METHODS AND APPARATUS FOR PRODUCI NG SEM CONDUCTOR ON | NSULATOR STRUCTURES
USI NG DI RECTED EXFCOLI ATI ON CROSS- REFERENCE TO RELATED APPLI CATI ON [ 0001]
Thi s applwoabiomsosslzai ns the benefit of priority to U S. pApaisceaiszsal No.

12/ 290,362 filed on Cctober 30, 2008 and U.S. Application No. 12/290, 384
filed on Cctober 30, 2008, the contents of both of which are incorporated
by reference herein. TECHNI CAL FlI ELD [ 0002] The present invention rel ates
to the manufacture of sem conductor-oninsulator (SO) structures, such as
t hose of nonMETHADSANDASRPARATUSFQRARODURESE Wi MOULIYRIQN ge cross
sectional area. BSIKGROORDTROCIPRESSHVGIHIRECTED EXEMLIAGIONevi ces are
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technol ogy i s becom ng increasingl ortant fo ]}:'Il gh..petformance thin
film#®ransistors (TFEROSSBEFERED ; 2 = 8s, active matrix

di spl ays, ni Gl d ppe ' e [ S I gy £y Stal

di spl ays [?ﬁgg) , Gl:h!rl]gf gg#%%ggﬁ c‘%lg%ﬁaﬂt%?%g %oé%l tizg?@ chvpbﬂésgﬂg{i‘%aﬁB}éoN@.

st ruct ur 69/28@y362nfiledden ®ctdtien 3022608 aihd SEIS. coppdicatiar Nvatl€r1981384sfiled @B
silicon, on an_insulating material. [0004] Various S obt ai ni ng SO
St uct ur 8ot A2 e Bnlims i i OB EH] HE PRSI EO IS FP PR A e
substrates, and bonding a singl ergrpsti@hrsiELgon wafer to another silicon
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oxi de | aygfatigdyildtgt BRséfeBofdl afdr ogen ion inplantation. [0005] U S. Patent
No.: 7,176,528 di scl oses a process that produces an SOG (sem conductor on
gl ass) structure using an exfol i aBASKGROMNYue. The steps include: (i)
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layer of semiconductor material, such as silicon, on an insulating material.

20 [0004] Various ways of obtaining SOI structures include epitaxial growth of silicon

(Si) on lattice matched substrates, and bonding a single crystal silicon wafer to another
silicon wafer. Further methods include ion-implantation techniques in which either
hydrogen or oxygen ions are implanted either to form a buried oxide layer in the silicon
wafer topped by Si in the case of oxygen ion implantation or to separate (exfoliate) a thin
25  Silayer to bond to another Si wafer with an oxide layer as in the case of hydrogen ion
implantation.
[0005] U.S. Patent No.: 7,176,528 discloses a process that produces an SOG
(semiconductor on glass) structure using an exfoliation technique. The steps include: (i)
exposing a silicon wafer surface to hydrogen ion implantation to create a bonding surface;
30 (ii) bringing the bonding surface of the wafer into contact with a glass substrate; (iii)
applying pressure, temperature and voltage to the wafer and the glass substrate to facilitate
bonding therebetween; and (iv) separating the glass substrate and a thin layer of silicon

from the silicon wafer.



a sem conductor wafer 20 is inplanted with ions, e.g., hydrogen ions,

t hrough a surface 21, such that the inplantation dose is uniformin terns
of densi tYORW/ W& h across the sem conductor wafer 20. PCOAG?09p3SA1
reference to FIG |A when a senicondéctor material, such as silicon, is
inplanted with ions, such as Hions, damage sites are created. The | ayer of
damage sites define an exfoliation |ayer 22. Sone of these danage sites
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wafer 20 (e.g., silicon) and displace some silicon atoms from their lattice sites, creating the
plane of defects. As the hydrogen ions lose their kinetic energy, they become atomic
hydrogen and define a further, atomic hydrogen plane. Both the defect plane and the
25  atomic hydrogen plane are not stable in the silicon lattice at room temperature. Thus, the
defects (vacancies) and the atomic hydrogen move toward one another and form thermally
stable vacancy-hydrogen species. Multiple species collectively create a hydrogen rich
plane. (Upon heating, the silicon lattice cleaves generally along the hydrogen rich plane.)
[0010] Not all vacancies and hydrogen undergo collapse into hydrogen-vacancy
30  species. Some atomic hydrogen species diffuse away from the vacancy plane and
eventually leave the silicon wafer 20. Thus, some of the atomic hydrogen does not
contribute to cleavage of the exfoliation layer 22. Near the edges of the silicon wafer 20,

the hydrogen atoms have an additional path to escape from the lattice. Therefore, the edge



devel op enough force to support separation. [001 1] Therefore, during the
separation process, a tent-like structure 24 is created with edges that are
not separWPA10/08P363 critical pressure, fracture of the PERAISAINH62531

sem conductor material occurs along rélatively weak pl anes, such as {111}
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sem conductor tiles are c to an 1 nsulator substrate. Further details
20  undesirable characteristic of the cleaved surface of the exfoliation layer 22 described
above (FIG. 1D).

[0013] U.S. 6,010,579 describes a technique of uniform ion implantation into a

semiconductor substrate 10 to a uniform depth Z0, taking the wafer to a temperature below
that which would initiate the onset of separation, and then introducing multiple impulses
25  of energy to the edge of the substrate 10 in the vicinity of the implant depth Z0 in order to
achieve a “controlled cleave front”. U.S. 6,010,579 states that the above approach is an
improvement over so-called “random” cleavage at least as to surface roughness. The
instant invention takes a directed separation approach that is significantly different from
the “controlled cleave front” approach of U.S. 6,010,579 and different from the “random”
30 cleaving approach.
[0014] The challenges associated with the separation of the exfoliation layer 22 from
the semiconductor wafer 20 discussed above are exacerbated as the size of the SOI

structure increases, and particularly when the shape of the semiconductor wafer is



regardi ng the manufacturing of a tiled SO structure may be found in U S
Application Publication No. 2007/01 17354, the entire disclosure of which

i s her ebyWPROWYW®I6Et ed by reference. SUWARY [001 5] FoPCEAS2003{062531
presentation, the follow ng discussioh will at tines be in terns of SO
structures. The references to this particular type of SO structure are
made to facilitate the explanation of the invention and are not intended
to, and sheahgilarotSubl reciangpiar semeigordictdriwalerss mpythsaisehireapplications sdepge i n any
way. The SQ. abbreviation.is used -herein.t efer. t .
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20  spatial variation step, either before, during or after the ion implantation step, such that one

or more parameters of the weakened slice vary spatially across the wafer in at least one of
X- and Y- axial directions.
[0017] The spatial variation step facilitates characteristics of separation of the
exfoliation layer from the donor semiconductor wafer such that such separation is
25  directionally and/or temporally controllable.
[0018] The parameters may include one or more of the following, alone or in
combination: (i) densities of nucleation sites resulting from the ion implantation step; (ii)
depths of the weakened slice from the implantation surface (or the reference plane); (iii)
artificially created damage locations (e.g., blind holes) through the implantation surface at
30 least to the weakened slice; and (iv) nucleation of defect sites and/or pressure increases
throughout the weakened slice using temperature gradients.
[0019] The method and apparatus further provide for elevating the donor

semiconductor wafer to a temperature sufficient to initiate separation at the weakened slice



t he weakened slice directionally as a function of the varying paraneter(s).
[ 0020] O her aspects, features, advantages, etc. will becone apparent to
one skil N¥@2DH/A5H®7art when the description of the i nveRCTAIP2008/063581 | s
taken in conjunction with the acconpafyi ng draw ngs. BRI EF DESCRI PTI ON OF
THE DRAWINGS [ 0021] For the purposes of illustrating the various aspects of
the invention, there are shown in the drawings forns that are presently
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t he pr esewmtompanyirtg drawir{g8025] FIG 3B is a plot that graphically
illustrates the spati al Mﬁmm&@m [0026] FIG 3Cis a
pl ot that graphically i rying paraneter of
FIG 3A ipobhp dar)ihofurbbls Weakenatheshé ¢anodsQdetls diltkSinvéfdiort Beretd 4C are

top views of Tespective donor sem conductor wafers having further spatially
varyi ng phownet dreslrawinge éomd dnes @rawresently raferreds itcbeing uriderstasipbewevenf t he

present invention;.[0028]..Fl A, 5B and 5C are sinplified di,agrans of
e 10on TS Y SRtiHS BEHERLTH Bharhay PR B iRm0t signTar |
varyi ng [ao2ept ersGs 1ANER 0N Ghd S ENAre OISR &l ratef| REtrat Hxfhitdon 6A- 6B
illustrate an ion inplantation technique that may be adapted to achi eve a
spati al | yroegsyinagcordarge itlythernuior et i on sites in the donor sem conduct or
waf er; | FI WSNG: YRR 1) Ji : | technjque that my
be adapt 3@6? %] acfﬁﬁgvséﬁé %é{ﬁ%‘?ﬁ%‘%&?@?%‘gﬂﬁ%@ﬁa I E)Ar;t%gé%ﬁ?gﬂlﬁ t he donor
sem condugterdanaiveith oddf¥3ndrekgsSts ofthd Pregdre iigleappdrg i | | ustrati ng
rel ationshi BS between tilt angle of ion inplant and inplant depth;[0032]
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donor sem conduct or

one or more aspects of the present invention;

[0025] FIG. 3B is a plot that graphically illustrates the spatially varying parameter of
FIG. 3A;

20 [0026] FIG. 3C is a plot that graphically illustrates that the spatially varying
parameter of FIG. 3A is the depth of the weakened slice;

[0027] FIGS. 4A, 4B, and 4C are top views of respective donor semiconductor wafers
having further spatially varying parameters in accordance with one or more further aspects
of the present invention;

25 [0028] FIGS. 5A, 5B, and 5C are simplified diagrams of some ion implantation
apparatus that may be adapted to achieve spatially varying parameters of the donor
semiconductor wafer;

[0029] FIGS. 6A-6B illustrate an ion implantation technique that may be adapted to
achieve a spatially varying density of nucleation sites in the donor semiconductor wafer;

30 [0030] FIGS. 7A-7B illustrate an ion implantation technique that may be adapted to
achieve a spatially varying implantation depth in the donor semiconductor wafer;

[0031] FIGS. 7C-7D are graphs illustrating relationships between tilt angle of ion
implant and implant depth;



wafer; [0033] FIG 8Cis a graph illustrating a relationship between ion
inplant tilt angle and straggle; [0034] FIGS. 9A-9D illustrate a further

i on i npl MOW1YR9IEchni que that may be adapted to achi ePETASIWAPEP] y
varying ion inplantation depth in the®donor sem conductor wafer; [0035]
FIGS. 10A-10D and 11 illustrate a further ion inplantation technique that
may be adapted to achieve a spatially varying distribution of defect sites
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DETAI LED JSERI PTI ON [0037] Wth reference to the draw ngs V\/nerei nlike
nuneral s indicate |like elenents, there is _shown in FI.GS, 2A-2B a
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wi th gne Qr gi?re enbodi nents of the present invention. The internedi ate SOG
structure feltudes an insul at or substrate, such as a glass or glass ceramc
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-bondi ng, @%@ adhesive, etc. [0038] Prior to coupling the glass or glass
ceramic substrate 102 and the donor semi conductor wafer 120 t oget her, the
donor s e rij0065]:i uctIiGSwa0.4¢1 0TRand hcillustese aﬁn&epmﬁmplmtmtmhnmueﬁhﬂme 121.
The i tion surface 121 of the o sem.conduct or fer 120 is

subj aaﬁ%&%@%%%@f%wwg 1 lﬁ’roé‘é’ff g %Cfiﬁétﬁﬁgh §99P9Tce 125 in
Cross- secgehgébrgg@tbpwggra&{ﬁdexfol iation |layer 122. The weakened slice 125
lies substantially parallel to a reference plane (which could be anywhere,
and t hus [093@bt |Flﬁ$sﬁ2/ét1é’&)lﬂdetfatﬂeanwytemma§m hesdide echzigpathatiinpebe | ons.
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di recti onf C{agg %’é%‘??ﬁ sp@ﬁ W%%W&W%ﬂ rr% @leénﬁﬁen%"“gﬁ?m‘°‘§€§"t(’ gﬁv&%étr'hus is
not shown). [0039] The donor IEETAQEDODESCRIBTEON120 is subj ect to a
spatlal variation step, either before, during or after the ion inplantation
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controllability §/ result in
intermediate SOG structure includes an insulator substrate, such as a glass or glass

ceramic substrate 102, and a donor semiconductor wafer 120. The glass or glass ceramic
20  substrate 102 and the donor semiconductor wafer 120 have been coupled together using
any of the art-recognized processes, such as bonding, fusion, adhesive, etc.
[0038] Prior to coupling the glass or glass ceramic substrate 102 and the donor
semiconductor wafer 120 together, the donor semiconductor wafer 120 includes an
exposed implantation surface 121. The implantation surface 121 of the donor
25  semiconductor wafer 120 is subjected to an ion implantation step to create a weakened
slice 125 in cross-section defining an exfoliation layer 122. The weakened slice 125 lies
substantially parallel to a reference plane (which could be anywhere, and thus is not
illustrated) defined by X-Y orthogonal axial directions. The X-axial direction is shown
left-to-right in FIG. 2A, while the Y-axial direction is orthogonal to the X-axial direction
30 into the page (and thus is not shown).
[0039] The donor semiconductor wafer 120 is subject to a spatial variation step, either
before, during or after the ion implantation step, such that the characteristics of separation

of the exfoliation layer 122 from the donor semiconductor wafer 120 are directionally



i nproved separation characteristics, such as snoot her exposed surfaces on
the exfoliation |ayer 122 and the donor sem conductor wafer 120 (post
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controllability may result in inproved edge characteristics, e.g.,
inmproving the yield of edges of the exposed surfaces on the exfoliation

| ayer 122 and the donor sem conductor wafer 120 that are in a mgjor

cl eavage 34 deragralheepiipllable. Wekilkearnd dntendipgtollpmit ﬂm@m}tlmﬁeawﬁ@@ty Hnal |y

d/ t I |
andl or ¢ SRAALL Y9000 Atk AHRARKEELKI AR SERRIAN Rl i
achi ev;afl m@r@/eﬂuaﬁmatlmcmmpk ﬁagssw; mmsgmommegefms?mem ?ﬁmg(oammgri

t acr akene ice in a east. one e _X- an -
ZE?a: ad. ?é&éﬁtr §§§n<5 g'lﬁéigga’f%ﬁ%ﬁ %yva%eﬁéﬁeé@%?@aww%r%?s&lsqIPf‘éleV fhgti ng,
al one sor_duh ARERIOARLd-Ar g(ﬂl% Qﬁb@%llﬁﬁh%m%&ﬁ@ fibroddgaagt esul ting from

the ion inplantation ste t'he weakened slice 125 fromthe
i npl ant atdheractuisfies e gl 2hplovingtthe yiebd df@gceoﬁihan@osec@ purfacesion ilfei ci al | y

created da . | ocat i ,ons : blind holes h h the inplantation
curface SHon &8 ! £Hed B fatndniiceatRu yatr 1 syt S Eore
def ect sijias RMACOby BlcBRSHMERed ek gases throughout the weakened slice 125
usi ng terTIBerature gradl ents. [0041 ] As illustrated in FIGS. 2A-2B by the

arrow A, [0R40Ni r ebhd direationallaradfitor tanepasalia¢dnjrobiable chirhetbtigics Icvésq@raéuonstl cs

i h | 122 f h
et or0120 B ertpfit 8 Joa B s RHFLrht ot AP e Brd DBt SR B or
regi on t oupiteeof RAy)Sch RAYBRryias hObr meH pifgm&trsts ﬁlamtyaalsﬁfs@daesdzéakeneh25 as

a function of time. This is generally achi eved as |l ows: first, varying

t he one cﬁhcﬁé?%%rl%ﬁ’é‘?@rcsf thy ¥t ped Yy asiel dizestippe I}l@en@ém@e@lm@emwée e

d Scussedﬁ qR&\é%f '}9113‘\9@% Qonee&f%actokd%%atuﬁﬁ 0&9151@? ﬁg’{t 3@@:{1;% 20 to
a tenperature su |C|en toInitiate separati evvea ene 125

f r om suchfr@nitind ion édlglantation sep; @ depths ofithe mémd,slltmmmmrmsmlmamt or
waf er. 120 el evated to further_tenper es su f|C|et to continue
separlat i owréaﬂog% a&’fﬂ}fITP TICE RFIE éu\)@a»éa&%{y patechdapagedpsations 8%%14 hﬂyndas a
function f r t t akened
R i L S g i 3 S T SR L
time- terrpmctda‘umeobdeféatIsﬂescﬁndfdl@r@slsm‘eamreg;esk tnpeghatithe svehlsened stiteel 29r der  of

seconds, and a rog*rgatl on of the separation along the weakened slice 125
occurs 0\/‘§imf=’6{f3 §RUYC g1adicSe ond. [ 0042] Reference is now made to FI GS.

3A-3C, whiool1] | | uss NRE@atbd i vess. Q@t@;glbweeswwaﬁdﬁetcﬁom ¥hA@rt he one or
nore paraneters spatially across the weakened slice 125. FIG 3Ais a top

vi ew20f tthmpdeaHy costeotablerahatictaristies efrsenazation efitbelexfhligtiarhlaydre 22 from the

donor semiconductor wafer 120 result in a propagating separation from one point, edge,
and/or region to other points, edges, and/or regions of the weakened slice 125 as a function
of time. This is generally achieved as follows: first, varying the one or more parameters
spatially across the weakened slice 125 as discussed above, and second, elevating the

25  donor semiconductor wafer 120 to a temperature sufficient to initiate separation at the
weakened slice 125 from such point, edge, and/or region. Thereafter, the donor
semiconductor wafer 120 is elevated to further temperatures sufficient to continue
separation substantially along the weakened slice 125 directionally as a function of the
spatial variation of the parameter(s) across the weakened slice 125. The varying

30  parameter is preferably established such that a time-temperature profile of the elevating
temperatures is on the order of seconds, and a propagation of the separation along the

weakened slice 125 occurs over at least one second.



i npl antation surface 121 . The variation in shading in the X-axial
direction represents the spatial variation in the paraneter (e.g., density
of nucl edWP3AIISP®E, pressure within the sites, degree BCTAFEIEAI53h,
distribution of artificially created 8amage sites (holes), inplantation
depth, etc.). In the illustrated exanple, the one or nore paraneters vary

from one 13 in the X-axial directignt rd an o site edge 130B of
the donorl0088] contUBEBre RAPE ™A P?Féﬁ "I i e e eeialng
thereof) , 5 @ciMb LRIt Vhng thEAShr %ﬁé‘pd’rﬁﬁ@c@ﬁ@%&ieﬁ%ﬂaﬁo@% }%ﬁvﬁ:aﬁgeg%@s@?g of the

separation paraneter 1'llustrates the cross-s r
exanpl e, 12%e Hen3Atiya top wiemw o€ ttei donossengsonduttor wafdnd 20w mivedabrogph e 125 as a

function .of .the. X-axial.directian. Alternativel i.n addition, th
Sopar a1 PSR ar ey ciEceBRto b TAT N B S Rk freBCE IR iRy ¢ he
nucl eat | Cb[';baﬁéltv@ﬁatidrhﬁ {ReRI8RRE (W CISRY BPauddifiofsiés, pRUGO Wil the

a

artificially created damage sites (holes), etc., each as a function of the
X- axi al , Hfeatdeatee wEnn¢leationy distributien efartificiollFreated damagysitgsihales)t he

separation paraneter..illystrate he cross:sactignal profile of, far
oxarmpt e, TRBRLRTR R pied” b B d M o G BRBu5 B g Ok} BeremSielh v B e
i on i npl ageadipO MGkt e 3a8xial ditbeebh @WRA ah bppositaxi@d 130B et @pnor[ 0044]
While not intending to limt the invention to any theory or theories of

oper at i orfenyigondyctpewpiey &40 (andithysibe pieakrngd shiesn 25ftherepflr atviesverse | ust r at ﬁd
by brgk 0 t
5 Dok OBAEYS) A QLA R, JR0R B EnBGE L ABRRMERIED (e

| ower densbdsisesti@ial prodilecsl frrxampksthatdesintifalcleati@t dirs svithvwe dvdakencddge
130B. This, theory s al so_beljeved to hold in connection wth other
par anet ersice 122 tunchien a%tgeaﬁf@ggk#@m-hgﬁemﬁ%\%aré%ﬁ%ﬂ%i%s, t he

degree OfSegﬁ’é%%fp%}f??* Ieﬁﬁk}r?@rééehﬁéne%hﬂ re P tREREsA! @%Wﬁkﬁgo% he

di stribution cla created damage sites (h

par anet ersitas shedepredofniucleatibrg thtegisthibofion beartifeilkBy ectatidemag® Sitesthboleyer , it
is bel.ieved that the propagation of separatian.(illustrat sol i

T o) o hes BAgEIes BBt EovAT AL cRER A0 % ST eletiaet RHER-ats B8ERlinG i al 1 y
| ow dept hyrapd &%ﬁraﬁbﬂ Peratlder iMistrafl 1RAGEss130ER Fltolﬁ?e yeakeredprl ifetlep®d and
conparatively hi gher depths exist at successively further distances’ toward
t he edge df3onweslgoabilicRdRé(e e cotirespandingiaietion midstatign depth)wiiadhnction
illust ratoeft{]eufda%r ddgt,[aoi | s associated with varying the one or nore

par anmet ers spatl aﬂll i; 4Toss the weakened slice 125. The fi gures show top

vi ews of [0044PonowhslerbriatauRicas livaf e ich2Btivm ewe thdbrpuptiebged atpl ant at i on
surface 121. The variation in shading in the X-and Y- axial directions

r epr @fentoRerEioB s believesk thatithe prapagatiea 9f spresetiay (illustatied by drekenypriems)
Q.UC' e Mot it H3FR I the E'dega% 1%@% LB SeneH A &Rl oPHEIGAL s is
istribution of artificially créatéd danmage sites

relatively high at edge 130A and reduces to lower densities of nucleation sites at spatial

locations toward the edge 130B. This theory is also believed to hold in connection with
other parameters, such as the gas pressure within the nucleation sites, the degree of

25  merging nucleation sites prior to separation, and the distribution of artificially created
damage sites (holes). As to the parameter associated with the depth of the weakened slice
125, however, it is believed that the propagation of separation (illustrated by solid arrows)
from the edge 130B toward the edge 130A occurs when a substantially low depth exists
along the initial edge 130B of the weakened slice 125 and comparatively higher depths

30  exist at successively further distances toward the edge 130A.
[0045] Reference is now made to FIGS. 4A-4C, which illustrate further details
associated with varying the one or more parameters spatially across the weakened slice

125. The figures show top views of the donor semiconductor wafer 120 viewed through



(holes), inplantation depth, etc. In each illustrated case, the paraneter
is varied spatially in both the X- and Y- axial directions. [0046] Wth
speci fi c WER2BHERB¥®7t 0 FI G 4A, the shadi ng may represenPCTRER0POME2Shr anet er
varies spatially starting fromtwo edyes 130A, 130D toward ot her edges
130B, 130C and varying at successively further distances in both the X- and

the par ant SFbp B serlied 1oy dfte Keortinth sbpcid Bane o S rgliGretie ¢ es
initiate @prepgdese shaldhvalidfbd inl e Parainelcs, 4ain RYSH sMaicldahsn ﬁ&é&?ﬁ‘é?ﬂ@“ of
separation (illustrated by the broken arrow) will" radiate out fromthe

cor ner of Wbigdhe si®eAdeg1ee0ib nuelsatien, discisionof agificiatly oneatest dan@@eatics t owar d

0B, . [ ' i . hol d J.
connoct | oo L RBERERo At B S lbuao Reoud ol it Vi B bl

nucl edt i oin Bt &s X-tahe Ylegidiredtiomer gi ng of nucl eation sites prior to
separatiofn, .and the distribution of artificially created damge sites

(hol es) . RO4B) t nWithspagite efergnessioiH e dAnihe shadies maprepresent thet theakened
roLest pard! . . .
G 1 st r sReopEe fies shadafly BB 8 abA BIORSHF 1, O Qinc ERAEASORT o

130B, 130B0Commrdryihg atsntaskivelly fulikerwlidt@iced 20baln chet Xovaiddyt Hgalatiketiorgdges

130A, 130D when th ower depths low depth initjate along_the edge 130B,
130C. [ OORHERIE W&’&&‘cﬁ%@%@f@%@a@éﬁeﬁ@ml@mw Bagmgier of the depdyiofy may

r epr egent nich@tiot Es@esgﬁwiﬁ Ry d\éﬂ@iﬁ%ﬁ%@é 413libds Boar 25619, ﬁlégmfigir;érfgg@ﬁ%tr 130

and varying toward the center o onor Sem coAductor wa Vi ce
verse. [ Oibd@toprgatioment sejetratidns(ilistrated by thebrokery artked) will tadiagf @rtdraethico t he

articul ar_par t er,,of ially . varyin he densities of nucleation sites
rpesul ti ngcof’ﬁ)eér?? £ Silég‘ﬁaﬁf@ fWégfecﬁf\étef ﬂ%‘f ‘32@8 aé‘ﬁit‘&‘@a@i%e? eigeHr
both of t1BBX13@0ATis tReorRls Aid BRHV QNS hoPinBhh&hionRAth SBE W HH&erlsS

enpl oyed to achi eve such spatial variation, it is preferred that a maximm
densi ty ofuchagtbesrs pressire wathisxthe nyclaatiopraétes thedespeccefgeergingaifmusleatom r egi ons

: 3 . _ sifiisleatom r egi ons
nucl o2t onee g s Rl ul By R RN TR R B U 125 of

about 5x14s ®i thephratieter beoliaitd with the@ep@rdfaid WeakieReBIRENSS, Hbver itdi f f er ence
bet ween th?, maxi mum density of nucleation sites and the m ni nrum density of

d
nucl eat i difli§Yedehatiihy propagrtioned serasainn (lbisirated by dlpugflidianrond voHdadiete owt t h one
or nore t t 14 i i f,nnugl eati.on sites
o i Ao odhor oPBARLASER. 1A b Oihe cLfif QS er 0 BT SRR ° 10 03
of the i crhérredbemit3diA, dBOBtveen tBylomay defthbRokdsptuinitiaté Hlenyeakaged3eBi ce 125

(and t hus (tgﬁe exfoliation | ayer 122) is created by subjecting the
i npl t ati30f surface 121 to one or nore

[0047] With specific reference to FIGS. 4B and 4C, the shading may represent that

the parameter varies spatially starting from all edges 130 and varying toward the center of
the donor semiconductor wafer 120, or vice iverse.
[0048] Further details will now be provided with reference to the particular parameter
25  of spatially varying the densities of nucleation sites resulting from ion implantation across
the weakened slice 125 in one or both of the X- and Y- axial directions. No matter what
technique is employed to achieve such spatial variation, it is preferred that a maximum
density of nucleation sites exists at one or more edges, points, or regions of the weakened
slice 125 of about 5x10° sites/cm® and a minimum density of nucleation sites exists spaced
30  away therefrom in the weakened slice 125 of about 5x10* sites/cm>. Looking at the
variation in another way, a difference between the maximum density of nucleation sites

and the minimum density of nucleation sites may be between about 10 fold.



ion inmplantation steps. Although there are nunmerous ion inplantation

techni ques, machines, etc. that nay be utilized in this regard, one

sui t abl e wotzhmdseicct at es that the inplantation surface PeI/Uskomwine2sdpnor
sem conductor wafer 120 nmay be subjectd to a hydrogen ion inplantation step
to at least initiate the creation of the exfoliation |ayer 122 in the donor
sem conduct or_wafer 120. [0050] Wth reference to FIG 5A, a sinplified
schemat i d08fShn Ar@esqrdangy vith erpfs mere @ppecisgit A Rresans Iqventien, the deasitiwli ch

may be A _ . o . . Con
sites wt |Cinéaﬁﬁ%§l\%rg§ﬂgﬁ%g{%s‘?%g%ﬁ%§g¥ %;%%ﬂa 8%%8%%%%@%@8?L%%§§€g%% ons.
[ 0051] Mufitheioa inkplantativa miepo Byuetyoof wekgband, 2 weakehéd diced@s (arelcthasthel ar
tiles, may he distributed azimuthally at a fixed . radiys on a platen 200
relative %‘38%51?8“5%’8}' gé?’?tls F@ﬁteggé{ﬁfl getineths ipplagtation 8“?%‘?@385&93?3 FARYE| on of
t he plsat i A PRRAY & SIS - W : LGal
translsat ﬁgrrl]%g@ a?%gy%%t@?sr'e pl at ggh%((e)o pr ove?%%gg% @?/h@tégﬁ&?% g%j The term
pseudo- X-medimessetashal neckausgdizedin tiwtegand acheusitpbla eatisod2diOtates eat ¥aescan i s

what . dto | di | at 00 d thus,
er T oot | y NS aeaim o A o A AR it St 2D0a, P gtk iths 200,
Modul at i ngdkdpRen YorsEdNasRestst & @ leabiBinkcSha BreaRGL L ik ek foliamst Iayngzggt i al

variation'in the dose. |ncreasing the Y-scan speed as the ion béam
travel s rindheddnpr seonigpreductns vedent 120. of the pl aten 200 has been used in the

past .t.0 a i form dose; eed t.he, conventi onal ..t i nki in the
re 0%, JOBBRF o0 Vb e e ROmIGh RO i it PR Xt B0 B

rel ative Hatchibplddas ilRemhc@ ek fay WeheydsfidQr dacihepsedlyclofag tHeo t he
center of the platen 200, the Y-scan speed nust correspondi ngly increase.

| n accor dishsiEy ofi rusleatien pifpsavithin the wenkenasyslica 13D hy vanying tha dosernf implateday be
achi eved ;py, not adhering to the conventional scan protocol, resulting in
the patterns of, for exanple, FIGS. 3A and 4A. For exanple, |eaving the
Yscan spd@05thi f dvinitpée ddrer banicbadrictGdfers 42@)is thiadiselrbgtarniguilvtidest @y cent er

of t pl.aten 200. Alternatively, one could decrease the Y-scan speed as

t he Hgn t)t&fﬁ?t?é eq P%zwﬂgalla/a?aﬁgimeé TSR Elﬁ@nééﬁf@amfﬁtOtth%mﬁds{ﬁelﬁnzoo.
Those ski i i | eGQeN (TN A i

di scl osurﬂé}hﬁlgzrdezir(ﬁf.rgﬁen@gjl&% %grerg)lg%ﬂg)Ve ap%@?ﬂg]@éteggégggj létléﬁg glgdn(%ognstg?[gy as a
f unct i on (dK/dthehie aechaies tramdatpogifithongire Plaesd00pamgdss tha ) -wen (dY/dt).

M T A R KT TN SN B
Lo ot e ok o, OGRE iyl oo
20 stfaight scans are not obtained on such rotating platens 200. Modulating the X-scan speed
and/or the Y-scan speed will result in spatial variation in the dose. Increasing the Y-scan
speed as the ion beam 202 travels radially toward the center of the platen 200 has been
used in the past to ensure a uniform dose. Indeed, as the conventional thinking in the art is
to achieve a spatially uniform dose, and as the angular speed relative to the donor

25  semiconductor wafers 120 decreases closer to the center of the platen 200, the Y-scan
speed must correspondingly increase. In accordance with the invention, however, a
spatially varying dose may be achieved by not adhering to the conventional scan protocol,
resulting in the patterns of, for example, FIGS. 3A and 4A. For example, leaving the Y-
scan speed uniform as the ion beam 202 travels radially toward the center of the platen

30  200. Alternatively, one could decrease the Y-scan speed as the ion beam 202 travels
radially toward the center of the platen 200. Those skilled in the art will recognize other

possibilities from the disclosure herein. An alternative approach is to vary the beam

energy as a function of the scan rates and positions. These changes may be effected



inplanter is illustrated, which also may be nodified for use in spatially
varying the density of nucleation sites within the weakened slice 125 by
varyi ng tWe20489%f i npl anted ions. In this case, the ePeFUSAHOO6IHBmM 202
is scanned nmuch faster than the mechalical substrate scan (of FIG B5A).
Agai n, the conventional thinking in the art is to achieve a spatially

uni form dgse, . and..thus the X an scanni rates and peam energy are set
such thatt%f%h%ﬁdfﬁ?%oaé%g‘eicgngww : Oﬁgig‘? ’ﬁ‘,lpa%‘ﬁ%&lpéf’ aﬁf’aﬁ/?lﬁ WSages
may be aCiBte%ﬁé@éjbéere&Pfhe_%@H_ﬁél'ﬁﬁg sbBwiBeng %V&Btsta@ieﬁ'drig&ad}w nfcRIRGH

| .
Significant spatial variation in inplant dosage may be achieved t gr ough
nuner ous weodibicaizan. ons of variable X and Y scanning rates and/ or beam

energy. i mensi.onal _or - diensi o radi ents. may . be od ,

o ther v oOBBRL ™ o iflaRtesie b Pt RS it ST A TR PR R he

pat t ersns jefpladi@tis KBRS, whitk@iso 8y BAmodBe@ftAl udGin pRRABI va\%bg theedeignce to
FIG 5C, a sinplified schematic of an inplanter is illustrated in

accor dancf iclentipmyites wathit theawdakpradetice ﬁi‘r by vatingahe ool anpkekdfiionsm an

ded .00 : | ' I hni i ngl
(i 1 or m Sha0s SR AR oAb AR, MehReE A M R A e et ™ ©

or t hogonalcanl (dfe¥Gi HA). Apsinahbicementony eithkiapa thededh s adhicve.a spatidgt i al |y
uni form dosg hi accordance with _various aspects of the invention, however,

a one-di iese. gnd dhusitke Keng Y sqappipg satesand beam enstgn ase sgoueethpptds) may

be pr@du r L af ] 7 3%@@3 hcal I : t he donor
sem clﬁdﬁggfg%ﬁﬁ?%gsag%%@&f h‘ggadhg’%p %ﬁagl ri og dé%&ﬁ?@%ﬁgé %%ué\?eltdﬁoa‘%{oﬁe donor
senm conduxiheringvafthe sorb20titnal scmminggbecsle|Sidrifieant spdtinbvariabiboin mesamt204 i n
conbinati pn with variatig in the nechani cal ,scanning.rate may produce
spati al PEETENDS ACtESYE glggggl; RUBeToR FERDIERGANS Vﬁ%aq%l‘hgtanéf‘{ Eagung

Al t er nat i ek ¥n@br B éﬂeggesal bﬂe-dﬁﬁéﬁﬁhapdr'twov&hxﬁﬁ&a?gﬁfgle% h&nbe &l ong the

beam source woul d provi an orthogonal gradient to scan direction,
provi di ngpradietied; ethat vettical @e bonfontal ethdmghtsoclpyatitior resbingubittectattepatoifal | y

varying sages. [ 4] 1 rrespective of the particular inplantation
techr%{gqugfgéﬁ%uHK}%ﬁ&g: %‘éh%‘é\/@?%%héari ation in dose, and irrespective of
the | ocatfioo83pf tWemhiRfass tdipﬁﬁ_s(:gagmplﬁiea@ah@ﬁ&ic%rflaf{%@ahf& id ithstelges, an

initial point, or an initial region), the substantially highest dose is
wi t hi n sdrBcepsdineg ik ipa deeviriedmiquss.of ribbenbean04 adsesHon enexstendids e

further t. i .10 f..1 .and Y-. axi al.directions,.is
wthin saog SSrheeafRa A Bidndf TGP, f SpBt oot ifrBRE e
bet ween tgrepareun withadesferandaihaertyth Mevrtogendlditefifon) eiy@@ievabout 10-30 %
wi th _a maxi nrum variation of about a factor of three. In sone applications,
a di fer giagensionglideals, d€., aspetallyouiihes dpese dnmsenidancs VBt Yaneus aspeets of

the invention, however, a one-dimensional gradient (e.g., that of FIG. 3A rotated 90
degrees) may be produced through variation in the mechanical scanning rate of the donor
semiconductor wafers 120 through the ribbon beam 204. Twisting the donor
semiconductor wafers 120 by some angle relative to the ribbon beam 204 in combination

25  with variation in the mechanical scanning rate may produce spatial variation in the dose in
a manner similar to that of FIG. 4A. Alternatively or additionally, a spatially varying
beam current along the beam source would provide an orthogonal gradient to the scan
direction, providing additional degrees of freedom to produce the subject spatially varying
dosages.

30 [0054]  Irrespective of the particular implantation technique employed to achieve the
variation in dose, and irrespective of the location of the highest dose (e.g., along one or
more initial edges, an initial point, or an initial region), the substantially highest dose is

within some desirable range in units of atoms/cm” and the lowest dose further therefrom in



[ 0055] In accordance with one or nore further aspects of the present

i nvention, the density of nucleation sites within the weakened slice 125
may be vawPeA1045&167al |y by inplanting a first species oPCIrai3009/462$31
substantially uniform manner to establ?i sh the weakened slice 125 with a
substantially uniformdistribution. Thereafter, the donor sem conductor

waf er 120 y be inplanted _wit, second species of ions in a sybstantially
non- uni fcf’rtﬂqaaﬁta‘ﬁ’_r‘?é}fﬁgel’ﬁfe :E?Hglf%?erﬁl?%ﬁ&ﬂ FORE 9 e’e‘%ﬁ%‘ﬂ?%ﬁ%ﬁ@ﬁs t hat
the secong aRe0ER® RGBT ARNED HE SaRihR 46fc AUMWBmiANBLINEHRNRD Sl ice

125 resulting in the spatially varying densities of nucleation srtes across
t he weakértueanlabort HR2H) %, 006G] mByinway vaoiation afpb@it atfhaorf ofitbtees pesims of i ons

may be hydr n_ion nd th econd Les, of ion . be heliumions.

[0057) THEPREROuH i BRRR S0 18 Subalys by hosm, Ee GHHGPORET: echni ques

descr isbeo[geseye, THe86driARE Wit &ife drindrBifg e 8§JcbRIJ b prédendin®anesh, feom ot her

sources. For exanple, the dose of the second species of ions nag be
)3

spati al | ydepsify elchucipgtion sifdsavifhom thervealenadodiee 025 map bs vetedispatieldy bs of i ons

(such as . ion i1l _cau a subseguent. non-uni f orm m arat.i,on of the
second spdég’%a@smgéﬁgﬁép?%ca?sf% ) %uﬁé{m?t”aﬁlgtun% ECi ag,[lelitﬁéa’gtggés%tgf ablishing a
non- uni f axenkeesdslicy 124 withel ®idbtherinllyiineBrm Tikusbutiani dheafiv, tHe dohepabl y al so
vary the pressure in the platelets, which could_ also be beneficial. [0058]
Al t er nat iSgBRSPndugter wafsr L2 may e implagied arithonsespnd snecies obigds ébeci es of i ons
may incl . | ng. i g :

opat 1011y bR b L B R R DS B A B

t echni quehe fewond pgEciR ff gsicames trigratiod of atoae mé tie wealerlrd shioelil 23 edulbiyigt hose
skilled i.n the art in accordance with the teaching herei .0 achi eve

non- uni fdPﬁkn‘eosé’ﬁFﬂEYpYaéWPgégl?SlW Ryclsitionstiies pergridthe weakged slidinl Pnat e i ons
can be i ed ) l€; dy% i eeper or
nor e. Asrttgggajwaf e%eﬁgﬁggé at rléé't?{}fé{sggﬁséggaﬁ Oﬁbog]%?% t%ﬁ-loegte}ﬁ\g%%s a\%ﬁli?éjm grate
t o t he siseeomfspstiad dfomes mey behelimplieist s and wil | provi de the gas pressure
for later ratj.on. In.accordance with the instant_ aspect of . the

| nverlol orfOOBRE dathEgionaiOas IO A HFSF WS Wi e e npigusk d8ioEkeda dept n
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and fewer of such He ions will arrive there in a given tinme. The opposite
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spatial ly_varyling densit f cleati sites .across the weakened.slice
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nucl eat i Ghe sdcbRd spodies BetHRABE£NE Gf tHe faSTRPetity, ehedébyt éwabqsmﬁF a@bniudgfofrh I St and
second species of jons (e.qg., He inplanted first or Hinplanted first), the
or de20of depgtynefinuclsriion gtesi hyp apaiononllarelpblnglgo vary the pressure in the

platelets, which could also be beneficial.

[0058] Alternatively, the non-uniform implantation of the second species of ions may
include implanting the second species of ions to varying depths spatially across the donor
semiconductor wafer 120. Any of the known techniques for implanting ions to uniform
25  depths may be modified by those skilled in the art in accordance with the teaching herein
to achieve non-uniform depth profiles. By way of background, it is known that He ions
can be implanted deeper than H, for example, as much as two times deeper or more. As
the wafer temperature increases, much of the He ions will migrate to the site of shallower
H ion implants and will provide the gas pressure for later separation. In accordance with
30 the instant aspect of the invention, the damage caused by more deeply buried He is located
at a depth in the donor semiconductor wafer 120 far from the shallower H ion implant and

fewer of such He ions will arrive there in a given time. The opposite is true for the less



al so contribute to the desired result. Indeed, the order of inplantation,
dependi ng on ion species, may have an overall effect on the density even as
t he densiWQ 281048936dri es spatially. Wiile counterintuiti PETASA003{963581 sing to
many skilled artisans, it has been fodnd that Hinplanted first creates
nore nucl eation sites. For a given dose, He is recognized by skilled

artisans to pr.oduc out ten tines, the dam as Hions, It should be
not ed, ho pgrrqnp?quqfﬁﬁ@naatﬁﬁ@éy Frsptitre & 2 sty Vaping S{t}é(’%@é"g??é‘;‘?nand
i nterstitdirk 5858 GORAHEIRA sRtOM5. or Frankel pair) self anneals rapidly even
at room tenperature. Thus, nuch, but not all, of the He damage is repaired.
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sem gendugi: - W t- i.gh age), a
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hei ght may define .a | itudin axis, Lo, normal to_.the inplantatjon
surface l%fq"alﬂeﬁﬂga‘gogﬁﬁn@g% EBHGUEY DAt ffre fempsr s (hhup-dpuchy bR % 4l hhe

| ongi t udi gHeatimob & LPAFROTH ichs Ain @B 0ARBhEE b¥hd Jﬁitﬁ%érﬁ%hd&c@oxaat&h ecti onal
axis of an ion inplantation beam (shown as a soli-d arrow) during the ion

i mpl ant atguoh as SiegfomF Kformingl aa 3§ - pohd), et sigelizetho damage thattis coatpdedfH [ 0061]

UnderlSa tii I% cqr%\c%}oti ﬁ‘n’ as .th am sour ce .scaqs from]J]gcation Ato
| ocatiPon BPFSHE BxFAT NP imnimfeds mobosicigticn sitesare figatefty| ant at i on surf ace

121 of t10060NOr ReEmBichodHHeWahadhoeGE20A IR RNetEH Rurltlr Sl et Vi ce
verse. The variation in width Wcontributes to a variation'in the densities

of nucl edbfignakshe Bxtabledor adhiying baspatial vaiatioplintheatensity ofinucleetietsitesi ng

di i M| - . .| foth - d Y-
i o o ro ko G R HEPE XK o8 BorPhion TRl GGt kiSTaion one,
whi ch hawitet berchiered Gpadjustingahe béae hiidle af the e Beim Asrinpatht i @$latitiodt he

sanme charge repel each other, the beam 202 is wder at a |onger distance
fr om2i%on Hureidhqugh e hesm aele may baadivsiae in anumbersvays, one such approach

is to tilt the donor semiconductor wafer 120 with respect to the ion beam (e.g., a dot beam
202) as illustrated in FIG. 6A. The donor semiconductor wafer 120 has a width (left-to-
right as shown on the page), a depth (into the page) and a height (top-to-bottom as shown
on the page). The width and depth may define the X- and Y- axial directions, and the

25  height may define a longitudinal axis, Lo, normal to the implantation surface 121. The
donor semiconductor wafer 120 is tilted such that the longitudinal axis Lo thereof is at an
angle @ with respect to a directional axis of an ion implantation beam (shown as a solid
arrow) during the ion implantation step. The angle ® may be between about 1 to 45
degrees.

30 [0061] Under a tilt condition, as the beam source scans from location A to location B,
the width W of the beam 202 varies at the implantation surface 121 of the donor
semiconductor wafer 120 from width Wa to width Wb, or vice verse. The variation in

width W contributes to a variation in the densities of nucleation sites resulting from the ion



di stance fromion source (position B). The nore focused (|l ower w dth W)
i on beam at position B heats the | ocal area of the donor sem conductor
waf er 120VPGOH/W3P¥MAer degree than the | ess focused (hi gRET/UMRYOM62AAY | on
beam at position A Under higher tenpkrature, nore hydrogen ions diffuse
out from such | ocal area, and a | ower share of hydrogen ions remain as
conpared to.other .areas. As illystrated in FIG 6B, this results in

| ateral | ymf?&eﬁl-t%hﬁnf%rﬂ?ﬁ WASHRS SH’F‘?L{@HS g‘f’ Y s fersel Ut Yeralopg at lgast ope of of
nucl eat i ofie Xi-1a88 )Y -1aRial BRedtRAKENEd slice 125 of the donor seniconductor
wafer 120. [0063] Siml|ar spatial variation in the density of nucleation
si tes nay[0882hchi Bhesitniynt Hejm S0P mpytindudmigydeogsin ivhe Whednheye tirecsanmer
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enpl oy a two-stage . ion inplantation step. first 1on inplantation is
per f or medlistangerfim ian sogres (ppgitiomBye Thevmors fogused dfower pidthtWhiyion bsanehd

speci es i ' i are. | anted. The
rrat - spaciis neHehETeaPhues bEfhe IREONCARSERER; Rorer 100 1h FighdedRver

usi ng anythaf thehiess fodused(leglic oidthqUesiot ®san iabpshitdioN e Uaidet ipkér herein. Thus,
when the second speci es ions are inplanted, and mgrate to the first

f
speci es, PRECEREHITAR yisre o ddfyse et Gemeph Incelsaren, dod 2 dewerohaieddnsi ty of
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the materiral of the donor sem conductor wafer as using Silicon
i ons for latepllymoatunaforimlisirisitionadhy dogen (sdrhwsothel derisity ofafideatioaGite§ush Si

i ons may have .t he.property. of trappin second ecies of ions, such as
hydr ogen 1 prgakepgd q@?%ﬁ&%@qqr %Pﬂ§g’ﬂfg}%f’r\?ﬁ’¥ﬂ me seni conductor at ons,
such as 3J0088P"s, SiBlasGiaP hriation iﬂ"chg‘aegsﬂar%? @Bl SN RS mag'sﬂe'aﬁﬁ?i@{/&fl%?  he

silicon inplantation n%y be perfornmed at doses and energi known |
art, suclrdassting thteanglei dfébe beanUs@reeRatinerrpdteting sad8ofliRd knowe mecbamsms

di scl,Qsur . Whi i S;.lncor ated b erence. Unlike the prior art,
howevlg_r, fgré) gﬁﬁingﬁﬁ%j%(ﬂg’inta@oﬁgﬁlﬁ%d‘ﬁ%nﬁﬁ the trapping ion specie (in this
case Si) [0064pn- uniffireiertdcBnigue tHit 8RO BE saitatdfor aitieviah thd PaBHvaBRiHin
opposite edgg of the donor sem conductor wafer 120, or ofher variations

di scussedhhdensity pf npgsationsitetisiel employiacdivoottagedar implastation sthy.dAdgshioni s
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wi |1 depespeciesoftions. fBeteifsr, the Jecoti®spzoirs enidnabidighplirdéd. i Th firlenspeticsbt €S
t hat c;gre,abl e to trag t he second species, hydrogen, and (2) the avail able

hydr é§en 1PRY7Ee HYRIRBIGL i 7 spAtiaHy agn-yaHOTR MERATTNESIRE oy efHbe puiiablatechnoausy

described above or later herein. Thus, when the second species of ions are implanted, and

migrate to the first species, the resultant weakened slice 125 exhibits a non-uniform
density of nucleation sites.
[0065] For example, the first ion species may be based on the material of the donor
25  semiconductor wafer 120, such as using silicon ions for implantation in a silicon donor
semiconductor wafer 120. Such Si ions may have the property of trapping a second
species of ions, such as hydrogen ions. As noted above, H ions bond with some
semiconductor atoms, such as Si atoms, forming an Si — H bond. As an example, silicon-
into-silicon implantation may be performed at doses and energies known in the art, such as
30  isdescribed in U.S. Patent No. 7,148,124, the entire disclosure of which is incorporated by
reference. Unlike the prior art, however, a spatial density distribution of the trapping ion
specie (in this case Si) is non-uniform (e.g., highest at one edge and lowest on an opposite

edge of the donor semiconductor wafer 120, or other variations discussed herein). Next, a



[0066] It is noted that the non-uniformspatial distribution of the species
may be reversed to achieve a simlar result. For exanple, the first species
may i npl WMOSAINIPIGr n y, fol |l owed by a non-uniform i npl ERTAISEY/06353t he
second species. Alternatively, both i¥plants may be spatially non-uniform
The non-uni formdistribution of the second species (e.g., hydrogen) wthin

the weakened slice 125 results in a point, edge. or regkiron of hi ghest
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spatial variation of the density of nucleation Sites, the donor

seni condui®066] wafleis e thet e eoausiforny spatinbdiseibation ef hakpécidsenay e initiate
separation at the weakened,slic 25 fro int, edge, .and/or. regi on of
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silicon aldifowslys esasvaid B Adn-usfReY diplilsiodsoftRysaasnBRRcRE: Alteh@¥edly, Whi l e
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Further details will now be provided with reference to the particul ar
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directio at technique is enplo to achi eve such spati al
vari at i omndidr t¢mspriy eortedlabkahamacteribidsant semirdtionl afithedeqfolation lipetr Wwe2n about

200 -, 380.nm and a hi ghest depth is between about. 400-425 nm Looking at
Cho Vi1 dRPBICS dori ot Pn%w,r ieler PAleTBRES ISOREERE FRERRR IR 1o, mum

dept hs mayoileeRRt WRPG @BRHY o BiéPPoiftks| &%gg,]anlﬂ&r ?%&{sq}?@l?eewwﬁeﬁe@ﬂﬁeQQS nor e

aspects of th_e present T'nvention, the pth of t'he weakened slice 125 may
be vari eds sgrevedl ds\y fhyctipgj afsinia gn esennéaxd bEspatiak veziation obthamensityiafg t he i on
i nplantati o te | ndeed, the pr.ocess di ssed with respect to FI.GS. 6A-
68 rmy  hab Bt sy dpgon e POOTER Joth a0 Bty ol P r SR heEr Rl 125
(1t is nobesitikleatpdrio®BehaRbamned sIargs M @g@@t,eﬁigé,@n@@r el MG HiPRbsOf
beamw dth is not believed to be the reason that variations in the depth of
t he wdakedsagits| It bas heey faynd thathigly Bydrpgen concentrations in silicon allows separation

at temperatures as low as 350 °C or lower, while silicon with lower concentrations of
hydrogen separates at higher temperatures, such as 450 °C or more. The donor
semiconductor wafer 120 is elevated to further temperatures sufficient to continue
separation substantially along the weakened slice 125 directionally as a function of the

25  spatial variation of the density across the weakened slice 125.
[0068] Further details will now be provided with reference to the particular parameter
of spatially varying the depth of the weakened slice 125 resulting from ion implantation in
one or both of the X- and Y- axial directions. No matter what technique is employed to
achieve such spatial variation, it is preferred that a substantially low depth is between

30  about 200 - 380 nm and a highest depth is between about 400-425 nm. Looking at the
variation in another way, a difference between the maximum and minimum depths may be

between about 5-200 %.



[0070] Wth reference to FIGS. 6A, and 7A-7B, the spatial variation in the
depth of the weakened slice 125 nay be achi eved by varying at | east one of:
(1) the aWMQI28100058367t ||t (shown and described with refer 8eEASEYIPHIE31 GA) ;
and (2) a twi st of the donor senicondictor wafer 120 about the | ongitudinal
axis Lo thereof with respect to the directional axis of the ion

i npl ant atj eam 202. Adjustnments in the tilt and/or twi st are made to
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Alternatively or_additionally, the spatial variation step may include

varyi ng dhesweang desesjeqd with tierepesfofdendAb 2nd (i tvrgitof sk damer i on beam 202
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illustrated. in F]G 7B, the above techniques results in.a Jaterally non
uni form d@i‘ﬁﬁoéfbuﬁh%d‘?/%ea‘k‘éﬁ@én%qlingé}“@th ﬁ%‘?ﬁ?‘%}ﬁ? stehehirg pf Bre doper donor

sem conduehRtoniRéeF wife? 120, A erd %112\2'11 cg SCLLOR M %ﬁ%kﬁ{ggpﬁn’tﬁa fig B(téﬂ I't of

t he donor sem conductor wafer 202, urther paraneter t
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di stributi I {. .e). il trat i | G, 8A, idth of th
ondiidt r 1 GO RHEL T, SAOaRUNE SR P e keSS 180t t o vari es a5 a
function [@b74e ang &0 RS Bd ddwhh bt 1o0aEe as'%%*ﬁes%ﬁuﬁé MMo1vef Qhist120 (or

nore generally the beam an%l e). Thus, by varying e tilt angle, a
spat i al | yn&bs/betgeen shout bufdidseregs.dt h may be achi eved in the weakened slice

125 i ted. in Bl G 8B). Wi t .intending. to. be linited by an
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than the portions of the . ] )
20  relationship between implant depth and tilt is dominated by channeling. For relatively

larger angles, the cosine effect dominates. In other words, the resultant exfoliation film
thickness is essentially proportional to the cosine of the implant angle.
[0073] Alterﬁatively or additionally, the spatial Variatién step may include varying an
enérgy level of the ion beam 202 such that as the ion beam 202 scans across the
25  implantation surface 121 of the donor semiconductor wafer 120, depths of the weakened
slice 125 from the implantation surface 121 vary spatially across the donor semiconductor
wafer 120.
[0074] As illustrated in FIG. 7B, the above techniques results in a laterally non-
uniform depth of the weakened slice (or implant depth) of the donor semiconductor wafer
30 120.
[0075] In connection with adjusting the tilt of the donor semiconductor wafer 202, a
further parameter that may be exploited to achieve spatial variations is the width of the ion

deposition distribution (or straggle). As illustrated in FIG. 8A, the width of the ion



weakened slice 125 having wi der distribution widths. Thus, it is believed
that directionally and/or tenporally controll able characteristics of

separ at i dMO3P1KU¥&36@xf ol i ation | ayer 122 fromthe donor ZEXUSHAMEIEt waf er
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4B, 4C, and others. The 1on inplantation step priof to material renoval nay
be spat i dhbpthumiflotsillostratehinuiid. 8Crare [@GE8E. Withougletherpealc Bl doncdtGEon 8B and
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spati al | yde@%d%fcg?ﬁ@ PRGNt FoCtral gl@jt penetration of the ions is inpededto
varying d[garees as the 1on beam 202 scans across the inplantation surface

121. The [RER] ng VithneferocainFIGR: PAdD sinotheotechinigné fe spaiaglaniayyinpthemer s

such as p oresi s and .ot her.s. ;Possi bl e.deposition techniques,i de
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Pol ydi metadydssirhslaaagor HeVBL @l fi8cess bich tirehdrasithaor the veuldAld kiieckness
may be |l ess than or conparable to the intended defgth of the weakened slice

125. 28s tlHe fepsmthe implaggation spepee Blevarnmatiale across e denerisamiconguetie ener gy
wafer 120. As illustrated in FIG. 9A, the donor semiconductor wafer 120 may be subject

to some deterministic polishing process or plasma-assisted chemical etching (PACE).
These techniques permit local control of the amount of material removed by the polishing
step. Other methods, including Reactive Ion Etching (RIE), Chemical Mechanical

25  Polishing (CMP), and wet chemical etching may also have non-uniform material removal
across the exposed surface which is regular and reproducible. One or more of these or
other techniques may be used to introduce slight variation in the depth of the weakened
slice 125 from the implantation surface 121, such as any of those illustrated in FIGS. 3A,
4A, 4B, 4C, and others. The ion implantation step prior to material removal may be

30  spatially uniform or non-uniform.
[0078] With reference to FIGS. 9B and 9C, the spatial variation step may include
using a mask 220A or 220B on the implantation surface 121 of the donor semiconductor

wafer 120 in a spatially non-uniform manner such that penetration of the ions is impeded



of the incident ions, the inpeding action of the mask 220 will translate
into spatial nodulation in primarily the depth of the inplanted species in
t he donorWOeMBbsiict or waf er 120. Dea](%endi ng on t he chaP&&{lsRe03{0p3531 of t he
deposited mask 220, the desired characteristic may be achi eved by addi ng

| ength to the ion path, scattering the ions to alter the degree of

channel in or. o r phenone As illustrated in FIG_ _9D (which

i |1 ust r at 8PN e%%eﬁtaﬁgh dﬁng»pgngggég%ﬁpcpﬁ%ﬂw;g fafios pyrdace 23 hi gher
dept hs t omadkehd fiigh SENEY iddheleaPidon d@&l@é oiagaxwdmﬁe@%ﬂai ApHobrkdg, sipstrate

102, the donor sem conductor wafer 12 | evated to a tenperature
suf fi ci erthers Pmsmlgti@@épartmhnmmeamctude W%&h@mé@hcgﬂwbgnm%vdppom a point,
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subst ant i mhdkimgafilnE0 ﬂ@megs Iebd t8n d2Eorkhar ¢ tPMB idt¥nd®Y dpihoTehd on of
the spatial varjation of the depth froml|owest depth to highest depth.
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weakened mbdudatichh peimaaEly ﬂlﬁﬂ)&pthWﬂth@uﬁplﬁnté@k@@%b IikgtHe(dohbﬂ"@ehn&d'tﬁlubtﬂVent ion
y. of operation, is believed that during or after bonding to
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10D) prior to separation at hout su ed in
FIG 11, thedegige afchannaingpbr dthemuhehahes. 230 t hrough the inplantation

surface o on- i stribution f such hol es.
Thus o J0878RY TASHiSded o ohotiab Rissees o3 ecptiastipaledess sbme

suf ficie AkBndd¥lick gh@delp be%' he
vveakenedrkg?l ce 121 %ﬁaﬁd]eglag hi evggg%fﬁﬁﬁéﬁg}lt%g@ ?@etnt% &)T'ﬁﬂu%

di st ri buttpdhe sibstrate 162.rthy derfor btmmn&mt@s“fﬂ‘@ol 2(ris glevhiicd Kms termmzratmmest

concentra 0081], Wth ref nceto A-12B..
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density orﬁpr essure at respective spatial |ocations throughoutthe weakened

slice 125U éﬁi@t%mm@w yenaegivasubrentid atongdhs werkned sliceviap alire¢tdnallyor

Conpor af (i a Pactot A BRGHGIREAY b &e SERE ARl LA SR RBPUHEE g O
si de. Th|[QOBQ]Tper‘a’ﬁthrrefeg:lnaﬁitOEFIGST&QAble)miﬁrm 11edleesphﬁarvaﬁeﬁm eppiagi ng or

in-situ dur| ng bonding to t ubstrate 102 if the process tine
is kéPt DBf B@@g?wgs%mrﬁqrehlmqih@gﬁ%is%%r%hﬁh%ml@@mu% Betase 12 badessatar e,

at | east 1ROGRlentd AU ROrPibIf B:E5h AL WReSkMRE sHide1 BAFIBT RFHUWhAder ei n

not intending to limit the invention to any theory of operation, it is believed that during or

after bonding to the substrate 102 (FIG. 10C), elevating the donor semiconductor wafer
+120 to higher temperature will initiate separation at the blind hole 230 (FIG. 10D) prior to
25  separation at locations without such hole. As illustrated in FIG. 11, boring an array of
blind holes 230 through the implantation surface 121 may create a non-uniform spatial
distribution of such holes. Thus, elevating the donor semiconductor wafer 120 to
temperatures sufficient to initiate and continue separation substantially along the
weakened slice 125 may be achieved directionally as a function of the distribution of the
30 array of blind holes 230, from highest to lowest concentration.
[0081] With reference to FIGS. 12A-12B, the spatial variation step may include
subjecting the donor semiconductor wafer 120 to a non-uniform time-temperature profile

such that the nucleation site density or pressure at respective spatial locations throughout



i ncreases throughout the weakened slice 125 in varying degrees, spatially
across the wafer 120 as a function of the tenperature gradient (see FIG
12B). TheW9epH¥aPiédn t hreshold time for a gi ven processPEEHW0A06ISEL | s
expected to follow an Arrhenius rel at¥onship, where the separation
threshold tinme is exponentially proportional to the inverse of the process
t enper at ug e. ‘!?Iue gai;iarrfter of i,n{erest is the ratio of the process tine to
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Depending on material characteristics and other factors, including ion species, dose, and

implant depth, the substantially high process time-separation time ratio is between about
0.9 and 0.5 and a lowest process time-separation time ratio is between about 0 and 0.5.

25 [0082] Various mechanisms may be used pre-bonding or in-situ bonding to achieve
the spatially varying time-temperature profile. For example, one or more spatially non-
uniform conductive, convective, or radiating heating techniques (hotplate, laser irradiation,
visible / infrared lamp, or other) may be employed to heat the donor semiconductor wafer
120. Controlled time/temperature gradients may be achieved by direct or indirect thermal

30  contact (conduction) to achieve any of the desirable profiles. An addressable, two-
dimensional array of hotplate elements may be used to achieve different profiles based on

computer control or programming. Localized infrared radiation, employing, for example,

a lamp as used in rapid thermal annealing (radiation) may be employed, and/or visible or



In connection with in-situ bonding techniques, the bondi ng appar at us
described in, for exanple, U S. Patent Application No. 11/417,445, entitled
H GH TEMPERATIIFSIIRRICDI C BONDI NG APPARATUS, the entire dPSEUS3WPA6EB1 whi ch
is hereby incorporated by reference, ¥ay be adapted for use in accordance
with the present invention. Managenent of thermal radiation loss in the
bondi ng appar at us be controlled, and thus exploited tq achieve the
time-te -Fﬁffaéefbgg%if@ﬁﬁwq R agHSAdHe Proveds erler and spatially napwgifet | ect i ng
el ement s REANN tadilBoleAIRRIRIveR! affiRafaNGH d’&ﬁﬁ)?ﬁatfr%toﬁﬁjlniﬁrﬂ?'tﬁéﬂnm file

radi ati on | osS and maxi m ze edge tenperature. Conversely, nmanagenent of

t her mal rthdiughiann meessaridrapph eatlvoridiarsgatégbly aroatwnsfonmcobkngmathanisine dutthasough

the incorporation of cogled infrared sorpbers to.maxim ze, radiation |oss
and i ni rﬁ%e&?‘é"d‘g%“ ?Cé)ﬁég(_(f% %8 B4 M ig Joiie Scfﬁ%“di‘}ﬁt_"(qje(‘x’é%‘é‘%f’éfeg FAYRE may be
used t50 a&ﬁ@l@y@itbraehiee@thre@@sﬁdd@né-%mﬁﬁh&r%ea&élﬁdI ent. [0084] Although the
invention herein has been described with reference to particular

embodi nerl0983] t i Again, theselsaingieasding teshniqupemey berbesdi nretosdiag er iresiti. y

il lustratyd.v : pr.inei pl d.applications of th resent, .i nvention.
It is theI‘IPézg 3&%“%%%8{21 lﬁ!r%’%‘é?)gﬁcg%g L CH%’I%?\SG erbé)ﬁ?g%agpﬁaﬁlﬁﬁe%%@em r%%re made to
the il usdxanipiey €. Sribaat rPlicatRANG. 1214101446 ertitled FISNETESIPERA TEREevi sed

w t hout departing fromthe spirit and scope of the present invention as
defi ned WQTEMC @MB@.T&SMWW%@SP@S@P af whirhiis hereby imcamoraser of

f or mqyag ] = ' t:ar . .1 Si ng:

subj el?t i ra1b afglr‘?rr%:ag%tg %tglé %%bgéﬁ glélge ﬁolfa Céo\?g%ﬁr?g?&%ghgt% g%)e%%g]?%gr%\?\g'f er to an ion
i npl ant atMemagstrept dfthatedelisdiondadsan ek Ixindig dpparatiessaysecdonadlle®fahdi ng an
exfoliatipn | ayer of the donor sem conductor wafer; and subjecting the
donor se %ﬁﬂ‘i‘@feérto fefpeye e timestsmpprafurg gradign. dhrougl fie 1asarpptieRehor e,

during oripfffe@hefidifink SRR a@&hﬁ%ﬁ@ﬁerﬁh@c@r oilstgg thI%clhg% a@%ﬁ%ﬁ 15Rin®hiz

nucl eation sites resulting fromthe ion inp vary spatei ally
acr oss t trediaterk seandinpximizaedge ttepattuon eCafvedselyanthn¥eensent af thdimalct i ons. 2.

The thod,of claim wherein a maxi mum | oc ensity of nucleatipon sites
exi st’s i fadiagion .t)tss F]etéfigﬂmﬁ‘?g ?Mr%ﬁ%ﬁﬁcﬂq figli‘fo g BIPHAUNR &/ cnp and
a ni i ni MygoRansfrinéd @bsombies RAhhAMIA fa8Biti6X Ickh Snd MiBnIRCQRM dfsi-Aof the
weakened slice of about 5x104 sites/cnR, where the second region is spaced

away fronYiamevariations ewtieghovnthames mas be gaes tofachieve the desired time-temperature
gradient.

[0084] Although the invention herein has been described with reference to particular
20  embodiments, it is to be understood that these embodiments are merely illustrative of the
principles and applications of the present invention. It is therefore to be understood that
numerous modifications may be made to the illustrative embodiments and that other
arrangements may be devised without departing from the spirit and scope of the present

invention as defined by the appended claims.



the X- and Y- axial directions. 3. The nmethod of claim1, wherein the

maxi mum density of nucleation sites in a first region of the weakened slice
is at | ea¥O200/05P¥Es of the mini mum density of nucl eati 8&T4ISRM8/0p3H3R second
regi on of the weakened slice. 4. The Hethod of claim1, further conprising
el evating the donor sem conductor wafer to a tenperature sufficient to
initiate separation at the weakened é@l{ﬁ@ froma point, edge, and/or region
of highest density of nucleation sitées? S The method of cl ai m 4, further
conpri si nghel ie¥RiheY;st he donor sem conductor wafer to further tenperatures
sufficient to continue separation substantially along the weakened slice
directionally las a Awmethadof fofminge semicpndyctdes-itsiteeordSOhstiuetré,on sit es,
from hi ghest density to | owest density. 6. The nmethod of claim5, wherein a
tine-terrpcé)%}n@'profile of the elevating tenperatures is on the order of
seconds, such dubRktigg @[rﬂjlﬂaﬁlaﬁb@%rﬁfc_ebh@d@&ﬁ%&ﬁqﬁddﬂﬁu@kb@ﬂgfe%’fbean‘."i‘%ﬁke”ed slice
from hi ghest density to |owest density occurs over at |east one second. 7.
The met hogwdantation; siAp1o cyiste avaakened slisgtin gtosy-aedtignidgfiniogap exfadiatior kayer
spatially i f . Jmplanted ions in at.|least one of the X- and Y-
axi al di roﬁ%%%@?g&nﬁﬁ%&&&r%ag@%?n%l aim1l, wherein the spatial variation

step incl udes spptiigd the deasydendcdndacidpsaredto & BpdtianyethtionB@pSeigRr béfete, a
substantial ]y high dose exists along an initial edge, an initial point, or
an i niti #uringgr gierdhe igpampbapiatitacten, pech that depeiti cleatior sirgueslingnaf er
and np I : : %135%15- i I r.di ces

f romqt@ heﬁ%?@lﬁbxé}ggg,ﬁ{a{[ﬂgg‘i%gi trra h%%}yﬁétc,r ésgﬁﬁt géleléﬁ%%lflglélégge%% Olﬁ%\ggt | east
one of the 26d Bnakidl-dimrfi@ls. di rections. 9. The nethod of claim8, wherein

the | owest dose is .from 70% 90% of the suhstantial|y high dose, in
certain enbodi‘rent sl %ﬁ‘gf’%é@%‘ {’l‘ﬁherffiﬁé‘%lﬁ’é‘&l {S’Fﬁéie&?lﬁi & nuglcatien n t he

subst ant i gy ?!xiEtE ha A0S So bl St Be %gﬁeh Qiidd Gt abBe flf%lloféite%)%ﬂiz%ﬂd gnRgn@Re or

nore edges of the weakened slice conparative ower dosages exi st at

successi vishsityf offtucksation sitearesists ifiraseratdereginh oif #le waikatedslice efjlomut 5r1M@ot h t he
- and Y-.axiab directions., 11. The thod of claim7,.wherejn: the_donor
sem ggndtf‘é?%?m\maw feﬁ’?SF(éO@fiéﬁ%‘ﬁ? HrSpags Vt’aﬁ’efg%ﬁi‘qa%‘i@ PR Phleago8p of ncl udes
spati al | yhyXr ¥hd¥- bkl diesgions. 1 npl anted ions such that a substantially high
dose exists at each of at |east two edges of the weakened slice of the

donor seni conduct orTheahethod pticlaionpavkareipdhempwinemm dessily @f nesdeationsites in
successi Vaeﬂiﬁét region 6f the weakened slice is at least 10 times of the minimum density of
nucleation sites in a second region of the weakened slice.

20 4. The method of claim 1, further comprising elevating the donor
semiconductor wafer to a temperature sufficient to initiate separation at the weakened slice
from a point, edge, and/or region of highest density of nucleation sites.

5. The method of claim 4, further comprising elevating the donor
semiconductor wafer to further temperatures sufficient to continue separation substantially

25  along the weakened slice directionally as a function of the varying densities of nucleation
sites, from highest density to lowest density.

6. The method of claim 5, wherein a time-temperature profile of the elevating
temperatures is on the order of seconds, such that a propagation of the separation along the
weakened slice from highest density to lowest density occurs over at least one second.

30 7. The method of claim 1, wherein the spatial variation step includes spatially

varying a dose of implanted ions in at least one of the X- and Y- axial directions.



further distances fromthe at | east two edges toward a center of the
weakened slice. 12. The nethod of claim 11, wherein the spatial variation
st ep i ncl\NOE814B&67al | y varying the dose of inplanted i 8&3/USAAN06IFAL a
substantially high dose exists at all22edges of the weakened slice and
conparatively | ower dosages exi st at successively further distances toward
the center of the aken ice. 13, The nethod of claim 7, wherein the

d.s , !
spatial variatdon s £ R%Q%?}F%%’ vhereghe sratiabyariatipn siep dacledes spapllEnd t he
ionirrplaré}f]g' ' s kg j : ] : [ [ in a
substanti al yg Eﬁiﬁfﬁhﬁﬁﬁg&?y E@a@?da%%ﬂ%{%@%@%g eo:fs ts(s)%%%%) é[‘ah:\ti ally
uni f or m dniial edget aroimjtisd pdink,roplan mitialyegios of thedveatenddedicobf therdonbn a
subst anti al I.%/ gor](-uni o'rr‘gnanneri‘ﬁzyu%h t hat the.s%gond S efi s.of ions
causes. mGPATraRClar e m e ERARa L 0t SR AL B R PHUHE spat i al | y
varyi 89 dp@tshdel 8onhe MiGhIQALE ARe it poRft! B8 Miteul WORkEREH 18kl &R ofie The
met hod of claim 13, wherein the first species of ions is hydrogen and the

second specindsY ofxidlghgsctienshel i um 15. The met hod of clai m 13, wherein the

step of inplarging-the ng .spegi of iopns in.a subst i gl
non- uni f orm rr;gr'mer lfhrlecqlétgéés)()?%hg’t‘?’ %elpﬁi%e @gﬁegtr%)sg bse‘%?%?%t?%ld% O{%‘e
varyi ng depitasiaipaigiaddsy, iacensia ehibodiesdy atjest ggaduct or wafer. 16. The

met hod of claim1, wherein_ the donor semi conductor wafer has a width, a
depth and a hélilyht , Theraethpdiphclainy 8 aekrrpindes subsiggtialhehigh daseexists abanal

di reghi o --p%[qn ' (Al i | .S, . tial
vari gpi ogﬁlgltae Iﬂ%ﬁﬁgg%ﬁgﬁﬁggpkﬁ% %i(gﬁgpﬂshtg#‘l%gg%ﬂ l(}% %%anvé grrl ag%g%g?hat t he
| ongi t udilowkr doshgesteadst etfuctessiatlydunir-ditimeafigmethEmitidl pols pe edgidina

directional, axiis of an ion.inplantation beam during the ion inplantation
step sucﬁ’%&? }f‘r?é‘dag'r?é‘ﬁ?gggawsnucl eation sites resulting fromthe ion

impl antation stiep VE{Ym&RAd btk ACkRSSint he weakened slice in at |east one

of the X- and Y- axial directions.” 17. The nmethod of claim 16, wherein the
angl e F is in thhdonangmicohdatenwaltr isosedtmgitgraeds. 18. A nethod of fornming a

ol At at on <0 PRAbR P GBS AP A DO Tl rere TR Ghons sih
i mpl ant atth@n subaBntiflydi EPdGse 3x MRk BRI 18 twd LEESSE tBE HehiRedshidetiMg an
exfoliation |layer of the donor sem conductor wafer;
the donor semiconductor wafer and comparatively lower dosages exist at successively
further distances from the at least two edges toward a center of the weakened slice.
12. The method of claim 11, wherein the spatial variation step includes
20  spatially varying the dose of implanted ions such that a substantially high dose exists at all
edges of the weakened slice and comparatively lower dosages exist at successively further
distances toward the center of the Weakened slice.
13.  The method of claim 7, wherein the spatial variation step takes place during
the ion implantation step and the ion implantation step includes:
25 implanting a first species of ions in a substantially uniform manner to create a
weakened slice of substantially uniform distribution; and
implanting a second species of ions in a substantially non-uniform manner, such
that the second species of ions causes migration of atoms to the weakened slice resulting
in the spatially varying densities of nucleation sites across the weakened slice.
30 14. The method of claim 13, wherein the first species of ions is hydrogen and

the second species of ions is helium.



boring a blind hole through the inplantation surface at |east to the
‘weakened slice; and el evating the donor sem conductor wafer to a

t enper at WO 28105P¥7ent to initiate separation at the bl iPREA/UN0/062591 The
met hod of claim 18, further conprising: boring an array of blind holes

t hrough the inplantation surface at |east to the weakened slice to create a

non-uni forms i al..di st 1.0oNn; nd el ev t| n he _.donor_ sem conduct or
vaf er to furtﬁ teﬂ%@ﬁrﬁlﬂgé?ic}gﬁ?ﬁ cVRspin e 8&9#%@%&?%@%83}9301@5

subst ant i glibys idla0BsthitalNeRkaRNEHrE |nheﬁﬁexd1hﬁﬁlﬁés' Rt oaBe &chHDElecRE o0f the
distribution of the array of blind holes.
ions to varying depths spatially across the donor semiconductor wafer.

16. The method of claim 1, wherein
5 the donor semiconductor wafer has a width, a depth and a height, the width and .
depth defining the X- and Y- axial directions, and the height defining a longitudinal axis;
and
the spatial variation step includes tilting the donor semiconductor wafer such that
the longitudinal axis thereof is at a non-zero angle ® with respect to a directional axis of
10 anion implantation beam during the ion implantation step such that the densities of
nucleation sites resulting from the ion implantation step vary spatially across the
weakened slice in at least one of the X- and Y- axial directions.
17. The method of claim 16, wherein the angle @ is in the range of about 1 to
45 degrees.
15 18. A method of forming a semiconductor-on-insulator (SOI) structure,
comprising: |
subjecting a implantation surface of the donor semiconductor wafer to an ion
implantation step to create a weakened slice in cross-section defining an exfoliation layer
of the donor semiconductor wafer;
20 boring a blind hole through the implantation surface at least to the weakened slice;
and
elevating the donor semiconductor wafer to a temperature sufficient to initiate
separation at the blind hole.
19.  The method of claim 18, further comprising:
25 boring an array of blind holes through the implantation surface at least to the
weakened slice to create a non-uniform spatial distribution; and
elevating the donor semiconductor wafer to further temperatures sufficient to
continue separation substantially along the weakened slice directionally as a function of
the distribution of the array of blind holes.
30



