sed power flux 327. [010 n anot her
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process utili zi er enerat e | ant . devi ce.
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301 tenflskpwhtR @l difbe rle@udlﬁg tlertemaétaure%aﬂterr@tdn%e Pt Béng kg t o the inpl ant
device, for exanple the inplant device In the appafatus 100, to control

t he dutgvekdrt,\tlmg the@ﬂhpﬁfratufer@dqstepnbyat@boltdyelespefaatasmvsablwxelI as the beamsize
and scanni ng speed of the particle beamto control the heating during

i mpl ant ghpopn. Rete%%acknov r@@octxtastheesﬂ‘p@eﬂé t@ﬁl%paatt@qt lsfﬂemeée@ttﬁ%et al so cone

fromthe bottomregion to the surface region 0l b by thermal conducti on.
The suppocgss tenpsraiges Blﬂlermgcebestats 850 ofi the drethos 260 is pmfcvrmedtth@tattetm transfer

by changi t he bott t t he 30. heat
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certai “st%ka%"iﬁtﬂ%’sﬁk!hﬁ@&&agﬁﬁp@ﬂ' ﬁ@ﬁ&fee] tHeQFORks 250 MefuddNQIhting HeadiAENt , heat
fl ow 306 can al so cone from Joul & heating, inductive heating or the like.

One exarggloa 404 of shepouttle atatanigl 660 toteeﬁrbuplhrarm efrhigh-ehgrgp pagictey 48h. Irel ectric
current thr h the bul N, one exanpl e, he heat be suppli ed
©hr oughePrRauih Bygibutir SEbEinGs: high SR el POnCIn RPN PrSFRRlisRe cort ai n
el evat eﬂ|1e%beaﬁ@&ev‘i@emﬁ&l@hfé&‘%ncludeoal%ar h&teRPALN Oh-sHR AL CthaMAestp PRl 2 Of the
present invention, the stage nay be used predom nantly for cooling by

| ower i nglbt-lbrecebé)’of serpbwtfesIErauee teotndng bfttwgemgmlamgubr‘stesmﬁ@wt impglgiton
during the i n t|o . cl. roces . can sat | n, ot her

wor do” el B Ao B bl " dviall QRIS iF FiedRCy. A6 FRPe g R srbbe H qur o
6, heat reteg)@We@Ql?mbt%uQQH{es i@ the sudc@gﬂlﬁé‘ﬂeﬁsuﬁco%% Z6@9Fi%ﬁre391]s th@efoREjubOt t om
regi on 30 To efficiently lower the bottomtenperature Th, a cryogenl Cc gas

may be sughipdcof mfist sdwomprctcyssahﬂ nbetovteangartied aslohitiog dgioorse drede tane

cool ed ta e surf.ace 3 encloscij éey the gas-tight seal 313. Wth a
pressur CThyagRtiaRs. 5Y9difeafions, And plerpgiivES-cavity (e.g., of a few nicrons) the

fast nmoving gas nolecules collide with the two surfaces can effi ci ently
t r ansf e[0108ker imé spaedicggmbadomenthas shown in the simplified diagram of Figure 8, the

resulting implantation of the high energy particles 505 causes formation of a plurality of
gettering sites or an accumulation region within a cleave region 503. This cleave region 503
may be provided beneath the surface region 501 to define a thickness 510 of the bulk material
500 that is to be detached as a free-standing layer. Preferably, the first plurality of high-
energy particles provide an implant particle profile having a peak concentration and a base
spatially disposed within a depth of the bulk material. Of course there can be other

variations, modifications, and alternatives.

[0109] In one embodiment, the cleave region is maintained at a first temperature during the
implantation, for example in a range between about -100°C and 250°C, which can be
provided directly or indirectly. In one embodiment, the temperature can be controlled by the
apparatus 100. In another embodiment, the temperature may be controlled by performing
process steps 220, 230, and 240. Of course there can be other variations, modifications, and

alternatives.
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bottomregion 309 to the cold stage surface 311. By adjusting the gas
pressure, the gas nolecules nean free path can be changed relative to the
cavity height to optimze the heat transfer. [0105] In nost cases, due to

| arge thermal mass of the bulk material the cooling control tine constant
by conduction through the stage is slower than the heating by radi ant source

or parfyche '&ﬁ : | Sl Nem i il
devel opmgfélprggé%@gl %tﬁ%wﬁ?ﬁﬂ{’ %gﬁ%?(gggg!u}gzﬁlﬁl%&%%on ?Ign%{l S%%tglleg% glgicer tain
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heat i ng.
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than 30 setting nmay be used to allow the 1 np K material to reach
t he 300cdmtdhationenfsher ftmwe paftiaks eandwirtidnstane os randee utae dpeziiesgintl oe atoatiper at ur e
earlier than ihe pQi nt being r eg hed, overdriving the tenperature to keep
heat / cothecieycHespaiclpnean becdepiyed fipmeconpepdy suRbRe ERSehd- Hal¥dregsiigagur e 5,

once t h&zat%f“&%%?,%étﬁmeé%& %ﬁcﬁg%&ﬁ Jﬁglt °§§@§ g;gd ?ﬂs%e% ﬁe%‘t 2fmic HfLRE Eﬁ%eﬂe&f’ﬁ@é ature

Tp, the process step 2 e orned to Start
i mpl ant pptideegserdlly hace suffiarackinetidengagyt topeharatetibadghrteatwfat té thes present

i nvention, as ho in the sinplified diagramof Figure 7, the process 250
i ncl ude%el%cﬁgjdééﬁi‘ﬁggméthstg‘?%{@ée- regi on 401 of the bulk material 400 to a
first plurality of high-energy particles 405. In accordance with particul ar

enbodi nfiils], HRogdxaempds, ayingdytiogbess the smphntedapgdesethatimplansdtiog prédess isnpl ant
devi ce whi.ch may include a linear . accelerator. In-situ anneals that
i ncor poP%#Oémad uéag)aap%fgggetaf cuditions; Hosesepfgmplantpddyidregen san fagpeiren

I mpl ant 4Py S1RPR ARtk POB dtBRSRAL, and preferably the dose of implanted hydrogen is
less than about 8x10'® atoms/cm®. The energy of hydrogen implantation can range from
about 0.5 MeV to about 5 MeV and greater, for the formation of thick films useful for
photovoltaic applications. Implantation temperature ranges from about -100 C° to about 250
°C, and is preferably less than about 400 °C to avoid a possibility of hydrogen ions diffusing
out of the implanted silicon cleave region. The hydrogen ions can be selectively introduced
into the silicon wafer to the selected depth at an accuracy of about £0.03 to +3 microns. Of

course, the type of ion used and process conditions depend upon the application.

[0112] In a specific embodiment, a silicon film thickness ranges from about 15 pm to about
200 um may be formed using a proton implant having an energy range of about 1 MeV to
about 5 MeV. This thickness range allows the detachment of a thickness of a single-crystal
silicon that can be used as a free-standing silicon layer. Free-standing silicon layers having a
thickness range of 15-200 um according to embodiments of the present invention may be
used to replace conventional wafer sawing, etching, or polishing processes. Thus where a
conventional separation technique would be expected to result in a kerf loss of about 50%

(kerf loss as being defined as the material lost during the cutting and wafering operations),
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anneal s can also be made. As with all other steps in Figure 5 the steps 220
and 230 can be re-applied nunerous tines within the succeedi ng steps 250
and 260. Figure 5 is therefore just an exanple of a first set point process
and not to be regarded as limting. O course there can be other

vari ations, nodifications, and alternatives. [0108] Ina specific enbodi nent,

as ShOVWEfﬂg;ﬁ qied6n SdcBRlahfd Geth AhABHRARNRS offthOPfeSer inveRBon f&ﬁm hﬁgamm& antation

of the energy particles 505 causes formation of a plurality of

get t er i kgf bitessresultivginasubstantia togsaviegs ow imprdiiemeatsdh daveficiegéyoof 503. Thi s
cl eave regi.on 303 may be provided beneath the surface region 501 to define
a t hi ckmegealigizagon. he bulk material 500 that is to be detached as a
free-standing | ayer. Preferably, the first plurality of high- energy

parti cl pd1pfr oln aeoalancanplthnertpaembodieneprsoinplenthtao ewgrg’eqoleigkerdhméMaVat i on
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enbodi nent, the terrperature can be controlled by the apparatus 100. In

anot herlséﬁ%ﬂhhé?ﬂre the tenperature may be controlled by performing process
steps 220, 230, and 240. O course there can be other variations,

modi f i cpxlilépns Refemdng ﬂdwwlﬁ@nfa&&mb&amﬁ@ﬂs]&[thmpﬂmmg i peoorddnee evmthlthe:ati on,
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mat eri al t hat .t he, p rticles traver For exanp] e, the

smal | er plﬁé?ilgv %Qﬁrtsr partieley P %Q?éP@&efe&t petverke ﬁse)tgwl H@ata}eﬁbgﬁovgiwachar ged
(e.g., t

61 ot 1 oftaed Aok Ecr dBRGR! M hn B0k HEAEH S foP LA Qlon TR g Plticles

neut r al incr subbejugeichndar toedugnt mqjludatngl prOdSESs SIMS}ﬁSlﬁcleﬁl{boﬁhﬁ@itetﬁlsOf hydr ogen
and its isotopes, rare gas ions such as iumand its isotopes, and neon,

or ot hePEcess maydieiligp &1V eAdoeryss rﬁéﬁtlon matt é%énom/@oye thenwiriges Fe2iales can be
any Cog@f tthg H%a?fcoﬁaﬁta%gg 367 Pr@ﬁ:hﬂo(fl]oﬁrsto C%F%el%até 1%g§dﬁer | gfhgr@lsﬁé:&%e%{

speci es” an can rom conpounds
such astr%&@ﬁt,telﬁp@aturehylbuﬁg@ln@ﬁﬁwe heating flow 608 can also be utilized. For

example, the temperature control is performed with the apparatus 100.

[0115] In a specific embodiment, the process 260 of the method 200 further includes
subjecting the surface region of the bulk material to a second plurality of high energy
particles, as illustrated in the simplified diagram of Figure 9. The second plurality of high
energy particles 705 may be generated using an implant device, for example the implant
device 140 in apparatus 100 which may include a linear accelerator. As shown, the method
includes the second plurality of high energy particles 705, which are provided in the bulk
material 700. The second plurality of high energy particles 705 are introduced into the cleave
region 703, which increases a stress level of the cleave region from a first stress level to a
second stress level. In a specific embodiment, the second stress level is suitable for a
subsequent cleaving process. In a particular embodiment, the bulk material is maintained at a
second temperature, for example in a range between about 20°C and 500°C, which is higher

than the first temperature. For example, the second temperature is controlled by the
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wat er vapor, nethane, and hydrogen conpounds, and other |ight atom c nass
particles. The particles generally have sufficient kinetic energy to
penetrate through the surface to the selected depth underneath the surface.
[0111] For exanple, using hydrogen as the inplanted species, the

i npl antation process is perforned using a specific set of conditions. Doses
of i npl r ; hXn 163 3
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savings and.inprqvenents in t efficjiency of terial utilization. [0113]
I n accofBaefimen) the teraperature f AEelocte ﬁw%wgc?ri% CIEMAOGY FSIORPGMONOT han 5

Mev mié(tof?i?cr }ngf_?g%en%' %léyu%yg&%rggﬁ %?thgif tht UEL@é‘EeanO{?«hH@MIeP@mH@E Wmd O

fabricate andi ng rs-as substrates of alternative terirals in
t he f abdiffsioh ofi moho seomic twdiogenr Od evirse she type of doe usahaddrbugse coidisalsar
cells, however, free-standing material thickness of 200mor less is
gener al fl§peRdEpele appCRlPI Ref erring now to Figure 9, enbodi ments of the
met hod 200 in accordance with the

[0117] Specific embodiments of the present method may use a mass-selected high-energy

implant approach, which has the appropriate beam intensity. To be cqst-effective, the
implant beam current should be on the order of a few tens of milliamps of H' or H™ ion beam
current. If the system can implant sufficiently high energies, H," ions can also be
advantageously utilized for achieving higher dose rates. Such ion implant apparatuses have
been made recently available by the use of radio-frequency quadrupole linear accelerator
(RFQ-Linac) or Drift-Tube Linac (DTL), or RF-Focused Interdigitated (RFI) technology.
These are available from companies such as Accsys Technology Inc. of Pleasanton,

California, Linac Systems, LL.C of Albuquerque, NM 87109, and others.

[0118] Optionally, specific embodiments of the process 250 of the method 200 in
accordance with the present invention further include a thermal treatment process after the
implanting process. One particular embodiment uses a thermal process ranging from about
450 to about 600 Degrees Celsius for silicon material. In a preferred embodiment, the

thermal treatment can be performed by at least partially performing temperature control
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present invention may optionally performa thermal treatnent process on the
bulk material 600 to further formthe plurality of gettering sites within
the cl eave region 603. That is, the thernal treatnent process anneal s out
and/ or quenches the cleave region 603 to fix the plurality of first
particles in place in a defect network. The thermal treatnment provides a

fixed netward HH é’ﬁf 66d 540 bethe @Cﬂooa%ﬁgpfse'ﬁ% cahﬁo@%tﬁe%aﬁﬁfohe“ ng and

accunulating particles in a su equent and/or’ concurrent inplantation
pr ocessmodificaticmpemdfalternatibesdi ment, this process nmay be utilize CWand/ or
pul sed radi ati on heat 605 from above the surface region 601 and the heat

CondUCt@@fﬂ GRZfeMr%‘BaQQ%? fOs QH uctﬁ%grofc&’sfsesa&a'ﬁ'o%\{hmltﬁﬁ%g&%' 1ipgd heat

treat ment t'enperat ure Joueor heati ng fl ow 608 tan al so
uti | i zedherBonce thi aumidce, tempﬂalmwﬁasaeaahei toah¢ sedipracssyremperanere Ty thédr t he

apparatus 100. 1 ci fic enbodi nen t he rocess 0 of the

met hod POEFSt atﬁphgﬁ} of ﬁ'@ ol Q@Qﬂﬁ,pseff)m toisirians flsaung BEACEH- 65 OHEChUl K
mat ef | hele@af b3 ERAYaRhBlhdct iBhichl dRaaNEhEiespar ticles, as 1l ustrated in
t he sinpl |f|eg §| agram o?l Figure 9. The seconde pl urality of high energy
articl rat ed u5| an i ant device, for exanple the

Prrpl antﬁﬁa@ éépgﬁgcie%%a {J%mf dimpeaR 4?&96 PR thgRresent inygatioth e cel er at or .
As Sho"‘fﬁclhﬁar e&%ﬁ elfclié‘ﬁllelffé%%tzgﬁaﬁllgslﬁfé?rﬁglng a%ﬁ@alviﬁgyprgéesblmeemsr y. particles

705, whic ovided I n the mat ertal /700.” The second plurality of
hi gh enstamgiinglay¢riic free fidfiba permanaitroveyieg sippoo théreberl ez aleelike; egillstraté®, whi ch

increases_a stress level .of. the cleave reqi.on from.a first stress level to a
second fFiguE |le\/ey shopig, Qlesfffécﬁtamde@ﬁ%&ﬁﬁéﬁemwﬁ%frggb@ﬁaerg%m@g Uevel is

Sui tab'x%atfeﬂé 0. %HQ%ﬁéBﬂﬁé‘Emﬁ&ﬁ%\éhﬂ%e%ﬁF&%eld aft b@Za%Pf?ﬁHécﬁﬁsmr‘g?Od' ment, the

bul k materla IS mai ntalned at a second tenperature, for exanmple in a range
bet weencaulrolled Qle@mg];irdéé)@CThMDnﬂmllesl chiagimgrprodehaprovides tiselstted emgyey at ure. For

exanpl e, .t he second erature i s con rol |l ed t he 34 apparatus 100 and by
or 1 br nHMHBEATLhS 5oV Sgiomn d- ATl oL the RETP YL N HGROESad  and

pr ocesshagq;g% ldseRBeiRRS BdPéc{QI‘RrNé %%1%%'3%&1%8 'C%’ﬁtroﬁ&lé@hvﬁ%? ipageely drogen as the

species inplanted into bul k singlé crystal silicon nater In the second
i mpl ant ainiroonly epgrad tadilecoargunesis CogporatjpinaritSah Jose, falivess, ansl hesabfyor ned usi ng

a specjfic set, of conditio | mpl ant ati on dose ranges from about 5x 1015
to abou‘tnc%PorfGFdeY r&feé‘ﬂ“é:ﬁé% ‘”QF PYReFCHr & SRABIh q‘ﬁéth&gé%a‘?@r‘iaé‘g%wﬂ ﬁéﬁ about

1-5x 1044y h AeAldPReesd thidk; R ﬁ@l
greateréntzo&)tl out h/%r%/gggn%reat e?esf f(gérafrt Stﬁ t%g(r%gg?fq é’Laly%ﬁ( | s useful
f or phobudk alateaiat toaqupd pletalyi remsve theﬁ}@mtamiugelayat ©Ofcanrsbgthpreaan dedthmt about

variations, alternatives, and modifications.

[0121] Certain embodiments of the present invention may employ one or more patterned
regions to facilitate initiation of a cleaving action. Such approaches may include subjecting
the surface region of the semiconductor substrate to a first plurality of high energy particles
generated from a linear accelerator, to form a patterned region of a plurality of gettering sites
‘within a cleave region. In one embodiment of a method according to the present invention,
the cleave region is provided beneath the surface region to defined a thickness of material to
be detached. The semiconductor substrate is maintained at a first temperature. The method
also includes subjecting the semiconductor substrate to a treatment process, e.g., thermal
treatment. The method includes subjecting the surface region of the semiconductor substrate
to a second plurality of high energy particles, which have been provided to increase a stress
level of the cleave region from a first stress level to a second stresS level. The method

includes initiating the cleaving action at a selected region of the patterned region to detach a
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500 mi croanperes to about 50 mllianperes and a total dose rate can be
calculated by integrating an inplantation rate over the expanded beam area.
| mpl antation tenperature ranges from about 250 Degree Cel sius to about 550
Degrees Celsius, and is preferably greater than about 400 Degrees Cel sius.
The hydrogen ions can be selectively introduced into the silicon wafer to

the sel ggtigdl of@R it cittesabf RGENRBIE YA ridRGHE a Qlddink Prekedd £APMREiIng thed Specific
enbodi ment, the tenperature and dose are Selected to allow for efficient

conver sthinkness ofdatechablompisrinlebingredeadngmpioeesl ar hydrogen within the cl eave
region, while there may be sone diffusion of nono-atom c hydrogen. O

course, [(i1Dg] t $B&h @f)at'te@ﬁbcu&gﬂiar@@ehu@_ﬁ&cs@@fecmmédr'fa@e$o a deReAE IR WHehe
application. [0117] Specific enbodiments of the present nmethod may use a

mass- sethednigarian aypa snenaly davalopedtsingp highehdosgiand/ar thesmaltadgeipequancat e beam

intensity. To be.cost-effectiyv th iqpl.ant. beam current should be on the
or der _of ORe iR DL AR e e i e Pl R S0 o R0 (D (e Syt em
can i nph@iitioraliddsed r@RbAsito Bl (ROSoBh@Sing kieavd 208, (BNRLsSRNRBI oadyd ageousl y
utilized for achieving higher dose rates. Such ion inplant apparatuses have

been nadepth thebistclepved;and/gb(ie) bpatured cystallographidicteare plgnensymeanosipditke | i near

accel erator RFE i hac r Drift-Tube. Linac, (D or,. RF- Focused

ot or ai et meeds orpntag aisraitond ot EComiRtL A hineuindion BE EERMES such as
Acesys a@%ﬁ@{e@wgﬁ@@sedpgua{ RAR b regibd danQely iaprbid\@feraly ploi&ivityle® Of

Al buquer que, NM 87109, and others. [0118] Optionally, specific enbodi nents
of the preonpkotapsn ssystem by redicingdhe analidese nreded thadetachvgiatin filtn dropr theent

i nventi o%éﬁrt her include a thermal treatnment process after the inplanting
process?ll %eparticular enbodi ment uses a thermal process rangi ng from about
450 to about 600 Degrees Celsius for silicon material. In a preferred

enbodi mHH23] t Ascordingrtmalspe¢ibaembadiment gpreerpian ofthebighor-dased enitatiqpaared al | y
perform.ng t t | . r 220, 23 and 0 _of the method
oo, of e SERE AL Re RO R e RO BGF BRRDHE T o BBy £ s

al t er nagrey @6se, wmaﬁaatmgftﬁé felghtgh dddPfedabinFil@uegioh forl 18€alizk e fikh Rigtaph@E@SSEs can
occur within system 10 where once the surface tenperature T, is reached to

t he set The dejeduneangpgnehendcgp@plighedtimsitu furdrgeibe inplaptatien bedm prsesse OhdfEr 200 i s

perfornmed tq start the c¢leaying process, cqurse.  there can her

Vari ot DR R AR R RS S s S Bror AP BB P Bsf b et of

a met hotheistutasiAE dafifnWefibnt Mgy BE BBl td 41M8NprediBe and controlled localized film
detachment and avoid overheating or damaging the layer immediately after cleaving has

occurred.

[0124] Specific embodiments of the present method can perform other processes. For
example, the method can place the free-standing layer in contact with a support member,
which is later processed. Additionally or optionally, a method in accordance with an
embodiment of the present invention performs one or more processes on the bulk material
before subjecting the surface region to the first plurality of high-energy particles. Depending
upon the particular embodiment, the processes can be for the formation of photovoltaic cells,
integrated circuits, optical devices, any combination of these, and the like. Of course, there

can be other variations, modifications, and alternatives.

[0125] The thickness of the free-standing material may be varied from 15 microns or less to
200 microns in accordance with the embodiments of present invention. For example,
cleavage of about 70% of the thickness of a silicon ingot utilizing techniques may produces
350 free-standing single crystal silicon films, each having a thickness of 100 um. As 1 m?

represents about 45 tile surfaces having an area of 15 cm x 15 cm, a total silicon surface area
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includes a step of freeing the free-standing | ayer using a cl eaving process,

while the free- standing layer is free froma permanent overlying support

menber or the like, as illustrated by Figure 11. As shown, the

free-standing | ayer 810 is renoved fromthe remaining bulk material 800. In

a specific enbodinent, the step of freeing can be perforned using a

cont r ol %Fefﬁoﬁﬂ ﬁ@‘ﬁ{”bﬂ?%%&?d%éed B8 Wﬁ&{ﬁk 'cﬁnﬁhfék%ﬁ%’dt.”ﬁ‘h@'&ﬂ%@%s Mtﬁéf hdes a

sel ected energy wthin a portion o e cl eave Tegion. merely an

exanpl estaridigy martinbik fexthet Ipece¢sdsed tppoeeies hiflagudiee semiesaduchedndteridlf&. Pat ent

No. 6,013,563 tit]ed Controlled, deaving Process, comonly assigned to

Si | i condREAsRKnsueh aHBRIP YA RICGHevEsSH 33%&/@4&@ it Aled CirgiHEs, HePedkpeing,

i ncor pogat: POSES -sho

accor da“ghegllielgc\g/jrvlldtla1 Etoggﬁb%{er%%gﬁ##%%tﬁ!#’ ? %%lgpr estgﬁ?é‘lngé\}é% %&nnbt?gl g@snhé}ﬁ}éésg’

f r ee- st ardithers.t One kmbsdineht dfwhe ipeagert rigthed proeidedfdrkingid @ystal siieondonpl et el y

renove the free_-stp%gdi nﬁ layer. O cours&gt,her% can be other . variations,

al t er nabighlyefficiert nhgtaveltais cflbyamongmarbers. EaHain e beAIFdiES A OB inkigkdese esent

7V e | S8 BRI A RLIRE eRRULE M colltons. Wy diciehd tate 11 L1 ation
action. Suc

of a cleavi approaches may include subjecting the surface

region of the _sem conductor substrate to a.first plurality of high energy

parti cl Bd26geRe l%gacﬁdﬂ]ﬂae l'rslgh@ai aﬁe&&;@%@s rfr,eetsgan'fislrg_rﬁlal isateed frﬁé’dt%Fegi on

of 2 Pl hiRlyidiotia thodRbEE bAToSk Sethdld 408 B Pol L FRPo LBl fBuladprcine enbodi ment
t ho the p e

of a nme accordi'ng to resent invention, t eave region is
pr ovi deprodetirgbdhe dieoUrdeatandimpfilons ih pratetiioechode.t This lppeess ntluded erial to

be detached. The sem conductor substira is nmaintajned at. a_first
t enper afe@figg twswwseﬁorﬁﬁ@@ idﬁtémla‘ééft fga eAiRing @ulkh@a@e#i ig fsethepg0%

substr aBForEanaq b%lfketﬁﬁtgﬁﬁt. IPﬁl?&%%rQanslﬁteg'to d%t@@[rtﬂ@ienﬁghro?% H{ainiﬂ-%] uiret hod

i ncl udes subjecting the surface region of the sem conductor substrate to a
second miaterial dridyconfpate whh @reestgryd paginelclergh. Ghce thelsarn®r bedmgindicatde thet o
i ncrease a_stress I%\]/iﬁ?le of the cleave regjron frowa firsé Stress level to a

second SPEOLL reayaing bffemaierinbid loss HanPes 1 sanketlpigcaniene Figals iy action at
a se eCtambBbRiindhe piSAARIRANAG, HL M . AfTAGH: Buf Q4! AR Of the

t hi ckness ot detachable materi ing a Cleaving process an ei ng the
t hi cknessnaiiingl 30%aifald eulkaiateriahhotudeavgd aarcbemnirngd forthe exst.as highP@purSiccdh a

patterned j npl ant sequence subjects the surface t dose vari ati on, where
the i ni RRRHEGHIILD POIU R rr«s?* bﬂ@bg}%@h?qa §Ieﬁ§mg- ﬁﬁ@ﬁ BPSIHER EFNSAFFFHHNE her mal

budget SRAURRGE: theTeRRAGKH HAR npafter%akf'%nﬁ{hééﬂd?gt}ﬁﬁ%ggﬁ BmEABRDES RabiDR
cl eavi ng action can occur- using: (I addi ti1onal "dosed regions to guide the
pr opagathengxtgprecese step evith, th¢ rdnjaisihg sk matatialolln tueotherispecific embodiment, the
position sensor may partially provide a new input data related to the thermal capacity of the
remaining bulk material. The new input data can be processed to determine the updated

control routine for the next process step.

[0127] The next process step 280 of the method 200 includes checking more sensor data
related to the remaining bulk material, which is also related to the application of the method
to manufacture one or more free-standing films in production mode. In this process step,
surface roughness of the surface region of the remaining bulk material is inspected. The
process 280 includes utilizing one or more in-situ probes to measure the surface roughness of
the remaining bulk material. The measured surface roughness parameter (or other properties
including surface defects) may be compared with predetermined criterion. In one
embodiment, at the process 280 the criterion may be met, indicating also the quality of the
cleaved film is acceptable and the remaining bulk material may be capable of being applied
with a new cleaving process cycle. The process flow of the method 200 may be set back to

the process step 220, followed by the processes 230, 240, 250, and 260 again.
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depth that is cleaved, and/or (iii) a natural crystall ographic cleave pl ane.
Sonme or nost of the area may be inplanted at a | esser dose (or not

i npl anted at all) depending on the particular cleaving technique used. Such
| ower dosed regions can help inprove overall productivity of the

i npl antation system by reducing the total dose needed to detach each film

f rom ¢ h@12@UR fiRliRr kB RlentGetdhaids! BRANSPARKE b TRRGE FRAlIndiBANAY &t i on

of the higher-dosed initiation area can be facilitated by the use of the

i npl ant thet theswéamaftesdédvingmsy nedd tabeoserslingd onthedmdlematesial seedataless; whi l e
heating the i on and preparjng the reqi for localized.fil mdetachnent.
The. deCBERTE: THEchTORB® SBEGHET INeRt NoSLIGPEADa DAY R SEeck fplts Pt hoam
processy10kh&E b Slirfade TR AFdQRe kb?ﬁdi'ﬁn?bﬁﬂ‘(%&t@ﬁﬁ rhd}eBdRIpliBd OGS Step. Use
,of a sensor to neasure and feed back he state of the initiation region,

may be ¢xemplaiwhich mby bewepativelysiglapest,abesurbick épdrfocmed 2 eetdpiping andér achnent
and avoi d. pver heat i ng or, damagi t.h ayer .imedi ately after cleaying has
occur 1 cRp ISP aRmSphd i o BRERA Fiers b Peeshas BPesis Ot REUR £ BaE Br m

ot her PRACRIEHRScesERich £XAMR/tBe idnNRaMBLIRPS e fRAsiAL A6, bPBerféranshindhing | ayer
in contact wwth a support menber, which is later processed. Additionally or

opt i onadflths swufaretdradding adbmentwifung Wiyehbyaspin-enidoplsttenm, eisf mah be perdorared

i nventi on Herf%ims éne or. nore glrrgces%es on the bulk material before

subj ect Prfglamse R P REE e Up! PRETFTPRIS BPtural ity of hi gh- ener gy
particles. Depending upon the particul ar enmbodi nent, the processes can be
for t hel0fd9]matigure X shomstaowmblifi¢dschemhtss viewrnf gy farmatian ofcupluslitopf fresal

devi ces : onbi nati on. of these, and the.like. cours there can be
ot her virTiRs SRS S 3n PR eHE IR ar G e S snDod R PR e c knass of
the fregveitrRndisngdEyshl dlicdPingb®00akhBits b 8fhal M&kh&RD Blenl &&kPhds0 200
mcrons in accordance with the enbodi ments of present invention. For

exanpl elatera |dgnensipms of 1alooux 17090 ofs thidensity ok piogls cwystal sgidondoabaung sl

utilizing, technigu r.poduces 0..free-st andi i cryst al siIivcon
s G e MRS of T RAR SRR Rerysg Sifo R RS R TSR 2eio 2R 25 1T
sur f acephiiayeAdgdBf MRA 70% cfIhEMickndse oFBuchAng QLA ilizingQbchnitflegce area 37 of
about 7.8 nR can be produced from 70% of a 5 cmthick ingot. The thickness

of the docemlingtoazmbiodynends efr thepresentfinventien, prodres sEbfrewmstonding sioghs dnysid
qual ity .sem con tor terial. for |icatiaon such as photovaoltaic
dovi cessiiGh e 10 Achiatng e dickress of T MRCAsaoRS B erts Semtagtiot or
subst r al 2R WAN Bplddr dr&o £ B2 KOBAYE LaAbtaf S YESES 280 ¥re§ QFRbARY! 12 O4n eSS e,
produced from 70% of a 5 cm thick ingot. The remaining 30% of the ingot not cleaved to
form single crystal silicon, can be returned to the melt as highly purified starting material to

produce a fresh ingot for cleaving.

[0130] In accordance with an alternative embodiment of the present invention, a seed layer
may further provide for layering of a hetero-structure epitaxial process. The hetero-structure
epitaxial process can be used to form thin multi-junction photovoltaic cells, among others.
Merely as an example, GaAs and GalnP layers may be deposited heteroepitaxially onto a
germanium seed layer, which is a free-standing layer formed using an implant process

according to an embodiment of the present invention.

[0131] While the above is a full description of the specific embodiments, various
modifications, alternative constructions, and equivalents may be used. For example, while
the preceding embodiments above show the bulk material in direct contact with a temperature

control stage, this is not required by the present invention. In accordance with alternative
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and others. One enbodi nent of the present method provides for single crystal
silicon for highly efficient photovoltaic cells anong others. Certain
enbodi ments use a lowinitial dose of energetic particles, which allows the
process to be cost effective and efficient. [0126] Referring back to the
Figure 5 after each of the free-standing filmis freed fromthe bulk

Mat er i almid¥en B9 Ge&oto/ for@bn bi'de BalkNAsteB N oTRMbLR &Rl ké Sfladdipter oParti cul arly
for producing one or nore free-standing films in production node. This

pr ocessinfenfataiplets intepmelliatg betveeep dlad il masazias and Hatempayatdest @mtrohstagd. t he
remai ning bulk material is less than 30% of original bulk material. It also

is tranghgjjedrigreda@BACE shdig vhenata pR;acEe@Qo E&Hﬁhgh'&ﬁlkbﬂht'énal%tae” al and
conpar e vvlth the stored original ength. Once the sensor reading indicates

the | etgpbrapire canies maggtaﬂmm Ry nmﬂoedmwmtsuaf theepresemhrvegdon. Theenalndiment| er can

d th th

"ol i 00 16 13t BTt S el PP SRR o e Mo SR PPl eaved
can be Figk HaheRl sQedifred fmdlfec%od%a@wlﬂﬁ aw hﬁg@ﬂateﬁ{@fa&m@@oma@l%uai to produce
a fresh bulk material for cleaving E05|t|on sensor readi ng

i ndi catedizings clanp engagangvith atmtqh lnﬂleeﬁid%@f thehgkmmaterigtor e t han 30% the
nmet hod 200 | eads to the next process step with the remaining bulk material.

I n anot jpgs3 SpB?'cBh@as@ﬁH@&hB&ﬁﬁwanfFl%tﬂQSBB'Lﬁﬂzé%ed?lsﬁfapﬂéﬁ}zﬂa&aIﬂO%thS provi de a
new i nput data related to the thernma capaC|t3éof the Tremaining bulk

mat er i ajecurthe lmw surfp@ﬁt 120 af o site @slkpm@@eslééa wiilipenga trieretaitieg ghidat ed

control e t.he nex 0 The,.ne ocess step 280
of "t he. HEbhduMBnptfinum Rt imBRRR gndh S ue i dienhy PR in B SRRt

remai ni mh@y&nkonﬁraf Bkt buMhi R nbﬁrealﬁ&i rlﬁlaﬁ&@duwerhb&hﬁemsl hahigerof the
met hod to manufacture one or nore free-standing filns in productlon node.

I n t hi splptesoelddeshegpme See dsaceeveabigase funothe bhtors spffacseofitbglilsn of t he
remai ning bulk material is inspected. The process 280 includes utilizing

one or B4 | ThépiricBhORESodiReABFTISRe | BB aklshewe tHeQdapeeslistetavinghie
remai ning bulk material. The neasured surface ronghness par aneter (or other

pr oper t haseh 1328%c I Thil isglsouof rguiredand the) adanipr plateqisap apelevaistieh pretekt er mi ned
criterion. In one enbodinent, at the process 280 the criterion may be net,

i ndi cat jongsjal Butd B Clstdwsttie fe- ddagter Fla&adéﬂﬂguﬂahﬁh bfFiaafeBmRbaren@ 4 he
remai ni ng bulk material may be capabl e of being applied wth a new cleaving

pr oces stegypetagire Wér%lueé@bw mewﬁ@allst filee WPWD&CQ OOpPoraly that ik eentaeioidthitbe t he
process,.st.ep fao X ocesses 250 3 agai n.
Por2e) 15 ShefabiedRhutd Rhs P iphe P RiRE B Rl iiRres FPwe RERRED Pt be
met, i NdheC@inpBfiture controlled chuck is configured to expose a backside of the adapter to a

cooling gas, thereby controlling its temperature and a temperature of the tile in contact

therewith.

[0136] Depending on the environment of the adapter plate, different adapter clamping can
be used. For example, atmospheric applications could allow the use of vacuum chucking. In
the particular embodiment of Figure 13C, the adapter is maintained in contact with the chuck
through suction only, as no clamp is shown engaged with the clamp groove of the adapter. In
other embodiments, however, a clamp could engage with the clamp groove of the adapter to
ensure secure contact between the adapter and temperature control stage. In accordance with
still other embodiments, the adapter plate could be secured to the temperature control chuck

utilizing an applied vacuum or electrostatic forces.

[0137] Figure 13D shows a simplified cross-sectional view of still another configuration in
accordance with the present invention, wherein surface 1330a of adaptor plate 1330 facing

the tile 1324, includes a recess 1332 configured to receive an o-ring 1334, Recess 1332 is
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that the surface after cleaving may need to be repaired or the bulk material
needs to be re- prepared. The process flow now thus, at |east partially, my
be set back to the process step 210 where a surface treatnent for the

remai ning bulk material may be applied. In one exanple, which may be
relatively high cost, the surface is perfornmed a re-|lapping and/or re-
pol i shing:tr todod B | LS. f r : . s 210.
' anot PR iReagt ribion 1193, MAGERRe mbol Ropich L3¢, TiFks ERORBREEL, Th o

i ncr eastetgs dd3Bserads e bhlgrtahol e oeingtih pthce dfut hlsﬁ seved ?omnﬁge a@dgﬁrwlgll a thin
snoot hing | ayer by spin-on, deposition, etc, nmay be perfarne to coll apse

t he sur@é]tb%h}yedet@mgluammhpn thednteripn Tggiogd 336 Whsn the 8?2@? apapjer BattArshows a
sinplif&%ge¢ﬁgﬁgg{ic view of the formation of a plurality of free- standing
films out o ul'’k material in accordance with one enbodi nrent of the

present invention, Single crystal si]icon_ingqot 900 exhihits an original
Dhi ckneld38k i kRt the tlegdaptegplaisrron Gaatpn qgﬁ) igHTex! 315 seire i & he

et _yteg{pe&hﬂgl:@mfamélaltcﬁhaéié ERMR FORL oPhE 2da feT fFBsisd g o&tgi_cg Btjpof this

bul k single crysta I con terral 1s 15x 15x5 Thus,
cl eavageontdct adith e 710%4s aéaledegdidst ek nasg pokit®uedhin augotss 90 thettbimperatung

techni ques _accordi t o enbodi nment f the present invention, produces 350
free-sﬁfaqmpHsff %hlwgi Qgeﬁweﬂturesqanreﬁ?ﬁo crhuFQgS PRHEUEA h CFRRF GRSt iogﬁhﬁess of
100 m t N L 15 cm x
15 om  Anpler Tfa CRPAEREC Rerpliotinu s o B R e e o

70% of wleFhatig infvoataci withe ablapter plawl ni ng 30% of the ingot not cleaved to
formsingle crystal silicon, can be returned to the nelt as highly purified

startin {er : D4 t ' :

accorda égghﬁ?L@%ﬁ&gPPg%g%p§®gﬁg%@§§?w§gggb?kgﬁg&%ﬁgggﬁgapkgéﬁg%gﬁ? a seed

| ayer with tHewhublentilpzioy & dnfposonifigyiedito gngage svithehe clamptgroatetthat iepichied il
process. The hetero-structure . epitaxja rocess can be used to formthin
mul ti - | ﬁlﬁéﬁe&gﬂﬁrﬂ@@%pk@ﬁ- d higismet reaﬁﬁ%b&*ﬁ@ﬁ@?m RO, bRV ERaMDI e, GaAs
and Gal pRg) _@reﬁle?% Ak Hleng térﬁﬁat@@&ﬁ?%@@é%@éﬂ Bl thy teffefatfire HfERALUM Seed

| ayer, Ich 1's a free-standi'ng layer fornmed using an I nplant process

accor di miiiy éhereappedicheanforekample aprappksdt vacowent eleotroft@ifbicevhi | e t he above
is a full description of the specific enbodi nents, various nodifications,

al ter ”a@ggﬂn;%m{é | LABSve 1%@%e%ﬁé&%ﬂ%ﬁéﬁs@%l&%d%gﬁencg QF st%ésg'ﬂl?}" e, while

the pre ments above s mat er | I'n direct contact

with a tenfpestamwfany elententl of stepgdesctibedas welhad otherquayelst syd.t Addpioasbnt

| nvent| é)e?t'ainI sr':epascrr(ia?yr geapo(inebi\rll\écf Qnd%rte?irmqgétiecy gep%gding upon the embodiment.
Furthermore, the particles of hydrogen can be replaced using co-implantation of helium and
hydrogen ions to allow for formation of the cleave plane with a modified dose and/or
cleaving properties according to alternative embodiments. Another form of co-implantation
involves substituting deuterium instead of hydrogen in one or more of the implant sub-steps.
Deuteron implantation into silicon at 1-10 MeV produces about 3 times more atomic
displacements and thus may be more efficient in forming the plurality of gettering sites
within the cleave region 603 in Fig. 9. Of course there can be other variations, modifications,
and alternatives. For example, the second accumulation implant can be substituted by a
hydrogenation or deuteration step where getter region accumulation by hydrogen or
deuterium occurs by a diffusion process. Therefore, the above description and illustrations

should not be taken as limiting the scope of the present invention which is defined by the

appended claims.

[0141] It is also understood that the examples and embodiments described herein are for

illustrative purposes only and that various modifications or changes in light thereof will be
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enbodi nents, a bottom portion of the bulk material could be secured to an
adapter or interface plate internedi ate between the bulk material and the
tenperature control stage. [0132] Figures 13A-E show various approaches to
securing a bulk material to a tenperature control stage taken by

enbodi nents of the present invention. The enbodi nent of Figure 13A is

anal 0904‘152 éﬁfidttag)terseﬁﬂ'ﬂlg&fln% 52 9hd BR Yo bm[ﬁeﬁ withén BRL ﬁ'fpap&)gﬁfv?&v gf the
bul k mat F secure |rect contact wth an o-ri o} tenmperature
cont r ol thshappkcationtand s@ipef shecdppepdedrod@msng with a notch in the side of the
bul k material. [0133] By contrast, the enbodi nent of Figure 13B utilizes an
adapter plate 1320 that is secured a |ower surface 1322a of a tile (bul k
material) 1322 utilizing a tile retaining glue 1326. In this particular
enbodi ment, the adapter plate is slightly smaller than the surface area of
the bottomof the tile, but this is not required. In alternative

enbodi nents, the adapter plate could be the sane size as, or even bigger
than, the bottom surface of the tile. [0134] The particul ar enbodi nent of
Figure 13B al so shows the adapter plate having a notch 1328. This is al so
not required, and the adapter plate need not have such a notch. [0135]
Figure 13C shows the til e-adapter plate configuration of Figure 13B, secured
to a tenperature controlled chuck. Specifically, the adapter face opposite
that in contact with the tile, is sealed against an o-ring positioned in a
recess of the tenperature controlled chuck. The tenperature controlled
chuck is configured to expose a backside of the adapter to a cooling gas,
thereby controlling its tenperature and a tenperature of the tile in contact
therewith. [0136] Dependi ng on the environnment of the adapter plate,

di fferent adapter clanping can be used. For exanple, atnospheric
applications could allow the use of vacuum chucking. In the particular
enbodi ment of Figure 13C, the adapter is maintained in contact with the
chuck through suction only, as no clanp is shown engaged with the clanp
groove of the adapter. In other enbodinents, however, a clanp could engage
with the clanp groove of the adapter to ensure secure contact between the
adapter and tenperature control stage. In accordance with still other
enbodi nents, the adapter plate could be secured to the tenperature contro
chuck wutilizing an applied vacuumor electrostatic forces. [0137] Figure
13D shows a sinplified cross-sectional view of still another configuration
in accordance with the present invention, wherein surface 1330a of adaptor
plate 1330 facing the tile 1324, includes a recess 1332 configured to
receive an o-ring 1334. Recess 1332 is
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40 positioned inside edge region 1334, and encloses interior region 1336. In
this enbodinent, recess 1332 serves not only to hold the o-ring in place,
but al so serves to confine any spread of the tile retaining glue within the
interior region 1336, when the tile and adapter plate are bonded together.
101381 Figure 13E shows the tile-adapter plate configuration of Figure 13D,
Sec“redwﬁﬂA?lSEf, .e controlled chuck. Specifically, the face of the
adapter—Uppbsrteggﬁggig%ich isin contact with the tile, is seal ed agai nst
an o-ring positioned in a recess of the tenperature controlled chuck. The

t ender at ur e coAhnppdreds Edruedpérstueoaintigliofdatudacuead ehiak it losdtelealgfthe he
adapter to a cooling gas, thereby controlling its tenperature as well as a

t enper atAPABTSICOMPEISINET | ¢ that is in contact with the adapter plate. [01391

I n the parti gnée%g, fo : i Bl ' in
cont3act Wi t"fﬁa%%w?mﬁgﬂi ut %?éz}lsﬁgh%u%}a%%gglo P‘ ?%lgl?g%@? {eoﬁ%é:}gdﬁ %&ﬁ‘%ﬂﬁghe

cl anp ghdbwetdriabhavisg & surddcedegion, at dide regide, ofd 4 bretoadmgicey, thel sadearegidhj s i s not
requi red by the present invention, haogwever, and. in .alternative. enbodi nents
t he gada‘i?ﬁt@lm ﬁgma@ﬁp Juieeedegign @g,ovtugng ﬁéo{"éﬁp&r"éﬁtﬁfﬂga &‘SP{P e Apetkiia
utilg zing, | V, m or el ectrostatic
forcde. %i’%%ﬁkgtﬁﬁigﬁgﬁ&%ge% %\%ggﬁggngggﬁglgg@grsihggﬁ Iﬁgﬂléﬁg a selected
sequkence of smegwmnicahylampalebicoadaped ofengage thé bottorh segdn of thp bulkenateridded as
wel | as ofhers may. be ed. Additionally, certain ste may be conbi ned
and/%r @nfwhqa%réarfa@p@ﬁg? ﬁt@gfnwh thatdneshilo avefighl o inp YRt Chge, with €particles
of dr J - ) L : I dr ogen
ons” ¢ PR SR o HERRAEACraRb Bnie ARER I Bt bR oy " 2l or
cl eBvi ngaterielparditheplaamrcarfdtangf the stagd ehilatheserfecdregionmefitis. buli atakeeial fsor m of
co-inplantat%gp i nvol ves substituting deuteriuminstead of hydrogen in one
or or esubstaptily s¥pPssdh sub-steps. Deuteron inplantation into silicon at
1-1fh MeV progduges c%@%?co?fﬁ%xh@@?q HRiGred f%mfo%rau% %Qﬂu@%?%%?fa@é‘fétg[]o?ﬂ%e”ay be
nore efficient 1n formng e plurality of gettering sites w¢thin the

cl elve seagiraievia®Being aHaged b gebracwatr imputidaer,e can be ot her vari ations,
nodj fications,, and alternatives. For exanple,, second accumnul ati on

th
i mplant can HemY devige eepipgpred oy Pagélﬁakan@h%f)f selwrdituef Batiseep where
getfer {h?%g;bg?%f;ﬁl%&’é 88 OO YAERI SN oftﬂ%hﬁﬁ%éig?iacms by a diffusion

process. ore, the above description and iTlustrations should not be
takeh as | i m tom@lleheordigod tofredehe the epandata aveprocas thinpie dasa Wahéreed by the
appended cl

17

aj ns. . .
and/or ciecrease the temperature value of the surface region of the bulk material through at
18  least the interface region between the planar surface of the stage and the bottom region of the

19  bulk material.

1 2. The apparatus of claim 1 wherein the mechanical clamp device is configured to
2 engage one or more grooves on the side region of the bulk material for clamping the bulk

3 material on the planar surface of the stage, wherein the one or more grooves are present in
4  one of a side of an adapter plate or in a homogenous portion of the bulk material.

1 3. The apparatus of claim 2 wherein the one or more grooves on the side region may
2 be connected to surround the side region or may be three or more isolated grooves on the side

3 region with proper locations for stable clamping.

1 4. The apparatus of claim 2 wherein the one or more grooves for clamping the bulk
2 material are located within 30% of the length of the bulk material from the bottom region

3 allowing the 70% bulk material from the surface region to be cleaved without interference
4  with said grooves.
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101411 It is also understood that the exanpl es and enbodi nents descri bed
herein are for illustrative purposes only and that various nodifications or
changes in light thereof will be 41 suggested to persons skilled in the art
and are to be included within the spirit and purview of this application
and scope of the appended clainms. 42 WHAT IS CLAIMED IS: 1 1. An apparatus
for 4 enperat yr?hé%%ﬂ)%fa%s Sl IRNULAGEI 1he SirfdcB 'r@%forf bi e 'Eﬁ%kerﬁht@hﬁ coblpfises?

appar atus conpri si a stage conprising a planar surtace supporting a
bul k6 rraaphanzalzedeux’rﬁaa:eltmﬁdcaln’atedhe inmgantpréuekk mat erial having a surface region,
a side regi on and a bottomregion, the side region, 5 bottomregion, and

t he surface on provi une. of materi.a h unme of miterlal 6
havig a | eyt ASEPRr LI IR RO St Shothe bulfan Ry Gowta on

a ”%Cha&blﬁﬁérlz%!iéﬁ%dé%f &f‘ga?&?%ﬁf’th&?la%@ﬂﬁﬂﬁcé B?th@‘gfatgé’m region of the bul k
material 8 to the planar face of the stage suchthat the bulk materi al

is in physical contact with the 9 planar surface for thermal energy to
t r anlsf er throughe appaiatescofickaim wgérom theiniéave r¢giom fdrined 20 thediudk materiahd t he

r surface. of the esuface region of.the bulk material is
b e s Sy S el VICE CORfTS Bty BT a
t ermﬁr aditlRed BY H@10RE- 15&5% SeH] fbéﬁ\%eﬁ ﬁgleﬁ’sﬂ 1pa1tt 1€ the b3 tt8RNE Llon IF YT RlaRGiIafdaPT €d
to generate an input data; 14 an inplant device configured to perform
|rrpléhntatdpmtQfﬁhaplpharrsatfa¢e§/ofdhe glage.i cl es 15 through one or nore portions of
the surface region of the bulk material; and 16 a controller configured to

receivethe'n t data a r sth 0|n ase . 17 and/ or
P MR T S S R SR A Rt e T
thr 0219hvi@fnit%%f'tk@ao%tttoﬁnh%gioﬂtdﬂﬁeqﬁﬁkfn%ﬂz'ri%ﬂ between the planar surface of the
stage and the bottomregion of the 19 bulk material. 1 2. The apparatus of

claim1 wherein the nmechani cal clanp device is configured to 2 engage one
or nbre groo%ethowppatausoigdaimeyivbereu¥the havityheightaagrrarnge from 3ohisngisig t he

bul 3 terial on the planar surface of the stage, wherein the one or nore
gro BY¥Bsent in 4 one of a side of an adapter plate or in a
hom)genous portion of the bulk material. 1 3. The apparatus of claim?2

whergi n the pnETRY apPRfausBTRENAS WhertidehS pldBar s@Eth&NoMAY stage within the cavity

2 comprises one or more gas passageways connected to a gas supply/pump assembly.

1 11. The apparatus of claim 10 wherein the one or more gas passageways allow a gas

2 filled into the cavity with an adjustable pressure.

1 12. The apparatus of claim 11 wherein the gas may be helium or hydrogen.
1 13. The apparatus of claim 11 wherein the gas may be argon or nitrogen.
2 14. The apparatus of claim 11 wherein the adjustable pressure may be gauged from 1

3 Torr to 300 Torr.

1 15. The apparatus of claim 11 wherein the gas may be supplied at cryogenic or room

2 temperature, or being heated.

1 16. The apparatus of claim 1 wherein the stage is a dielectric chuck configured to

2 provide electrostatic force to attract the bulk material.

1 17. The apparatus of claim 1 wherein the planar surface of the stage comprises an

2 area and a shape substantially the same as the bottom region of the bulk material.
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2 be connected to surround the side region or may be three or nore isolated
grooves on the side 3 region with proper locations for stable clanmping. 1
4. The apparatus of claim2 wherein the one or nore grooves for clanping the
bulk 2 material are located within 30% of the length of the bulk materi al
fromthe bottomregion 3 allowing the 70% bul k material fromthe surface
region to be cleaved without interference 4 with said grooves. 43 5 5. The

appar at us Ogl82'ﬁeﬁéaﬂﬁﬁﬁ{?@cﬁi@h%l?éféimﬁ@stfgifé%‘uﬁﬂer‘@onfﬂ?ﬁeﬁb&'hﬁid%‘bﬁﬁ%?d _—

conpri ses rized surface to facil ate the i npl ant proce

The 2applaatbgsniofttached toifs bdtlerrei n t he bott om regi on of the bulk materi al
conprises 8 a planarized surface for engaging with the planar surface of
the stage. 1 7.. The apparatuys qof claim |l wherein the interface.region forned
as the bul k Hat BKibparass ghslzimd WheRn hesaedyah e, cormeisivanadndiye FEpEhy
devixe G thSBSIknf&YdItY With a height 3 enclosed by a close-Ilooped seal
between at |east part of the bottomregion of the bulk nmaterial 4 and part
of the planar surface of the stage. 1 S. The apparatus of claim 7 wherein

t he Icl ose- | cpekhespahratus df ebandawiesein thehstagedgeountedioni anfirayythatfallomes bot t om
region of the | k r’rﬁtetr)ial. 1 9 The apparatus of claim7 wherein the
caviy %@?@%0%% GEPERPLIRISSHeIBhs to 2 200 microns. 1 10. The
apparatus of claim7 wherein the planar surface of the stage within the
cavity 2 COMPITRGHpARIsAF clithe WRGIRIARSHIR WRYSiat RReatALdcOmPrid@sat

suppl y/ punp assenbly. 1 11. The apparatus of claim 10 wherein the one or
nmor € galsaghassalengy srystallow saligpawr gernfidniune dgndohtpolcnestalhne silicen tile, mnlti-

adj lﬁﬁt abl e pres. ur e 112, Theda ara(i ui of gl a'Ha 11 wherein the gas may be
hel i m‘HVStﬂ;lp}B‘f‘Bl 01 tieq O PMPRYA éﬁﬁ&?&‘l&“d‘?g" PR 11 wherein the gas may be
argon or nitrogen. 2 14. The apparatus of claim 11l wherein the adjustable
pressure nmay2DeTigappeRndsd@@alm 13wH@binttRe *A6br RRAice LokPrisekPedpRRrat us of
claim 1l wherein the gas may be supplied at cryogenic or room 2

t enpler atemperatuse sinsd1sga hestiemisengor] § preTuee sgppers andig swface reughnessshesosi n t he
stage is a dielectric chuck configured to 2 provide electrostatic force to

att rlact the ?}_‘l ﬁen%%grra%uasldf claim 22 wherein the sensor device is capable of updating the
2 input data about the temperature value of the surface region and the length of the bulk

3 material after removing each of the one or more free-standing thick films by the cleaving

4

process.

—

24. The apparatus of claim 22 wherein the sensor device further is capable of

2 measuring the surface roughness after each cleaving process to determine whether the post-
3 cleaving surface region of the bulk material is smooth enough for next implant process,

4  otherwise, to perform certain surface smoothening process.

1 25. The apparatus of claim 24 wherein the surface smoothening process comprises at

2 least one of surface re-lapping, ion-sputtering, etching, depositing a smooth layer, and in-situ

3 annealing processes.

1 26. The apparatus of claim | wherein the implant device comprises a linear

2 accelerator, the linear accelerator comprising one or more radio frequency quadrupole (RFQ)
3 elements and one or more drift tube linear accelerator (DTL) elements or a combination RFQ
4  and DTL elements.

45



1 17. The apparatus of claim 1l wherein the planar surface of the stage
conprises an 2 area and a shape substantially the sane as the bottomregion
of the bulk material. 44 1 18. The apparatus of claim 1l wherein the stage
further conprises a fluid cooling and 2 heating unit attached to its
bottom 1 19. The apparatus of claim 1l wherein the stage further conprises
an i nductive heater 2 to heat the bulk material. 1 20. The apparatus of
claiym 1 wherei -6y : : i ng of
R R o S S R s L
bul R mapeetidled totan ehergyragieg fromnipMe¥ete SavieV 2o faast patieledfeami fogpefampysgt al | i ne
silicon or germaniumingot, polycrystalline silicontile, nmulti- 3
cryst al 3 $IRRYIRG PIOERSS: tile, or conpound seniconductor ingot or tile. 1 22. The
apparatus of claim1l wherein the sensor device conprises one or nore 2
temer at ure SenfRybogduRYTiclh AN6ARTOR hAiRELRIAIRENAREr cofifflises #ur face
roughness sensor. 23. The apparatus of claim?22 wherein the sensor device
i s Capaltdas efpanged &idateg at he exi? aparpug, thtabeamadxpander kepabdmplexphodieg ehkae of t he
surface,regfiﬁgn andlé he Iengtg of %hek*ebul k 3.majerial after.renoving each of
t he “onesi& OBy RAtfIFls beap ARdP ngcmar fwther FompR3ing ?%F@&Q?rﬁ%VICE' process. 1 24.
The apparatus of claim22 wherein the sensor device further is capable of 2
measur i ng t hﬁ).Smefa?%%aflﬁliﬂfa%ﬁ%%ifﬁe%in%?e?ibnﬁgﬁ?d@l&g:oﬁfp?ﬁ@ﬁfdﬁogeﬂjﬁfe@i‘ém ne
whet her the post - cl eaving surface region of the bul'k material 'is snpoth
enough for next inplant process, 4 otherw se, to performcertain surface
snodt heni ng ¥ oBesapparatid®f clpfim 28pplaarein ke iohicqagioleszodmphise devtertitne sur f ace
snoat heni ng process conprises at 2 |east one of surface re-Iapping,
i on- puﬁf’[e@gf‘ng, et ching, depositing a snooth layer, and in-situ 3 annealing
processes. 1 26. The apparatus of claim1l wherein the inplant device
conpri ses a 1 NERfappaRGERIfRIadhar whirbia thd MERIntIeFRE & Aldst EMMutAItHg one or
nore radi o frequency quadrupole (RFQ 3 elenents and one or nore drift tube
| i nélar accel isfraduse a(fD¥Lplurslishefpastiddes 3 adostiemptraone RAQrM 4 defagt HRione| errent s.
45 27. . The apparatus, of claim 2d6 wherein the |linear accel erator may
accd er \g{tglniaovm?lglty of a cleave région; an

4 introduce a second plurality of particles at a second temperature into the defect region

5  toincrease a stress level from a first value to a second value.

1 32. The apparatus of claim 31 wherein the first temperature ranges from about -100

2 Degree Celsius to about 250 Degree Celsius.

1 33. The apparatus of claim 31 wherein the second temperature is greater than about

2 250 Degree Celsius and no greater than 550 Degrees Celsius.

1 34. The apparatus of claim 31 wherein the implant device is configured to further
perform a treatment process after introducing the first plurality of particles and before
introducing the second plurality of particles, the treatment process comprising a thermal

process provided at a third temperature of 400 Degree Celsius or higher to render the defect

wnm AW N

region to be close to the cleave region and stabilize the defect region.

1 35. The apparatus of claim 31 wherein the implant device is configured to further
perform a cleave process after introducing the second plurality of particles, the cleave process

comprising annealing the cleave region and removing a free-standing film from the bulk

NS N ]

material at the cleave region.
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2 particles to an energy ranging from1 MeV to 5 MeV to forma particle beam
for performng 3 a cleaving process. 1 28. The apparatus of claim 26
wherein the linear accelerator further conprises a 2 beam expander | ocated
at an exit aperture, the beam expander capabl e of expanding a beam 3 size
of the particle beamup to 50cm or further conprising beam scanner device. 1
29. The apparatus of claim28 wherein the ionic particles conprise hydrogen
spegies. 1 §). ThE%B%%rﬁEM%@fS WHeRdileddh JHRS %%rtrﬁ&e'f%%tﬁadaﬁ{gtth&kes
conprise deuteriu species. 1 31. The apparatus of claim1l wherein the

i npl2ant fildewleeed fomt the ba&tm@tmdllrmgee(ﬂronow micrpms to @@l eeicronfin tlecknebsur al i ty of
particles at a first tenperature to forma defect region 3 within a

vicinity of ave r d i.ntroduce..a second pl urali articles
ot “Asetond TertErraraneib e ir B FEfouR SETRhe Retbfualdudiels | v
froma cfltpa@& of Béréintify AuRRIOHSht MR tAdRs ankl préeesd r@tﬂﬁﬁrn@érid edPby skahPmérl
wherein the first tenperature ranges from about -100 gree Celsius to

abolt 2&6teDelyr manidglagiluslitylof3grregvadmgantaeleodes. cl ai m 31 wherein the second
tenperature is greater than about 2 250 Degree Cel sius and no greater than

550 Degr ees 1 34.. The .apparatus of ¢ t he inpl ant

doviloe ] o comti DisBRR el elaig DR Eh S SRl P aBkb Yy e

i nt rod Uﬁﬂsﬂ&)rﬁﬂaﬁcéderféi thelopemtibh ¥t &f inRArdtidelRe iRNdiMeiQeAt §djh§1¥rfeﬁ£§ldﬁ"'dﬁ@ t he

secondP urality of particles, the treatnent process conprising a thérmal 4
a

pr oGes staptoo\padesde mwea lcml,rbﬁammﬁka@nﬁr@sofatel@m bbegniegur@biosixgsutor fhistgher to

render the .defect gl on to be.cl ose e cIe ve regjo nd stabilize

{ he et 40eF fircapeion pr Y tmplest Sncips 3%} Suhalsis BT ipab e O Bt ant

devige br%ﬁiéomahﬁlﬂg%ﬂeédoaE)h't'iérﬂeindaio@@faft@foﬁfh@cﬁinﬂ%VﬁOWSQCeSS after introducing

the second plurality of particles, the cleave process 3 conprising

anneal i ng the cl eave region and renmoving a free-standi n% filmfromthe bul k

4 nelterial a9 thee appemius Orfébill@n’ﬂ g rain 3 CGFFT@“@FGD@Y@QQ@ wurasl taieke L dvher ei n

eac of the o K rpm t he bul k
oD GRGo oo Eed BFAARE S S led S U o BRE P ™ The

appas" at mateflhl shbRHR bubshakigl vdldMe fromnthe ShifRe réAoPbf $8 Dukk MmewRtiAldan®eect roni cs

2 capable of performng nultiple control tasks and process operations
afg edpriogessecwithent ephyswal interference by the clamp device and/or commanding the sensor

5  device to monitor the state of the bulk material during process.

1 40. The apparatus of claim 37 wherein the controller is further configured to execute
2 athird control code for temperature control of bulk material during process by balancing a

3 cooling of the stage assisted with a gas-layer interface and the heating from the implant

4  vparticle and one or more external radiant heat sources.

1 41. The apparatus of claim 40 wherein the one or more external radiant heat sources
2 comprise a plurality of two-dimensionally distributed flash lamps, each flash lamp being

3 independently operated by the controller to tune at least one of pulse rate and intensity.

1 42. The apparatus of claim 40 wherein the one or more external radiant heat sources

2 located above the surface region of the bulk material include one or more sources with slowly
3 varying thermal power flux rate to heat the surface region of the bulk material with a less
4

than 20 °C surface-to-bottom temperature difference.

| 43. The apparatus of claim 40 wherein the one or more external radiant heat sources

2 located above the surface region of the bulk material include one or more sources with
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3 system by running a plurality of corresponding control codes. 1 38. The
apparatus of claim37 wherein the controller may be configured to execute a
2 first control code for the operation of an inplant device including at

| east adjustnents of duty 3 factor, particle power |evel, beam profile, and
dose 7 at &apidy vheingtheingal pewer Suesede totheatithe isndeceqegiou ef flerbubipmagriabfastef t he

i npl apt ,ncl udi ng, at | east .adj ust ts. of power |evel, beam 5 profile,
scann?ngh?Bgle{g?r lﬁ%qciuéﬁ?ﬁ tl@ﬁﬁo%&g ?raq‘%S‘I‘rgarceée%Ef%nni ng process, 1 39. The
apparatus of claim 37 wherein the controller nmay be configured to execute a
2 secpnd cont uo| TEOESHakfhs SR RbelehethBBsBO Wi B RrARY HeembipoRand! e
the bulk 3 material such that substantial volunme from the surface region of

t he bal kilmarate ised pWead lbser4 processed without physical interference by the
cl anp device and/or commandi ng the sensor 5 device to nonitor the state of

the byl k matepial. duri 1.40. Th t.us . of ~cl ai-m 37 i
he cbntrol 1 oft 40t Bhrner uikiRgs ace e e GRERNS ST Mo b SR ISR Tor

t enpey at ykg control of bulk material during process by balancing a 3 cooling
of the stage assisted with a gas-layer interface and the heating fromthe

inplant 4 particle and one or nore external radiant heat sources. 1 41. The
appar ht us of é6.aiAnmdbodiferteinpetahme oordrad during e pencess afadleav ingi sapltratigae! &esar ces

2 conprisge l.urality.of twg-di nensipnal di stributed flash | anps, each

f1ash®| aﬁ%"%@gmj%h’rﬂ%gB@r?dl\éﬁ{(Wt%E rt ?3’3{%’9 CRE"CBRt rol ler to tune at |east
one of pul se ﬁa?&x@diﬁ,?g bulk @RREYfor éleé@ng,?ﬁ@b@lkﬁﬁ‘ét%él%aﬁ%g%' s%kfﬁ&é‘&gi’&ﬂ?ﬁ ern _the
one or nore external radiant heat sources 2 | ocated above the surface region

of thé bbbkomaegon.al sidenckisndaving adengtb fions thersudaceniegiondd twl hottodr regiopi ng
t hernpl power flux rat o heat the surface ion of the bulk material with
2 et a7t hanciettind e Pubiomf Rttt eriireal GREPaIT g dnes Kerfges e
appar@tu of?ém%g'}bxﬂbﬂ&e%ﬁ{ ﬁhi%ri‘éﬂ%r&@]ﬁ a%almgi&@a SKh&F Nfack BLA 8Rke REBEm SOUT Ces

2 | ocated above the surface region of the bul k material include one or nore
sour cés witity with 3 height bétyweerathgibogomhegionlang dweplarfdr uwrfacat thetpdarhe surfache

surfage regiaon of the.bulk material faster 4 than a thernmal conductjon tine
const ant “PEPIEHE 2D rftlggéaf,ggﬁp%ageyvaﬁgﬁwgg@é?@g@,gl%:Fceylg)( W]‘tgégmtél’ in the
source V\ﬁg{égsﬁr@,pi dly varying thermal power 2 flux rate is a pulsed laser. 1
45. The apparatus of claim 44 wherein the pulsed laser is a YAG or YLF

Q swilfched 2 sémaeythe state of the bulk material to generate an input data, the input data

11 comprising temperature information at the surface region and the bottom region and the
12 length of the bulk material between the surface region and the bottom region;
13 maintaining the temperature of the surface region by processing at least the input data

14  and executing a control scheme utilizing at least one or more of;

15 particle bombardment to heat the surface region;
16 radiation to heat the surface region; and
17 gas-assisted conduction between the bottom region and the stage.
1 47. The method of claim 46 wherein the stage further comprises inductive heating of

2 the bulk material in the control scheme.

3 48. The method of claim 46 wherein the bulk material comprises at least one of
4  single crystalline silicon or germanium ingot, polycrystalline silicon tile, multi-crystalline

5  silicon tile, and compound semiconductor ingot or tile.

1 49. The method of claim 46 wherein the bulk material is preprocessed to planarize

2 the surface region for facilitating the cleaving process.
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1 46. A nmethod for tenperature control during a process of cleaving a
plurality of free- 2 standing thick films froma bulk material, the nethod
conprising: 3 providing a bulk material for cleaving, the bulk material
having a surface region, a 4 bottomregion, a side region having a | ength
fromthe surface region to the bottomregion; 5 clanping the bulk materi al
usi ngl a nmecharifc dlhe oietims! ofeliivedawhpreimdhe olampipgef thé bulkengetialdmthegi on of

the byl k material .through .a seal wth anar,. surface qf st forma
7 cavity TRb AR sl eV e e stk bl agrten abtnd o el Eet face. "t ne
pl anasg  swifiameteBalCrosR theSdufice rddidh At shbstRhialRexRASS aaI@YheahicRHING a gas
filled in the cavity with adjustable 9 pressure; 10 sensing the state of

t he bél k withogt ingdrferencgehreatlanpdevipput data, the input data 11 conprising
tenperature information at the surface region and the bottomregion and the

12 length of the bul k material tyween the surface, region _and the bottom
regi oﬂ; 13 naiﬂtz}?‘ﬁi éhcf(#%frctl%lﬁbg(fgﬁ%ggl%? n{eﬁféané??&f:gggpﬂsgd%a noc%ﬁfog?tocessi ng
at | east chhmld Wfo%;%re%vmgcw ing a control scheme utilizing at

| east one or nore of, particle bonbardnent to heat the surface region;

16 radiation to heat the surface region;, and 17 gas-assisted conduction
bet weén t he bot dire mesghashofzpleim h&wheraipethe meqlvanicrh elama Henlelo¢trictlli eanaerts

wherein th tage further ri,ses, i. ctiy eating of 2 the bulk
mac er o 1 freie Ralebb® Heaf BRRM ISR Re K TG BatH o m 46 wierei 1 the
bul k material conprises at |east one of 4 single crystalline silicon or

ger mapi um i ngo¥3, TR YRS RdlAik1§0 FhbdefOhe bdal & gailtght afd YehiRddldnBggh o sil i con
tile, and conpound seni conductor ingot or tile. 1 49. The nethod of claim46

wher eRn tshgfaimigak preasuse npto Be0 Pewpn heaswiéd to pl anarize 2 the surface region
for facilitating the cleaving process. 48 1 50. The nethod of claim46

wherein the cl in f 1he bul terial by the.2 nmechanical ¢l.a devi ce
e bet Tor med_ suion neruthad d it 42 ERE Br ol bdPrifes B0 0ecnr el Me bl &
mat er pal ffah9dbt Hpetlifihage region are substantially exposed for cleaving
thick films 4 without interference of the clanp device. 1 51. The nethod of

claim 50 wherein the nechanical clanp is a part of a robot 2 capable of
perfolmi ng rerfdvdbeaeahethef glgjm 53 wherein the gas supplied in the cavity comprises at least

2 one gas of hydrogen, helium, argon, or nitrogen.

1 56. The method of claim 53 wherein the gas supplied in the cavity can be a cryogenic

2 gas, room temperature gas, or a heated gas.

1 57. The method of claim 46 wherein the planar surface of the stage comprises an area

2 and shape substantially the same as the bottom region of the bulk material.

1 58. The method of claim 57 wherein the stage is an electrostatic chuck capable of

2 generating electrostatic force to attract the bulk material.

1 59. The method of claim 57 wherein the stage further comprises a fluid temperature

2 control unit attached to its bottom.

1 60. The method of claim 59 wherein the fluid temperature control unit utilizes a

2 liquid or gas for cooling or heating the bulk material through the stage.

3 61. The apparatus of claim 46 wherein the stage and the mechanical clamp device are

4 both mounted on a tray that allows X-Y two dimensional move.



1 52. The nmethod of claim50 wherein the nechanical clanp also electrically
connects 2 to the bulk material to heat the bulk material through Joule
heating. 1 53. The method of claim50 wherein the seal is gas-tight and
secured enough to 2 sustain gas pressure up to 300 Torr in the cavity. 1
54. The nethod of claim53 wherein the seal conprises an O-ring or a

di el éctric 202 |Trgeethod af cleinak6 frharejresending She stite ofititerndk viateriabcomBBingher ei n

t he gas supplied. .in the cavi .conprises at |east.. 2 one gas of hydrogen,
hel i ¢m %frgggan?lu@]ll%?ﬁ%@% .mcwds%g. (SHPETATE RERIOb POSHAT ST RFRS W 1SRG gas

supphi edanidybrtsgga&qgﬁé%e oB& a cryogenic 2 gas, roomtenperature gas, or a
heated gas. 1 57. The nethod of claim46 wherein the planar surface of the

stage conprises an area 2 and shape substantially the same as the bottom
regi on of the3bdlhe mehat ofdlaind 65§heretharedniymdatofe sehsir wodiprig¢semeion ntdie st age

is an electrostatic chthiqk ca‘ggée %IQ 2 %eneratin electrostatic force to
at tr dct OPHeAlPYTEnGiers OF tharmogoupdes PPHOMHNEREAPTRIVE] BEFUE M Her ei n t he stage

further conprises a fluid tenperature 2 control unit attached to its

bottem 1 60.64TheeRithQHoOdlaisd 5 Wh@x%iﬂ‘ﬂﬁ@?_@éiﬂoﬂ Bhsbi WicHpdrpdTeE Ak Haheont 1 ol

unit utilizes a 2 liquid or gas for cooling or heating the bul k materi al
t hr o@gh lerggh of thg bulk3materiallafer apgiafre-standifig thicki fhmdlbeing eamedved tfiven thedgdtk and t he
mechani cal_cl anp device .are,. 4 both nmounted on a tray that allows X-Y two
di rregsi 6?1%?“%%\)’@6 DFQEHESHYC CRAUNEBINER- of cl ai m 46 wherein sensing the state

of the bulk naterial conprising 2 using a plurality of sensors including
tenpgrat ure Sgnsgk.,dRsd f:lf Q&inp ﬁj(; WREreiPhe ST rofdhniss pr?lr)]@ﬁq!aﬁ%blé yf face

roughness probe. 1 63. The nethod of claim62 wherein e tehperature sensor
conpli segsrfoneinginsv eeairepentcdla rpygiomesst el aithe hefave cegiph eferpdealorgm ng

t enper at ur e _neasur.enent . 4. Th t hod of claim62 wherein the position
sensor ieéc%gﬁ‘ﬁﬁtla%él%t IFQQ&PE@W&’@%@F@@HB% of the bulk material after each
free-standing thick filmbeing renmoved fromthe bulk 3 nmaterial by the

Prognessi ve GeeateRgetRPLSESSIm 65 Khereilhe CRA{AE r%%cegé RALPeSfinsiald the
surface roughness probe 1s capable of 2 performng in-Situ neasurenment of a
r ougRBnegsughakssepandmettiemsets ace set egiaponadthenwisd, dwvilerying process is paused for

3 repairing the surface region.

1 67. The method of claim 66 wherein the surface region of the bulk material is
2 repaired at least by one process of ion particle bombardment, etching, or depositing a smooth

3 layer on the surface region.

1 68. The method of claim 46 wherein the utilizing radiation to heat the surface region

2 comprising using an external radiant heat source located above the surface region.

1 69. The method of claim 68 wherein the radiant heat source comprises a plurality of

2 flash lamps with a controlled power supply, pulse rate, and spatial distribution.

3 70. The method of claim 68 wherein the external radiant heat source comprises one
4  or more sources with slowly varying thermal power flux rate to heat the surface region of the

5 bulk material with a less than 20 °C surface-to-bottom temperature difference.

6 71. The method of claim 68 wherein the external radiant heat source comprises one
7 or more sources with rapidly varying thermal power flux rate to heat the surface region of the

8  bulk material faster than a thermal conduction time constant for the surface region.
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3 each free-standing thick filmfromthe bulk material. 1 66. The method of
claim65 wherein the cleaving process may continue, if the 2 roughness
parameter neets a pre-set criterion; otherw se, the cleaving process is
paused for 3 repairing the surface region. 1 67. The nethod of claim 66
wherein the surface region of the bulk material is 2 repaired at |east by
one process of ion particle bonbardnent, etching, or depositing a snboth 3
| aye? on t he73uThaaetheegif@iaiml? 168herdinahemetunaedyiol rapidiy vadéngthermeal potviee
utiIiziEP radiatign to heat the surface region 2 conprising using an
ext Bt naflUxdgf ism PHesst 1a88ur ce | ocated above the surface region. 1 69. The
nmet hod of claim 68 wherein the radi ant heat source conprises a plurality of
2 flash lanp g : ) | i b 2l

i st Dt fon 3 TR PP (B R S VS B YT R ¢ e
souirze twaprises one 4 or nore sources with slowy varying thermal power
flux rate to heat the surface region of the 5 bulk material wth a | ess

than, 20 C surface-to-bottom.tenperature difference. .6 71. Th t hgd of
Cl 2l 68 wher & 10t FER R TRRNAH He o G PEaCE JRp PRI HORR 8 ror e
souf£es s\irtd £ AR %ﬁigl‘{ﬁﬁ%/ WBde bhBWERNWP BWRT arf bt datti@e boanh &ierdtB Ly Wi f ace
region of the "8 bulk material ‘faster than a thermal conduction ti1ne

consi animplant daveeesur f ace region. 50 9 72. The method of claim 71 wherein the
source with rapidly varying thernmal power 10 flux rate is a pul sed |aser.

11 73. The h of claim 72 erein the pulsed.|laser. i.s a YAG or YLF

G ol tched |15 e etioritFiin AL R RGHE B Ve i oi8 SPHQHEPAE PG iz ng
partscl g.bg; Rind 14 EACRvI0I on conprising using a power
fl ux fr§ﬁ1aﬁg?g§?g 6%%@%%?@5532§€€;n%§g§gd bycan 15 inplant device. 1 75.
The nmethod of claim 74 wherein the power flux froman ionic particle beam
can 12 be adjas{lbd neyhahefimddimg7 awbiereipn theidutyfaciér caneeiadpistadtbydavi ce. 1 76.

The fEt E%d of claim 75.V\h€%ei n the duty factor can be adjusted by an 2
el ect r oEGHETPEICUE AR $l5%e. 1 77. The nethod of claim 46 wherein the
utilizing the gas-assisted conduction 2 between the bottomregion and the

stage to cooh7t ge RRRRIBI SAMUy GREERMI A BELi AR HRtJaBGsdifted conduction

2  between the bottom region and the stage to cool the bottom region comprising adjusting the

3 gas pressure in the cavity to control the thermal power transfer.

1 78. The method of claim 46 wherein the cavity height may range from 3 microns to

2 200 microns

79. The method of claim 46 wherein the cleaving process to progressively remove
one or more free-standing thick films from the bulk material comprising introducing a first

plurality of particles to form a defect region within a vicinity of a cleave region at a first

1

2

3

4  temperature and introducing a second plurality of particles into the defect region at a second
5  temperature to cause an increase of stress of the cleave region from a first value to a second
6

value.

1 80. The method of claim 79 wherein the first plurality of particles comprises at least

2 one species of hydrogen, deuterium, or helium.

1 81. The method of claim 80 wherein the first plurality of particles are provided at a

2 dose of 8x10" per cm? and less.



3 gas pressure in the cavity to control the thermal power transfer. 1 78.

The nmethod of claim46 wherein the cavity height may range from3 mcrons to

2 200 microns 1 79. The method of claim46 wherein the cleaving process to

progressively renove 2 one or nore free-standing thick filnms fromthe bul k

material conprising introducing a first 3 plurality of particles to forma

defect region within a vicinity of a c]eave regiaon a% a first 4 tenperature
P

and | nt r oduci®g Tae gsgpspislaimal’ whersin thasacprd BUialKy ot pticke Famprisesgt on at a
d i f st f th I i
froma fobstFBPA PR Sl AFHERSE. &) 1 C%0 Thod of “claim 700

wherein the first plurality of particles conprises at |east 2 one species
of hydr ogen, 88leThemetitod aficldigl TUwherdin8he setbad prirdltg obpartickes mreSftovided & n t he
first pl uralitg/ ofc parti,cles are provided at a 2 dose of 8X1016 per cn? and
| ess? 5% dps@of S’ PRECAOANGHeSE] ai m 79 wherein the second plurality of
particles conprises at 2 |east one species of hydrogen, deuterium or

hel iym 1 83¢4T ]gﬁqﬁ -cl 2 : ' : '

pal‘t?d es ar 34]0?213?%% aﬁﬁaé&a%d\%g%g%lmggﬁ(?%&gg? Fggngﬁg[ﬁg{}}lygef?éh E%esg%f. The
met hod tovidei usingS lidear etdeldriter procesadiic linepratcdlérataplpucakd ¢ommisinausingcd es i s
4 provided using a lLinear accel erator process, the |linear accel erator

pr oceéss PEEAY o8 radio freqsgcn quasirppele SRF Q§elémemaané aphaaliy i rigibe issre (RFQ
el engnt I fodrift. i f ( ment s
or "o cobeadtefy OB Ak br Skinbirf of bR R o0l S el T2
The nmethod of claim84 wherein the plurality of particles are provided in an
2 enérgy ran@gbdng@hemenhdd deVaino8bwhirvin the Bhiralithef patibled anf prolidednn/sh f urt her
conprising a treatpent, process after introducing 2 the first plurality of
part Zcl §§efﬂﬁdm}:€é‘1§)ﬁ%‘ni1n&ﬁydﬁéih4§vt he second plurality of particles, the 3
treatnent process conprising a thernmal process provided at a tenperature of

400 pegree 4 ggelg), Hﬁ?eél%d @c@{lﬁg? @hrtgm@f‘g;‘?ﬂopeqsz&g PeLAGENS ﬁ%k%g a %}i@ﬁo&ﬂc t ]?

t he cl eave region and stabi regi on. met h o]
cl ai i 79hanfist pluralitynef pdrticles aehipefortintreducanpgrs sdcoadphbality of paficles, thegr ee
Cel sius to about 250 Degree Cel sius. .

3 treatment process comprising a thermal process provided at a temperature of 400 Degree

4 Celsius or higher to render the defect region to be close to the cleave region and stabilize the

5  defect region.

1 87. The method of claim 79 wherein the first temperature ranges from about -100

2 Degree Celsius to about 250 Degree Celsius.

1 88. The method of claim 79 wherein the first temperature is less than about 250
2 Degree Celsius.

1 89. The method of claim 79 wherein the second temperature is greater than about

2 250 Degree Celsius and no greater than 550 Degrees Celsius.

1 90. The method of claim 46 wherein the cleaving process to progressively remove
2 one or more free-standing thick films from the bulk material further comprising repeatedly

3 producing a plurality of free-standing thick films of the bulk material with a thickness greater
4 than about 15 microns and less than 200 microns.

W

91. The method of claim 90 wherein the cleaving process is a thermal cleaving

6  process to remove the film.
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1 88. The nethod of claim 79 wherein the first tenperature is |ess than
about 250 2 Degree Celsius. 1 89. The nethod of claim79 wherein the second
tenperature is greater than about 2 250 Degree Cel sius and no greater than
550 Degrees Celsius. 1 90. The nethod of claim46 wherein the cleaving
process to progressively renove 2 one or nore free-standing thick filns
fronm t he bul K2mafTke mathoduwrftchedin 20 ndrerein g dleqyéxeg mdtess 3s peadiadiedgleavipgural ity
of free-stan g thi.ck filpms of the bulk materi jth a thickness greater

4 thon RESGE (S Ieliene Varial Geundligaalions 6o favsies 191 The method of cl ai m
90 wherein the cleaving process is a thermal cleaving 6 process to renove

the gilm 52 db 92y, B&%o'al’&f*&%noﬁzc‘ébp '%%Wa?itﬂhﬁlﬁlegrﬁﬁi%ﬁﬁfi% 'ﬂﬂalchEﬁ ss is a

controlled cleaving 2 process ( utilizing vertical thermal gradient to

renode bpheof nom of3 G8up Theprishpegulsetd s systoR, aipelsed Aasthiemper ppislsed ionher nal
gradjent is nmade usin 4 gne or re of royp conprising a, pul sed | aser
syst &m E’ﬁ%aﬁ%ﬁﬁ@é@% traaﬁge,r gan%aqgg@@dicaﬁgu OB i 4S84y BERTHRL heat trans er

generated, and conduction heat transfer generated. 1 94. The nethod of claim

90 wperein the cleawjRsrReERS9d %N}%ra%&eraégil@ggt ﬁﬂoe@sziigwcor%mgree%aangccp>

utilizing horizontal tenperature/strain gra to renove the film ™1 95.
The ?Pret poxtess (CIR)iumlidmg\koarental teheeateaviraig gpardiae ssremmverthgfibssi vel y renove
2 one or nore free-standing thick films fromthe bul k material further

tQ cause the cleayi

conpri si ng usj.ng.jinpl ant. 3 dose gradient
or of br ent al 19~ STAF RIEHBART CIATE 4 HRaFIndBS eaving BroCTA0 REAGTENTY6H EMaTe 05
Wher £ n o6y h, @Rl E BRI APoAP0NE RS K cHEALRLB-RRLARRES

i npl ant having a hig ose region configured to initiate cleavin one or

3 updn erposadientsdo exide theoredvimmnperetpyentibll Btartitipent tiet Ingblerafosel ai m 46 wherein
the cleaving process to progressively renove 2 one or nore free-standing

thick filns fro he hul k terial further. co isin erformn 3 surface
treat ment on Ehe 115 GTEARATG £ttt o8 TPBlRB o Lkt Pt &1 PAGKY tang
reduse thad satfehRREmpPHIRRARS a Bl DiRe U EHn'T%uf\’e'dl K iBb R A inglI§f-or The
met hod of clalm46 whérein the particle bonbardnent creates a patterned 2

i npl ant upen exppspErtd iaddisiond] eserfglyi ci ently hi gh dose to initiate cleaving al one
or upon 3 application of thernmal energy.

1 97. The method of claim 46 wherein the cleaving process to progressively remove
2 one or more free-standing thick films from the bulk material further comprising performing
3 surface treatment on the free-standing thick film to remove surface cracks and reduce the

4 surface roughness of the remaining bulk material.

1 98. The method of claim 46 wherein the particle bombardment creates a patterned
2 implant having portions of sufficiently high dose to initiate cleaving alone or upon

3 application of thermal energy.

1 99. The method of claim 46 wherein the mechanical clamp engages a groove in a
2 homogenous portion of the bulk material, or engages a groove in an adapter plate in contact

3 with the homogenous portion.

1 100. A method for progressively cleaving free-standing films from a bulk material,
2 the method comprising:

3 securing the bulk material on a stage using a mechanical clamp device, the bulk

4  material having a surface region, a side region, and a bottom region, the surface region being
5  continuous with the side region and oriented at an angle of about 90 Degrees from the side
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1 99. The nmethod of claim46 wherein the mechanical clanp engages a groove
in a 2 honogenous portion of the bulk material, or engages a groove in an
adapter plate in contact 3 with the honbgenous portion. 1 100. A nethod for
progressively cleaving free-standing filns froma bulk material, 2 the
met hod conprising: 3 securing the bulk material on a stage using a
mechani cal clanp device, the bulk 4 material having a surface region, a side
r egi @n, regheh @ define emohuegg, o, medtanir §laep deeigl BEinBANAGed B ébfagrei Widogs with the
side7regit?n and oricﬁnttﬁd %t an angl e of about 90 Degrees fromthe side 53 6
regi on POUBLTHRR QYD GfslderpgonpE s bubkanaieriage thenthe bothen negiadapiredy t o |
coupd e whddded BEthindQLLOM regi on and/or the side region of the bulk material
so that the bottomregion is firmy 8 engaged with the stage; 9 maintaining
the $urface megitwningths bafideatdiyn §u‘lﬁ&nﬁﬁl@ﬁfr@@ﬁoﬂﬁ%§riﬁx%icélrlhﬁffﬁl%‘h@é"{hﬁa ina
10 'regti on nor ma}I to the surface region; 11 procéssing at |east e
sur fhc e FEHOBROWRR te thhBIrkAGe Fegi@nir egi on i s substantially free 12 from any
physj cal int fICH t rQcessi,r f the surface yegion; and 13
sel gjcti vel y Erlg)rcﬁsal ni rllégarsg eeS[rJrIgaec;)earF%% Wﬁ%ttﬁees‘ggf? 5&on ’édPéﬁaIH@HV #get he
pr okssfrom avfy phiicalrintesferdhae erofedie @fbcedsikOds thd E\ﬁf%&%gn%dcl ai m 100 wherein
bul k, material conprises at |least one of single 2 crystalline silicon or
ger i um i n§fdECIVBlY Deinipiniag piterepesatiiecafithe iurface megion dezinysthalpkdcassing 4 con 3
tilgy O{he%g{fyﬁq@goﬁem conductor ingot or tile. 1 102. The nethod of claim
100 wherein the Stage conprises a planar surface for 2 firnmly engaging the
bottomregion of the bulk material through a seal between the planar 3
surface and 4he ‘F’Ré Pn%gilord%ﬂ*c&rﬁn 1%o%reiif gfﬂkfFﬁétEﬁ?Q c%&pgi'séé dN1dRLoY lﬁ'sfd . t he
seal is a close-looped gas-tight sea capable o ormng a gas-filled
cavily betstiar silienstrggamatiamtihgothmilyamtaltige siticord tilk0hultFbgy staiiineadicoh ¢l ai m
102 wherein the planar surface of the stage conprises a 2 plurality of gas
passageity 8T eYRPRBLssMicondueiasingpiyitije-assenbly in the stage. 1 105. The
met hod of claim 102 wherein the stage is an electrostatic chuck capabl e of
2 geperating e [ C : o i 06. The
nmet hgd of cl E;.ISim T%%H%@Peoﬁﬁia? el%r(%ec egér#l ?:}gel &ﬂeggpn&gﬂggsl %Eltagéﬂeﬁkefﬁ%%fé%d

2 firmly engaging the bottom region of the bulk material through a seal between the planar

3 surface and the bottom region.

1 103. The method of claim 102 wherein the seal is a close-looped gas-tight seal

2 capable of forming a gas-filled cavity between the stage and the bottom region.

1 104. The method of claim 102 wherein the planar surface of the stage comprises a

2 plurality of gas passageways connected to a gas supply assembly in the stage.

1 105. The method of claim 102 wherein the stage is an electrostatic chuck capable of

2 generating electrostatic force to attract the bulk material.

1 106. The method of claim 100 wherein the mechanical clamp device are engaged
2 with the bulk material through one or arms at location at least below 30% length of the side

3 region from the bottom region or at the bottom region.

1 107. The method claim 106 wherein the one or more arms have smooth surfaces

2 adapted to the shape of the bulk material.

1 108. The method of claim 100 wherein the stage and the mechanical clamp device are

2 both mounted on a tray that allows X-Y two dimensional move parallel to the stage.
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2 wth the bulk material through one or arns at |ocation at |east bel ow 30%
| ength of the side 3 region fromthe bottomregion or at the bottomregion.
1 107. The nmethod claim 106 wherein the one or nore arns have snooth
surfaces 2 adapted to the shape of the bulk material. 1 108. The net hod of
cl aim 100 wherein the stage and the nechani cal clanp device are 2 both
nmounted on a tray that allows X-Y two di nensional nove parallel to the
stage. 54 1 109 Tmamethodiedgleon l@pewhv:remmavm@nmgﬁhmrfﬂcalrmm@smbstamsmlﬂ}f ace

regifn e from S i.nterference in a.direction
nor r%)tl ?rlé Qﬁ};@{‘éﬂﬂﬂ cléy‘ﬂrzl{a1 elngeﬁen(?%%ﬁa?’ ?g%/%’% ¥'§ %38 HOBREI LTS He sur f ace
regidn exsdsitti 9%ahiea fgRSuiRE: RERASSALAEE all edddl- for-l_ﬁl%cé@fdé()d of claim100
wherein processing at |east the surface region while 2 the surface region is
subst anti al lﬁ free fromany physical interference fromthe processing of 3
the kurface A&gyi dhe mﬁﬂloﬁ@f ctaanpli00sihegeinprocagpingat lgusbibe serfbee tegionodilei ng a

pl ural i 4 i.claes fo def ec |on t hi icinity of_ a

ol ove PmeaCe RIS HE e OBR} fronE g e R Pacs B ol Prefr e of 111
The 3ret t}QCkuﬁﬁcdlﬂefgio?ﬂfﬂlﬂtﬁer%ﬁfﬁisﬁlgFHnQ&%%'t Pibcdds Hyeifﬁédﬁclﬁ?g §Hfufreﬁﬁ§’ of €gi on while
2 the surface region is substantially free fromany physical interference
fromt héalﬁﬁ@&&@rm@ dsffect 3egibe withitf acieinity gif ervldave tageon withprdesiretdapet f or m ng
ther t conIroIIed cleaving 4 to renove a first filmfromthe
cl eave I“%%% nfgﬁ‘te SB’I AHEEW k material. 1 112. The rret hod of claim 111

eubaTant ol 1 oLy Gl Flegieiiny iy R S R plcrey et B stHBe st Sgé? "y
the SurfiResf}afod YstinRaTRcE ?ﬂoﬁgar{}ﬁgf‘y@khlrlﬁtefrﬂ%ﬁ‘erﬂcmoﬁ{‘fhe%&%@sﬁ

cl eave process to remove a second ' ms out of at Ieast %vol une
of tBe lthd $urfmat eergnmi fuwﬂaerfmnnprsmg pesfopinysy therimaill meanfeat emteontrbllgd 8leaviihg net hod

of claim 100 whete Iec |y maintain a.te ture of the 2 surface
regi on dRFFRRYCt btr[‘]@%g %Fé’/ec W@lwat@%rbéaﬁ BA eE‘B ri sing maintaining a
3 tenperature at either the surface region, at the overlying filmabove the

cl eaye regi on,0mhadinettbd diR1HMA N1 whekditt pr &@%lﬂ%&th@ﬁt e satfabdRelRR WhIRr i n

sel ectively maintaining a tenperature o surface region during the
procass |tlmagsunface Irgicais Salostantialy diee donpanysphygichnoteefsineg fiohethd preepengofur e of
h I I f f I i oni
the U Ae S SO Mt et 225 R0l oL Ped el ant Toni ¢
4 remove a second or more films out of at least 70% volume of the bulk material without any

5 physical interference.

1 113. The method of claim 100 wherein selectively maintaining a temperature of the
2 surface region during the processing of the surface region comprising maintaining a

3 temperature at either the surface region, at the overlying film above the cleave region, or at
4 the both.

1 114. The method of claim 100 wherein selectively maintaining a temperature of the
2 surface region during the processing of the surface region comprising increasing the

3 temperature of the surface region by utilizing at least one of radiation from implant ionic

4  particles, one or more external radiant source including CW source or pulsed heat source,

5  Joule heat passed from the clamp device, or decreasing the temperature by cooling the bottom
6  region of the bulk material via gas-assisted conduction from the bottom region to the stage.
1 115. A system for processing bulk materials, the system including a mechanical

2 clamp device adapted to secure a bulk material on a stage, the bulk material having a surface

3 region, a side region, and a bottom region, the surface region being continuous with the side
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4 particles, one or nore external radiant source including CWsource or

pul sed heat source, 5 Joule heat passed fromthe clanp device, or decreasing
the tenperature by cooling the bottom 6 region of the bulk material via
gas- assi sted conduction fromthe bottomregion to the stage. 1 115. A system
for processing bulk materials, the systemincluding a nechanical 2 clanp

d dapted t b | t.he b
douice SIaRted ARnaTstieum it R FELRl o 8 BLdde Lho S el
regispn ﬂﬁ@'nﬁ&hﬁtﬁ@él'c%‘ﬁ%‘ée%&é Reibdedaptedo cglﬁalél“’il?lghé’ﬂo@d}ﬂ régﬁbr?ﬁﬁcﬁ& tﬁé sﬁ@ angl e

of about 90 Degrees fromthe side region to define a volune,
mec rfanl mgionmfahqabldkmat@nai 80 tigpt dutdpitenh neglooouﬁtrely\mnghgetdhelthndtetsumer ‘elgpile:) n

and/ ide 6 region . of the bul rial t.hat e bottomregion is
P R Sut Tatn i lrgﬁla@desubamwé@ fee Fm 207 PRRSICH SRIFUFTEREE e 1t ot nod
subsg a”§ﬁ@c‘t1'o¥ nbff8 tB'i ufa¥e RIBYoH bt@ﬁﬁh@lﬁ&ﬁg%ﬁe opnﬁ)rgc&h@ﬂ&tﬂe&%bgeor mal to

t he surface region, e systeminc |ng one or nore conput rea

mendr i emgmbhies, ammnmlanemmm memenmme]sldimgcl udi ng: 10 one or nore codes
directed to initiating ramto process at |east the surface 11 region
whil® the su9m6a%rén?r@@06?§$1 tnaﬁ@ﬁnsa 3 Prograsp i PIoRssa Ay Icptas suface

| nteyf ok {b%ewlfu eot?ﬂé:gﬁ‘r?‘ ace’te 185‘?&5{&)?{@[9&%1@ éehﬁoxﬁ%g%ﬁgméaq%t%ereﬁ‘&fdfr@lﬁ 'S O

more cod s dir 0 SsePect ve y na|n al ni ng nperature

sur facepioegising dlulid fgfacbesgisrgaadsi ng of the surface region. 1 116. The
apparatus of claim 26 wherein the |inear accelerator conprises a DC 2
| i né&r accel er at oone 66more codes directed to selectively maintaining a temperature of the

14 surface region during the processing of the surface region.

1 116. The apparatus of claim 26 wherein the linear accelerator comprises a DC

2 linear accelerator.
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