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Fiel d [ 0001] Enbodi nents described herein relate to sem conductor manufacturing
met hods. Mor¥O3Y&E3I%lcal |y, enmbodi nents of the inventi oFCEASHYET8net hods of
dopi ng sem conductor substrates. Background nomAs sem conduct or technol ogy
progresses, devices fornmed on sem conductor substrates grow snaller. As

devi ces grow snall er, manufacturers are continually challenged to devel op

productive processes for nmaking the devices. Currently, manufacturing
processes are BEFEGTRREDYSNGTAONRKQRVATIONUSING OETADECABORAMENSI on of 45

nm Researchers are busy deﬁ%kﬁl@)%&l@@?@?ﬂ%hﬁ% processes for devices

havi ng critical dinension o nm-or | ess. ese extrene di nensions,

i npl anting dopants in a substrate becones forbidding. In a traditional boron
dopi ng proddel for exanple, boron atons are directed toward a substrate with
sufficient energy to penetrate the crystal lattice to a desired depth, and the
substrate 8% hen %ﬁﬁ&i[‘?&tst Ge%ﬁrg??'i Rig relle BbPYRICARAUARY V\?H%'fé‘c}ut”g@attach it
to the cryshahoBst MK Spedificall \Enisodith BRI Tf BRSIndERWNSERbhPhss FRAMIHR! of Of

i npl antation depth becones nore critical. Next generation devices are expected

to have j urflapinghgemigonficiorisatralBdut 50 atomic I ayers deep. [0003] I npl antation
probl ens arise as junction depth di m ni shes. Because the

Background

[0002] As semiconductor technology progresses, devices formed on
semiconductor substrates grow smaller. As devices grow smaller, manufacturers
are continually challenged to develop productive processes for making the
devices. Currently, manufacturing processes are being deployed to make devices
having critical dimension of 45 nm. Researchers are busy developing next
generation processes for devices having critical dimension of 20 nm or less. At
these extreme dimensions, implanting dopants in a substrate becomes forbidding.
In a traditional boron doping process, for example, boron atoms are directed
toward a substrate with sufficient energy to penetrate the crystal lattice to a
desired depth, and the substrate is then annealed to distribute the boron and
activate it (attach it to the crystal network). As device dimensions grow smaller,
control of implantation depth becomes more critical. Next generation devices are

expected to have junctions no more than about 50 atomic layers deep.

[0003] Implantation problems arise as junction depth diminishes. Because the
ions must travel more slowly to avoid implanting too deeply, the repulsive charge
among like-charged ions forces them to diverge from their intended path. To
compensate for this effect, fast-moving ions are magnetically decelerated near the
surface of the substrate. Beam deceleration, however, results in “energy
contamination,” arising from exchange of charge between fast-moving ions and
fugitive neutral particles during or prior to deceleration. The fast-moving
neutralized particles are unaffected by the beam decelerator and implant deeply

into the substrate.
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Summary [0006]5Enbod| ments descri bed herein provide a nethod of treating a
Thus, there is a continuing need for better methods of implanting

dopants in a shallow junction with high dopant dose and activation, low sheet

resistance, and even distribution of dopants.

Summary

[0006] Embodiments described herein provide a method of treating a
substrate, comprising implanting boron macromolecules into a surface of the
substrate, melting the surface of the substrate implanted with the boron
macromolecules, resolidifying the surface of the substrate implanted with the
boron macromolecules, and annealing the surface of the substrate. In some
embodiments, the boron macromolecules comprise boron clusters having at least

sixteen boron atoms.

[0007] Other embodiments provide a method of treating a substrate,
- comprising implanting octadecaborane into the surface of the substrate, and
annealing implanted regions of the substrate by repeatedly heating and cooling

the implanted regions.

Brief Description of the Drawings

[0008] So that the manner in which the above-recited features of the present
invention can be understood in detail, a more particular description of the
invention, briefly summarized above, may be had by reference to embodiments,

some of which are illustrated in the appended drawings. It is to be noted,
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substrate, conprising inplanting boron macronol ecules into a surface of the
substrate, nelting the surface of the substrate inplanted with the boron
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[ 0008] So tha@%‘#@%ﬁ%nﬂg bg%vxﬁ%cgh the above-recited features of the present

invention can be understood in detail, a nore particular description of the
i nvention, [890%f | yFigutemelA Zeda abeematiengrdss-destionsy vieweokénar appasatvedi nent s,

sone of V\hi&&oﬁd’iﬁg id disthBbflchf? the appended drawings. It is to be noted,

[0010] Figure 1B is a perspective view of the apparatus of Figure 1A.

[0011] Figure 2 is a flow diagram summarizing a method according to one

embodiment.

[0012] Figure 3 is a flow diagram summarizing a method according to another

embodiment.

[0013] Figure 4 is a schematic illustration of an anneal system that may be

used to practice embodiments described herein.

[0014] Figure 5 is a schematic illustration of a top view of a substrate that

contains forty square shaped dice that are arranged in an array.

[0015] Figure 6 is a flow diagram summarizing a method according to another

embodiment.

[0016] To facilitate understanding, identical reference numerals have been
used, where possible, to designate identical elements that are common to the
figures. It is contemplated that elements disclosed in one embodiment may be

beneficially utilized on other embodiments without specific recitation.

Detailed Description

[0017] Embodiments described herein generally provide methods of doping a
semiconductor substrate with boron. A substrate is provided to an implant
chamber. A gas mixture containing boron macromolecules is provided to the
chamber. The boron macromolecules are ionized and accelerated toward the
substrate with energy selected to accomplish a shallow implant of the boron

macromolecules into a surface of the substrate. The boron macromolecules
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however, that the appended drawings illustrate only typical enbodi nents and
are therefore not to be considered limting in scope, because other equally

ef fective enbBatieitd nay be devised. [0009] Fi gure 1A i SCA/WSENYPHTISc
cross-sectional view of an apparatus according to one enbodi nent. [0010] Fi gure
1B is a perspective view of the apparatus of Figure 1A [00ll]Figure 2 is a

f1 ow di agr 53 AR ! Ao BT RSAIIL A Oa RN BrEAOAU TR kgl Fi gure 3
is a flow diagram sunmari zi hg a method accordi ng to anot her enmbodi nent .
[ 0013] Fi guremdll ¢lgsterss cHeniparpe dopanids theni astivatbd aningranesinegybesast hat may be

[0018] Figure 1A depicts a plasma reactor 100 that may be utilized to practice
ion implantation, oxide layer formation, and capping layer formation according to
one embodiment of the invention. One suitable reactor which may be adapted to
practice the invention is a P3i" reactor, available from Applied Materials, Inc., of
Santa Clara, California. Another reactor which may be adapted to practice the
invention is described in United States Patent Application No. 11/608,357. It is
contemplated that the methods described herein may be practiced in other

suitably adapted plasma reactors, including those from other manufacturers.

[0019] The plasma reactor 100 includes a chamber body 102 having a bottom
124, a top 126, and side walls 122 enclosing a process region 104. A substrate
support assembly 128 is supported from the bottom 124 of the chamber body 102
and is adapted to receive a substrate 106 for processing. A gas distribution plate
130 is coupled to the top 126 of the chamber body 102 facing the substrate
support assembly 128. A pumping port 132 is defined in the chamber body 102
and coupled to a vacuum pump 134. The vacuum pump 134 is coupled through a
throttle valve 136 to the pumping port 132. A gas source 152 is coupled to the
gas distribution plate 130 to supply gaseous precursor compounds for processes

performed on the substrate 106.

[0020] The reactor 100 depicted in Figure 1A further includes a plasma source
190 best shown in the perspective view of Figure 1B. The plasma source 190
includes a pair of separate external reentrant conduits 140, 140’ mounted on the
outside of the top 126 of the chamber body 102 disposed transverse to one
another (or orthogonal to one another, as shown in the exemplary embodiment
depicted in Figure 1B). The first external conduit 140 has a first end 140a coupled
through an opening 198 formed in the top 126 into a first side of the process
region 104 in the chamber body 102. A second end 140b has an opening 196
coupled into a second side of the process region 104. The second external
reentrant conduit 140b has a first end 140a’ having an opening 194 coupled into a

third side of the process region 104 and a second end 140b' having an opening
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external reentrant conduits 140, 140’ disposed at about 90 degree intervals
around the periphery of the top 126 of the chamber body 102. The orthogonal
configuration of the external reentrant conduits 140, 140’ allows a plasma source
distributed uniformly across the process region 104. It is contemplated that the
first and second external reentrant conduits 140, 140’ may be configured as other
distributions utilized to provide uniform plasma distribution into the process region
104.

[0021] Magnetically permeable torroidal cores 142, 142’ surround a portion of a
corresponding one of the external reentrant conduits 140, 140’. The conductive
coils 144, 144’ are coupled to respective RF plasma source power generators
146, 146’ through respective impedance maich circuits or elements 148, 148'.
Each external reentrant conduit 140, 140’ is a hollow conductive tube interrupted
by an insulating annular ring 150, 150’ respectively that interrupts an otherwise
continuous electrical path between the two ends 140a, 140b (and 140a’, 104b’) of
the respective external reentrant conduits 140, 140’. lon energy at the substrate
surface is controlled by an RF plasma bias power generator 154 coupled to the
substrate support assembly 128 through an impedance match circuit or element
156.

[0022] Referring back to Figure 1A, process gases including gaseous
compounds supplied from the process gas source 152 are introduced through the
overhead gas distribution plate 130 into the process region 104. RF plasma
source power generator 146 is coupled from the power applicator to gases
supplied in the conduit 140, which creates a circulating plasma current in a first
closed torroidal path including the external reentrant conduit 140 and the process
region 104. Also, RF plasma source power generator 146’ may be coupled from
the other power applicator to gases in the second conduit 140’, which creates a
circulating plasma current in a second closed torroidal path transverse (e.g.,
orthogonal) to the first torroidal path. The second torroidal path includes the

second external reentrant conduit 140’ and the process region 104. The plasma
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sem conductor substrate with boron. A substrate is provided to an inplant
chanber . S m xture containing boron macronol ecules is provided to the
chanber . Thg"’%é‘ﬂ&’ﬁ%ﬁﬁcroml ecul es are ionized and accel &CAUSPRBVABd t he
substrate with energy selected to acconplish a shallow inplant of the boron
macronol ecul es into a surface of the substrate. The boron macronol ecul es

penetrate a&ﬁr&f&?h@&gﬁ%ﬁﬂé é%égéll%gﬁégrt%?sea& (fl%ﬁféﬁtﬁé’% uérﬂﬁ«% Gtoms or

smal | clusters oron opant I's i activated using an anneal process.
[ 0018] Fi gurtbe Iesphstive RF plaphassedroesp@yerrgen@mtoisat4Grayobevhich mayd the practi ce

ion inpl a”t%tn'mé’gr S|®¥lh)?§ffé&¥l%¥'ﬂ {)&( g;%tbge Sand capping |l ayer formation according

to one enbo i nventi on. ui table reactor which may be adapted
to practice the invention is a P31TMreactor, available from Applied
Mat erial s, [PegS], oih Sagtemi@diment, cla@ipfrmeﬁ;isaga%ﬁomer15%anowdemiftﬂnemtay be

adapted to i i I i it nt

Appl i cati Oﬁkg&éslgga%ggg\?%ggé’f% hﬁs&egg%g atggg rb;ﬁlabﬂd tg%es{;ﬂs %‘tégﬁﬁn bed
herei n my be pm\a@thfoaad:hipiasmmeoursaiaomrygeaekamreldmphaénaapeeated)se thatncl udi ng
those from r nuf act urers 0 asma reactor 10 es a
chanber " bodetGoRb st BERam MrobalR e e eR auiivd B5To58enci osi ng
a pr ocess rmgcm Qébﬁlsomrceum ad ercmmpporat de§mlnbhyﬂu1<2& the sufa@@rdsfeMef romthe
bottom 124 of Q@ gi'g 4)tsbed to receive ggs.trate 106
for pr ocessﬁ'"ﬂl?é atﬁ 3 pi%eﬂ‘ o BPIVEN 9196'efaﬁgr t'3p %26 of the
chanber bOd}bni:@Qedéﬁ%@Qe&tBG lmbatwmtﬁtwi@wnte dg%s&gé’ﬂﬂlatedﬂ%m elPioddsag port 132
is defined in the chanber body 102 and coupl to a vacuum punp 134. The

vacuum punPeEss May Rsusredleratrbigrerd ther B‘Etﬁt@t‘?/a"‘IUVéC%I?@dt srlARied RpAng por t

132. A gas gRue§edenir halow oMbl B torfddee ogaﬁedémsfrh@tmenwmh aie&irddOioho supply
gaseous precursor compounds for processes perfornmed on the substrate 106.

[ 0020] The re@Reediratipno Foepramelg. Whh relglivety low i ppwer. suelt peidRss tharppleiia sour ce
190 best SW'r@Iaﬁub&%ar a?l&@ﬁfa'néfr‘?eﬁ@?’gﬁ (e GMthfedB. The plasma source 190

includes a palr of se e extern entrant conduits 140, 140" nounted on
the outside of the top 126 of the chanber body 102 di sposed transverse to one
anot her (orl0®At hogdr@as Xt CARBIIRIBE, barens RgRrPMGiesues dx srpYidPY tenBodi nent

depi cted i nerBhibar Radingh: su_BQﬁatte'dls%os@Htﬂ?érQﬁl E%ﬁ@&ﬂl'n%nt]sﬁtg tl’?@%v@nﬁdr{ flayend 140a
coupl ed through an opéning 198 forned he to into a first s?,de of the

process re@l'%hbﬁﬂltai?tweﬂmﬁ'%an@@ﬁN%M XOE/USAm@ da\@ﬂélbllefw“mhaﬁ openi ng
196 coupl e%ét%h&ls rjoc%'f‘dSaﬁ%thC%fratgﬁJBﬁfﬁ%e%h%c@ﬂ)a%t lrﬁ)e‘lnce-gh?ro&eg)g{bg ext er nal

reentrant conduit b has a first an openi ng oupl ed

i nto a t hi roanyifaeurss.t e po@@e@scnoemlwIeﬁomawmnmrsecmwdmemdeMosjablaavi ng an
openi ng boron macromolecules, including but not limited to the boron hydrides ByH,,
wherein x is between about 6 and about 20, and y is between about 12 and about
24. In many embodiments, boron clusters or macromolecules used for
implantation will have at least 16 boron atoms each. Some exemplary boron
hydride macromolecules include octadecaborane (BigH»2), decaborane (B1oH14),
hexaborane (BgHi), octaborane (BgHi2), and hexadecaborane (BigHzo).
Octadecaborane is preferred because it may be ionized without decomposing
under processing conditions. Octadecaborane also transports a high quantity of
boron to a substrate at very low energy without the difficulties enumerated above.
Because octadecaborane ions have a high mass-to-charge ratio, the tendency for
the ions to diverge is sharply reduced, allowing low energy implant with none of

the challenges described above.



192 into a fourth side of the process region 104. In one enbodi ment, the first
and second external reentrant conduits 140, 140' are configured to be

ort hogonal tWO8H&0¥AYt her, thereby providing the two end§STHAYRIVNAEa' | 140D,
140b" of each external reentrant conduits 140, 140" disposed at about 90
degree intervals around the periphery of the top 126 of the chanber body 102.
The orthog cong.i i t eent [ : j 140
allows a pﬁg?rﬂa so@r%%ﬁ&%‘?@h%’eﬁ%ﬁé?%a y(%@f%s\é‘%t%hé&g?gygégnglgg?on 104. It
i s cont enpl sublichatiorattemperatire st Banag drovepazedrusing re@lustednt® copdidears 140,
140" may be ' Jer di sty J ufd.l] pr ovi iform

pl asnma di star\%g%?{aghgrﬁ%egﬁ%ﬁ%ap{n&e@sﬁé@g}gg%ﬁ§6‘4Maf6%§‘%f%}gsgnét’art?%@%I%/mper neabl e
torroi dal couese B&emb4avaimbler rond othegpantinafactofera. c@he eBovationgisothenof t he
external reentr ani cQ du'l)ts 140I 340.' . IT e cqnduct've i | E tl 4, 144" are
coupl ed t o MRYHREHY § N#RoR Y dRYicedar Tplating Nt &= 1gE8 P53 P4YBST 95 ¢ hr ough
respective i npedance match circuits or elenents 148, 148 . Each external
reentrant dooedli t 1h49,pldshda-immeersidmnotyipevwdeviced ube iBse vapbe is pteidagptoednby an

insul ating .annular ring 150...150" respectively that dnhterrupts an qtherw se
cont 1 nuous ‘GnagpResIOTh gt e FREBHIY BrtblRo s ke BihuPbada™ Toab: )
of the resphetibnigingXxt@tenad isentthar®,sComapitdlly, ¥, ofl40'carriedryagnafligpeat the
substrate surface is.controlled by RF pl as bi as r generator 154
coupl ed to §¥RP '§ﬁ%‘§tarta? W§EBp%?qutgakggwcﬁﬁ‘l?@g?ﬂﬂ’%gﬁ%&ﬁ? d 8fat ch
circuit or iwssnhbdi®, 040086241 Sed bt AATRSHKN, Porfdx@Hiphe dbout ¥ 0UTEScEngases

i ncl udi ng gaseous conpounds supplied fromthe process gas squrce 152 are

i ntroduced k5 CRAIPRN 93 MY 8RY 988 $08iT8RGHVE UtNdSh PIcesRINg SONFiKeRS. tWeN pr ocess

regi on 104.3RfelRhR8MBrgoRUT e pRRERTs SEUPRAINRS thkf8ad fow O Bénf4 pOKERE Pover
applicator to gases supplied in the conduit 140, which creates a circulating

pl asma cur ratvaper ig Previded ta hechamber i toam parhmideleudithy 9an disiaudiPnal
reentrant Cﬁiggwtas_lﬂeaams%%@ H%EQ%Féﬁﬂa‘g/g%@?)rJ\%led firSghouRR BL@RIBaSQUr e pover
1 may om t he othe

gener at or be coupled fr power applicator to gases in the
second condlemrated@tweein hleout H08cem anctalbail2:A00ngrcp), syaln as lpetwern aboud second

¢l osed tor rﬂod&gn%ﬁd“aﬁ%ﬁqséb%r%‘émg?raééam Eef]g'&ﬂﬂqadog) %;)‘%pt :‘ﬁwa{ lohingt T Of dal

pat h. The second torroi dal "pat es e secon reemrant conduit
140" and t hewer otasite cegpled int@he iDhizing zeeat eiweem akoutn 08adharaf alvdhe  pat hs

oscillate (& Aap v irecti the fr i of the re tive RF
pl asma sours’g)gq’p\)IC)\ﬁ/[é(?h §é?ﬁ’§%"g egrégoofi%,bcﬁénta e\‘/%)lugﬂHﬁa%’ @ee§%@plga§%3ug58§| ightly
of f set frorWorkheaRBtpgusver ni@d0B&cbapled énterthe dbrizmg zohd ey use e sapgemtisour ce 152

provi des different .prqcess ses that b tilized to,provide iqns

ol ant ed 8UEE LS IPERRrds, Parnle pifepesioti. o B dudtieil B dngor
gener at or Zb@fnﬁe Mﬁbdimnw@r@teﬂthanlgdﬁ@db; tH?GGB(ghmOI@beQ(ir@fd‘nﬁzé‘d, eli¢n asent | yd

i ssoci ates the process gases supplied fromthe process gas source 152 an
produces a HePY ”iggrés’ffgrﬁ?‘aﬁlp?‘%r%e@ﬁw‘é‘e&@(f?- the substrate 106. The power of
the RF plasma bias power generator 154 is controlled at a selected |evel at

whi ch the ija7enerthe Bigsions flaiveitirdugbnihe heniphgeas igiastts dnaynbze tlmoagh er at ed
t oward thetﬁubstr te surface and i HBI ant ed ﬂgf%[pd?fgdeg red _depth bel ow the top

surface of RIS HSTPYIN ARG dB<TIRY § AUEn e BioiPNSEBIYeRenpl e, wi th
relativel y decosleRited MRird t5dISlibshatd QafackyappiOationSd ad\bledthitAbiasab)thé ow pl asma

lon energy grerlgydisbtﬁbl?tgg, %gggbstrate support, or both. The bias may be a DC bias or an
RF bias. Some embodiments use no electrical bias, allowing the B,g ions to drift
toward the substrate with the gas flow. In embodiments wherein an electrical bias
is used, a bias of 100 V to 300 V DC or root-mean-square RF at a power level of
10 W to 500 W may be used. In some embodiments, 200 V DC is provided at 100

W of power.



[ 0024] A gas mi xture conprising boron macronol ecules is provided to a chanber
havi ng a substrate di sposed therein. Enbodi nents of the invention nay al so be
practiced usVRGIFFEHNTUM r) X Plus inplanter avail abl e PCTERRYPTEd
Materials, Inc., of Santa Clara, California, or equival ent devices from ot her
manuf acturers. The boron macronol ecul es may conprise any nmixture of stable

bor on mec gl peul @San KHE kAR, DLicBOB,| VPG basddienbaanafngidgs BxHy.

wherein x t ween abou and about dyrs out and about
24. | n manyzomebindiwvhisht an eieotiem flelduwnmes tbe Iﬁacmoimhleeul Asmageelid orass

nyar | de mmcobr i@ e oue KB Mef AR ang BTFo B T o "

(B101- 114) ,substrateorEavh a6 b will gerllexbldylam& Kida@rdrizgy bamdaeheab@dezabor ane
(B161-120. adecabo [ rreferred hecause i be ipni.zed. wi .t hout
Gocormoat ndathans mpal 20dkels Rt PERASES Gttt pBR, @0m BRVSG Xindibrts & hi g
quantity oferegyobetn@ed mtorakevaetndv@mutlnwmnerwe \bbbhlowrrérhenaij beiculties
enuner at ed above. Bec use oct cabora e i 0 ave %n@lo?w nMass- to char ge

ratio, the l?eé‘ﬂﬁ%rhﬁ"i’/‘“ft T fean Ya- QJI PYeé CAHER HTEBHPEYEPBWI ng | ow

ener gy i nplsut Wrﬁmaﬁ@aﬁo&tﬁObhﬁA%lﬂﬁldliméo@ﬂS&ﬁd.bed above. WO )
2010/ 036621PCT/ US2009/ 057708 [0025] I n one enbodi nent, octadecaborane (B18) is

vapori zed by heati subl.imatjon te ure. be vaporized using
a Custerl dﬁ‘(zlgb va (S%P UL 'Pgﬁp@flfﬂig?ﬁn%é(ﬁigjﬁﬁﬂffwfﬁ %Strﬂk?ﬁ“ﬁt%ﬁ?l | eri ca,
Massachusetdss Ihef?/" lrﬁﬁléht\/édr@lnhré(ﬂhliél%eﬁ-ﬁﬁkﬁﬁﬁzﬁyal iraé! |argfer Qmsotnlﬂﬁct the

manuf act urers he 318 vapor is then provided to a chanber or device for

i mpl ant i ng §ukeBAlg %‘U?F%éé‘béﬁanﬁalb’dﬂglﬂ'ﬁﬁf@ syragedn the Erpediaieassie?idhen type

device, thenBi& vaRornd Sloﬁé Cbéisgeﬁ\td Qh@”sdr&@bz'tﬁlﬂr e tﬁ19r iﬁ?&ci NehRs, @ gas
distribution a paratus ower is coupled to tthe ionizing zone to ionize the

Bi a. Typi calubgta fl@lb'vw'wpan@ wﬁa&;b@ﬁl% | Hydsegess atgms atgetiripRedhsemdbd about
1,000 Sccmiéﬁ%nebd?ﬁﬁseso& E%ﬂbaﬁ%@s I&%lrﬁ?ﬁe oﬁb:métterztoongmre?(fﬁr'& d about

4,000 sccm for exanpl e about ccm carrier gas nay be any gas
non-react i \aicoeshiMe |pV@§$§§h@Q%M§Uﬁ&@ISAS§h@h’:lr9% cmtarumqyue thraygh th&F power is

gﬁ;%g? igt%%t%iefrggrﬁelfﬂjs%\f\’bo%%rggﬁEff?ropr’rj h%%?hcﬁi‘s‘f’ 'fr%gﬁ‘{l @Yé 611% to the

m Xt {7 on appar pul se of
B18 vapor nmysibglegroven diing or clabiers ofla Sew dodoratitoms. | D atrall wbisteserarabout 500

sccm and a Q0 scc ch _a ween bout 700, scem and bout 1, 200
Soom Tor e ARRR ST e ThisoHE helble GhiES RinA0M Rnefe pTSERM Do M3 Bpi 2d i nt o
t he ioni zi rnhe zomay ajpabed, ieervezhose tHd Caryé adstabisuambpbiAlyg s dinnaslidiet ween
about 200 Wand abou or .exanpl e abaut,. 300 The RF

coupl ed | i IRTRG e RGO By ST e R ive ey e el DO UER R  f or
exanpl e, pafigddrsibn pf lbdrenekend.r odes, or by inductive coupling. In sone

enbodi ments, greater than 90% of the B18 nol ecul es are ionized, such as

oL et oo T8 sERBOP PP il APReiPe oS5 HEBAG il o
the surface of the substrate, and sub-melt annealing processes involving rapid
repeated heating and cooling are more effective for activating boron
macromolecule implants than traditional sub-melt anneal processes. While not
wishing to be bound by theory, it is thought that implantation of Bsg clusters
amorphize the surface of the substrate to a degree much greater than
implantation of smaller particles, so that standard sub-melt anneal processes do
not fully recrystallize the substrate. Additionally, B4g clusters do not necessarily
fragment entirely into individual boron atoms upon implantation, so melting assists
in completing the fragmentation in-situ. In some embodiments, due to the ability

of Big clusters to amorphize the surface of a substrate without creating EOR
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the gas distribution apparatus. In sone enbodi nents, the 1318 ions nmay be

accelerated toward the substrate surface by application of an electrical bias
to the gas dVee¥PB¥6Hr, the substrate support, or both. PERISHOYES'MEy be a DC
bias or an RF bias. Sone enbodi nents use no electrical bias, allow ng the B18
ions to drift toward the substrate with the gas flow |In enbodi nents wherein

an el ectri C@éfe@(lsa@ltrh-%h%lﬁcﬁt@yun@ﬂ&isﬂ%vﬂgbl}@or nd %aﬁg% &/u% ro%@éc‘térﬁ% square RE

at a power |evel of e used one e |rrents 00 VDCis
provi ded at bel@@aWQﬁS"pﬂ)ﬁﬂr'mmam@t@Oi@!@@@ﬂﬂl@@ﬂ'ﬁmogl 057708 [0028] In an ion
i npl anter device, B18 vapor is passed through an ionizing zone in which an

el ectric fi@hdl) i ONFgaR SRS LERS) 200 RYBBICa HBEI-AENRH BoroRr 0duCES a

beam of B18 ions which are focused and directe e substrate. Each
boron cl ust@CPCOm'M tgepre AmBodipert Ri Hea jinvestien.gy Bornwmasreipelgculgs karg and about

20 key, lérﬁez?%bvtﬂb‘i‘ {fa}(:Q cﬁa@E I i O&Qd%éd'bg)'rér% GRSl bet ween

about 0. 1 k and about eam current nmy et ween about 0.1 nmA
and about 5stableAmecroguti¢antas equtamMgeatlamnamunbnt boeanyesuch ado ubut 2netA and

about 100 iyl £ Slaho ROLAT,) | 8R5and ARRSLCRLPURE OB OB LA g UP! L e

crystal structure o2 S 'surface as
sel f - anor phmnay hg. uskhid foracertain en‘ebodmpmtm Chaenbindiohs atr enigturdsacfethesaloseant i al |y

melting the_sur i at e |cinit .of the i ct. .As the ions pass
"to the srphastifaupd dRRdRRHEkbe deantided i SRRRDR RarSPOpt | ng ¢ he
cryst al Iatappaeatuh-bcxﬂra)geama:wmtaarp@a&ttus PP @shider @ b(ﬁl@nidhﬁbt@@(hrdi tire@e out of
the substra Ieav ﬂ% t‘;@ boroR é’ to barrel throung cesswe | ayers
of the crys QV‘ ouaf Ualee AR g‘?ér’%aynlﬁ"?/ép?'?ﬁdo et 3‘6"?‘ dPal ,
fragrrents onbtigimpMakerjyf fromthe main cluster. These fragrrents may be
singl e boron atons or clusters of a few boron atons. The small clusters are

better ableto pe tra st | attice wth [.ow ycha neIing
through thé 00%hty S amﬁgtpoﬂéé‘a‘gé'%e F‘I‘f%s"aé?r @Pd%ﬁﬁteﬁsﬁéﬁg rfh'f"f ng its
i mredi at e efp4tihgnNmBtessTOv@EDY €fr NMpsdtmeAR! bf Clsupéteites | SmPlaniid edithat eral 1y,
causing lateral di slper sion of boron atons. [0030] The inventaors have found that

anneal i ng RORIRSEBLTANFVBRY PR GIMINBIRIRS Y310 2Dy Fareniant spErce M @nNeEdve, Aand

sub-nel t  an@atrhRdnkY BE BEaRY By bERMERG: 6r%9'r9d|%ﬁpﬁ@étfﬁ6 iRt &aeb ggol ing are
nore effective for activating boron macronol ecule inplants than Traditional

sub- el t anAdi@tionr ofbe swdstrafg) mayner digrseetPnt @ heatedusibrpyt ehawyybeit is
thought thadp é&%dﬁm ﬁ*Fdo@d?xoﬂfWIﬁ’ﬂ-§|sﬁn|lé"slﬁﬁ'ér§da8pW&bﬁ/ﬁvé h?dléw agenefielhe

substrate to a egree nmuch grea er than |np antation o | er partlcles SO
that standafuWPUinarehe heainearingrevetbedwatiog aotefded yithindhe suppdr, peby he

substrat e. .;ﬁuapﬁmg%ﬁhhh’s witifl fid ‘éﬁHS fo‘i“?lo{kri?{g; A6t HRRRE ! Hé’radfﬂgﬁ‘?ﬁ%y | %t' rely

into indivi oron atonms upon an a SO nel I Ng assiI s
conpl eting qdinerém@gmmmatermnfopnseﬂ owunfbmsednmmmmmlntczr paltebraroatidne abi ity

of B18 cl usf§istarB8qBTOhPBLALd By HdAES Ple ARMRARE] Be Wahi20M by bRt N9 FOR
combination of one or more lasers, flash lamps, arc lamps, or filament lamps. In
some embodiments, the entire substrate may be treated at once, while in other
embodiments, portions of the substrate may be treated consecutively. In some
embodiments, an energy absorbing film, such as a carbon film, may be applied
over the substrate to improve application of energy to the substrate surface, and
to reduce loss of boron from sublimation as the substrate is heated. In some
embodiments, the substrate surface may be heated with radiant energy while the

bulk of the substrate is cooled using a cool support.



defects, ultra-shallow junctions having little or no | eakage due to EOR
defects may be created using B18 inplantation followed by nelt annealing.

[ 0031] Fi gur eVQ24{¥A3rhatli zes a met hod 200 of doping a substPCAUEE2PPY7%or on
according to one enbodi nent of the invention. Boron nmacronol ecul es are
inplanted into the surface of the substrate at 202. Cctadecaborane or other

stabl e macrgym| ecuigs ﬁ@‘ﬁ?ﬁ%if iy b"étrhférin gﬁg&rﬁl\%h ?%taglé_?%ﬁ%ra@i%%ﬁ%d fgut not

limted to, 1cosabora B20H26) , triantaborane (B3 and sarant abor ane
(B4oHx) nmya temperefuie dt@r ahove dhe regliiegl paibhoé theComplaniad i ponéoror Imsemear es of t he
above may e I I : ]Ehﬁﬂ J sma

i nrer si on Z%@g?ﬁﬁﬁgﬁbrgmg tﬁ%iﬂr@%ﬁ%h%ﬁp%xg?ﬁ%%ﬁ%& |& oni Z%Hfﬁg%gg?tgér{gcl usters
and direct rehr@ing owgstdlliinbe slbst rtat éhe AeRenbr ofRFarhopbizray doapahyied to t he

St oS 8o e AR he LRSEE (RS R PR By, L
treat nent ahesulfate & azempptauneedd onrabbve teathel abapameurewy tieamdrphoust er ed
usi ng any convenjent. .source of energy. A substrate may be heat ed conducti on
or by radi dreRab it il Gearat BEEY st el ot 3¢ shTesrcbgnehRalte ray be
di sposed ommatehigat Bet eibsdifenty infhictba sHidbh etibseate Gs treaidi attérdperatdrd Vi si bl e,
infrared, or m.cr %ewave radi ati O#iﬁe be heat ed using

i

X A heat ed supPor_t my .
resistive Hab?y Rbawiednay £Hi t@ié“@hﬂk?of‘@”‘?_%‘z%’yp%?'%ioﬁit% SEBRRi ts within
the suppor tBdqdlusé |avdrpBolOsiliddnindhs atl B8owaitieftdepdturEpihaR &rpRiIfie BilicdH, _
i ncoherent, focused or unfocused, nonochromatic or polychromatic, or polarized

or unpol ar itPeARYPAEYI R Metth At thigi tafPeratiway Pk theendashing prystatipe
combi nat i opeQEs ot 96 ShiARAS dny LA Mge 661 MERRal Mesk | AEFNT | anps.

In some enbodinents, the entire substrate may reated at once, ilein
ot her enmbodieadimastageers teheatghe bHik of dites subkstratanigyarvietermediataiteomesatoe i vel y. I n

Sorme enbOdiIE‘ﬁt?{]éxe afy '&heY, iRRALHHL Qpdikd: ug H% fk?ea?ﬂé)&ﬂ%sgljak o JBy be

appl i ed ove e substrate to Irprove applicatio ener gy e Substrate
surface, aridmperateudf00ds r oforpoamgha fradiantsantergyrsduros ney hehasexlitosheadt e i s

heated. In e e [ t [ f -heat ed with radiant
ener gy whi |pZ° Ne %ﬁ?‘% %@@tr%tée tgﬁﬁgf’ﬁ%ﬂeﬁ%@gﬂ{e%ﬁg% hggt(':rb%?F gﬁp’ﬂ?gfjt . WO
2010/ 03662 14e0%/ivg2a0aMI0 prateBefl 0 28hiehe mpeting ofnthefarhdrphsudh phaskt beforgpitant ed wit h
oct adecabor ane i'.s hea}t ed to . .

crystallizes. ~ In "some embodiments, nanosecond pulsed lasers having pulse

duration from a few nanoseconds to about 200 nanoseconds, such as between 10

nsec and 100 nsec, for example 20 nsec, may be used to melt the amorphous

phase.

[0034] After melting, the melted portions of the substrate are recrystallized at
206. In many embodiments, the recrystallization is performed in a way that
promotes formation of a crystal lattice including the implanted boron atoms. In
this way, the recrystallization is similar to an annealing process. To promote
crystal formation, it is generally preferred to cool the melted portions at a rate
slower than would be achieved through normal conductive or radiative cooling. In
some embodiments, it may be advantageous to maintain the temperature of the
substrate at 500°C or more for up to 10 minutes, such as between about 1 minute
and about 10 minutes, for example about 3 minutes, following melting. In other
embodiments, it may be useful to cool the implanted portion of the substrate

surface at a rate not higher than about 100°C/sec, such as between about 1°C/sec
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a tenperature at or above the nelting point of the inplanted portion. In sone
enbodi nents, only the inplanted surface is nelted, while the bul k of the
substrate r eNaPHY0¥PIst al line. Due to the extent of amoPSRAIEPNYH{Bonpanyi ng
oct adecaborane inplantation in some enbodinents, it may be sufficient to heat
the surface to a tenperature at or above the nelt tenperature of the anorphous
mat eri al , j b |l r | 85ttt at : i Rg
crystalli ngHﬁd;%bedﬁt a5lb.(g/§§§’ fghtl%ﬁinﬁlrsent S |t AW/F%E elln g'\' F)E:}ﬁerqcés?ﬁ%s rgﬁg’ ?s treated,
a t enper at wiew goolin@0ate oraynbe ecometyneadifvfithc petiadsref iconstentitempdraiieel tporti on of

t he surfac .Silicon nelts at a | ower tenperature than
crystalli nzacggﬁﬁéﬁohztﬁe?%&ga}%@?%tﬁoﬁnd portion nelts at this tenperature, but the
underlying crystalline phase does not. To mnim ze any substrate damage due to
ther mal st lesg] i tA melystiste tnbaimplgetedsas dedesihed hreeiboidy bef subijectedibssarate to an
i nt er nedi at e. : e ] s gt r support
may heat tﬁ)geé%%gﬁ fog:ttegé.t ghg%ognnggﬁﬁ%b g{}%]a %%h@%}%?fe%b%gigpgbr%ﬁl ént ener gy
sour ce nmay 190 weight tperdesdtHpantlitenssed at hetespesdtuet ef tbouthz0°Gelot ab@nper at ur e.
Very fast aki of the nelt zone is.generally preferred to achieve nelting
of the arrogg’nn@ug%ﬂaeé@”lﬁ’é%?g@ '"&?rifs?’ Iﬁo:ﬁg'é’g.ﬁ/alsrf‘bgg '%‘%'885 PRt ,O?nanosecond
pul sed | aseHFs ahdva mgnperhiee difirabioud 25fC .0 nmaarictiemepsiagnesbddimzhg tthe 200
nanoseconds,  such as between 10 nsec an 0 nsec, for exapmple 20 nsec, nmay be
Laed to merPHTRE NSRS DR PRl At apoiie amret et REPYGR Bor t | one. o
the substr ate ametrarChibaldxpaesd & théOF solutiahyme aafatitintém dddet 10
recrystallization is perforned in a way that pronotes formati on of a crystal

lattice i nCPGATRIOAROUI PRSANEE- HOWSRVENIRROXIdqISTRMO VO jrom the substrate

recrystal | iigahk @cHirsy 8étnl &the HFRSoIBHGIE MBS BLOSRSS of tHe SRRt oahy St al
formation, it is generally preferred to cool the nelted portions at a rate

sl ower t harfolyan mayeelohpwed BY aHinsagiemibrdeaionized t@arand abakeasiprt The cool i ng.
In some emﬂgr&@ﬁw i Mfe AN A0 RRUSath '@t@h&sg%-;@@e ure of the
substrate at 500 or mor & for up to 10 fr113'1i'%nugi‘es,s such as bet_\;\t{e a%fht 1 mnute
and about Teliwhnat @sgory, @t ajemperetusd setecdinueletiizef aty oathaigingefugitivg. 1 n ot her
enbodi nment Li hg,.i1 npl (Tel o) ubstrate
surface at %ge!r:'% Z% ﬁ'ol?]ghsllagﬁéér“o{ f'%n&@%gﬁ‘{& ?86%? 56215:&? sugﬁtr’ gﬂse %Jebt%\{/\rg{eer%g out 1C/ sec
and about Be®xpesed foa texpenplure b batwebdCitsrt 200iC sind hbouwtt 608¢ C dorbalshiutent s, a

sl ow cool i ng Jal e,y be conbined with periods of constant tenperature to
acconplish the recrystallization. [0035] A substrate to be inplanted as

descri bed herein may be subjected to a preclean process. The solution may have
a concent r $036in ofA sulwstratedimiplarded mithtoot@n 8s vesgined fereiemayHie aulijedied used at a

t enper at ur f 0 lary e Lent,.. the

sol ution hZ%%a%g%?Hé).pggc\%@%gwmg& (t:}gen% n%‘%e{rﬁg&ff%ge@)r g‘rc%eeragp 8@%’@ Qi'%é)ut 25C. In
anot her exenphes yormbbdiiorent borbhe Issbote enbbdimeatspitie fulistrats Fhéxppsedent of HF
and a terrpgr agure  of a_bou%j 25C, Thetsubstra&tﬁe ”f%l be, exposed Eﬂ? t he HF

sol ution f &7 nfa "YAPIENER AT 283t 0L ILIE RSl 1% 8% seldbntfd"® any

unwant ed oxnttedinsentgntheetydrogan-thstaminys gaatmapibet heplasmhl ngoaekawplepf the HF
solution. A Qri ef exposure of. the substbate Et% t he solution nmy be foll owed by
a rinse st &YJOCRLRT AR VInAr XTHAKE PESER: MRE DSaKEPd R [FORYS be
perfornmed wuogertis b theQlrfacatdTake BabRrats iRd vaktili hydpaes Bafon May irékdt te®r ar gon,
at a tenperature selected to volatilize any remaining fugitive species from

the surfacé®Bt VaiRussYRIRlt'e poren hydrides bR Rerne. dierangh o otk Yaldlilee exposed
to a tenpepaidieoligbmd WReshe2biHplaEmBeimaRo e §QatOmagRWxpB egeconds.

e
[ 0036] A substrate inplanted with boron as described herein"may be subjected to

a strippi nde PrueegenPhIMon fetrreraahneh 10 seeerissanchabAiEPSeapyds; 84¢ual  hi gh
surface copgepblfid 98drts LA PRmJRatBRIE! 5SThELH HFBﬁtstogt“@%nﬁ%%hfﬁé(?Cl s exposed
to a hydrogen-containing gas to generate volatile hydrides. |In sone

enmbodi nent Such B¢ ARt oddhCe datrafnweandhe ssirfaeg dsecentmtioenef. deeantexahis e,

hydr ogen g i i A e ert
dopants.af RSO FIRME malt b oBhped Ll b R o Hnd ol B bR T oy
react to fopmreagtivewarnas|gasi $ushbas ergonyel helies. slbh casridyqgasrfiow didyadveane, or
ot her vol atile borane oligoners. In one exenplary enbodi nent, the substrate
may be exposed to a hydrogen plasma follbet ween about 10 seconds and about 30
seconds, such as about 15 seconds, at a tenperature of between about 100C and
about 300C, such as about 200C, to reduce the surface concentration of
dopants. The hydrogen plasma may be generated in-situ or renotely, and may

e e o L L L D T o L L L | P L P L - 1 o — . P



establi shed at a rate between about 1,000 sccm and about 2,000 sccm such as
about 1,500 sccm and a pul se of hydrogen gas added. The pul se of hydrogen gas
may be supplWe@a' 1493682 | ow rate between about 100 scorn 5@3’%5‘8%57%0 sccm
such as about 300 sccm for an interval of about 10 seconds to about 30
seconds, such as about 15 seconds. Follow ng exposure, the hydrogen gas is

st opped anddlifihad bl 81283 SBoANY QDETBLAI NG HRAREIAR Qi s 7 om the

chanber . e punp dovvn to a low pressuré to renove any
remai ni ng falgpiut |1\E@Oht§a¢m c&asl a poB8 Af Fygugen Jasianired 7B pulsetdidgd8@enaccor di ng

or ocossi ng Shabepeareslos' 4 A4l RO kofuee ABETAOCHEr BpdBBIE atrdos e

carrier gassuchyaskEboah§othscen,dacan intergalsaf abuohi Gsedoalds torabaut@drseconds)i t r ogen

I fl be bet b 1, 000
e ana anulT %3 0! Lt shrorCRe f e BeHERR ot D2 esD ochSARoaRBL 4, 00D

sccm for ethamahﬁaraéusupu@eﬁ%ysr@ﬁTﬁnmﬂg RoRENKr BRITIdes TRIM Shé1ghBPbEN The
macr onol ecul es i s added The boro recursor may be added to the
CarrLor cadarnst B AISe B RS GOUEE Ao ESuTe & MgV @ I IRN: act 1y t o
the processig@ivé hpdriees: The boron precursor may be provided at a flowrate
bet ween about 100 sccm and about 500 sccm such as between about 200 sccm and

about 400 scc | e about 300 scc The horon curs will generally
be provi ded'&Y é{S %“Wﬁﬁd??i&mSWije#B&e?%ﬁ %gtt%aﬁﬁf?’ﬁf éf'%’ofjﬁ‘%erﬂor on
precursor idftke wﬁ@@ﬁorﬁt/ab@bsn%@é isEfi§hoskhen bgf@&bsmng%hmbramodoemwcaﬂ ded at a
tenperature between about 100C and about 400C, such as about 250C. [0038] The

carrier gas? sHehgrol gsfalighedat $¢ow e “Bh@a%maﬁlﬁeearlyd?ﬂrﬂ%ﬁt'%g%% near or

Wi thin the QEACRSKINh Cd?ééﬁ)eér niftbgetP8as.| Misdid0eRP&difEntsS 1P RhiRM dal. ioni ze
t he boron precursor w'thout ecorrp05| ng the boron macronol ecul es, “whi ch then

emer ge t hr dlaghraie gaay @esl?@twsamﬂbwmw hecom Geesahavy GPRMBesm, puchs ofe
embodi ment g,e4f,86, Lioklit2 ot %tﬁ%%kﬁ?’or@ka PLb S sghoelept.ric field

into the ionizing zones. Teeectrlcfl ma besatlc stuch as a DC bi as,
or varyi ng,A fueturagy GMPrlgw@Oa@mdnmyorapblculeatlsoaddaﬁ RFSpaweff healeiomay be

coupl ed | ntfebiteon RA 6L 3020 0ERe Ry RRRASI BLE VS Bhe HAUGH LA BN 0 one

enbodi ment , uctive roni zi ng Zones Fovi si ng
chanber, wictrhnagnbe@ddedmhrectd;otwlmetwoc@ss«rwcfyangta&r t et berongmeuragr mapes from

the proces tric s _cou each ionizing zone
by provi af s 199L0Rl 8F b iR EalekS abbit fod SRl BPallmel BT shif ey "Sones.
The one or babweert amLmzdaIsccmreeml aomit eoesgcmefdr mad'\plalébpommo *s@:ngembeat e an
electric field |nS|detQ$ &Et?eg zones For pelonlzmg
energy may BEOHPEIHEGY; 9%{‘ Pré’\‘ﬂéj’fa °68P9\)éeeﬂ VaB%ftﬁa“%é‘W‘%r& YBout 500W
such as abautm@ARW tr{eOB&Bh:%re&i@or Ana abp@t state. f Fel @&, drave bRr@ppldcaebor o
accel erate the i oni zgz bor on . i

may be provided at a temperature between about 100°C and about 400°C, such

as about 250°C.

[0038] The carrier gas and boron precursor flow into one or more ionizing
zones near or within the processing chamber. At 308, ionizing energy is applied
to ionize the boron precursor without decomposing the boron macromolecules,
which then emerge through a gas distributor into the processing chamber. In
some embodiments, the ionizing energy may be applied by coupling an electric
field into the ionizing zones. The electric field may be static, such as a DC bias, or
varying, such as that generated by application of RF power, and may be coupled
into the ionizing zones by capacitative or inductive means. In one embodiment,

inductive ionizing zones are provided outside the processing chamber, with one or
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macr onol ecul es toward the substrate surface. This may be a static field, such
as a DC bias applied to the substrate support, the gas distributor, or both,
or it may beVa28P3PHg field such as an RE-driven fiel dPCASPIRERTEn of an
electric field is an optional step used to adjust the energy of the ionized
boron macronol ecul es as they travel toward the substrate surface. Sone

enbodi nent Y, jectric
fieldis uzggl% C&HUR%NIté Egr F%g Ibrmv\g%k%%?éﬁogft E{O?gg m# fc?lg'gB%er | evel
bet ween abd\rt ek@triy/ field labmsupl@!omta/veashohnlalsgamm byl @@owding roreone nendodi nent s,

o O 20RO RS ABLES U S5t hd chEAEL Y55 W08 APl B e

may ener gi ®@résharei emmgiméd hitamF pawén toJeacrata ho elentria féeid vsafe thenatiziag ener gy

bet ween t hese t val u A ;singl e, enbadi ment t ions with a

i strs buti GRngt SREMEEHORRNATE ang iAE ehpis Ak O aE] A 8RO on o
the ioni zedembbnetmenrammemﬂ \Wisariteabdua8e0 W glueh akiabett Jocevver gy t han a second
portion of the ionized boron macr onol ecul es due to thernmal, pressure,

el ectri cal di e r 0040] T, e i on oron onnlecules

i npact the [(gor&&trétgtgg&’ oei%cttﬂncoﬁe'ﬁﬁ@ays BEPPIGY s?fﬁﬁ!??eﬁ l? ma}?’Pd?'%mtl ng into
t he substr gn@crsmfeaﬂ les ta'\herdrtaé sabsttate ls]yﬁa%@ eTies aidWo&arsfaw;: emm,l gl ﬁs\ etic
energy to di t the rix o S e surface as they inpact,
e O BhBs paiee! A i PRk Sy PhehaRe G ARG Y LR G TG rent o
they bore lbét@v&ﬂ?ﬁngﬁtmbﬂ@{ &s aHHRaBvenlidd f NRpIBRAbS oﬂaﬁ@ls’ﬁtﬂld’ﬂéld Y£age
laterally fromthe main nmacronol ecul e due to the anorphizing process,

resul ting iwRtigpalder Hpediin adiuebinessnaray Pf)?'i‘ep'PB‘l‘Zia‘lj @Of%f”apéom‘é?%&"ﬁ/é?y abr upt .
In some enfgslj HE\FHI%wér’GQh%&bM%QHE@é‘t S@ﬁmb%ﬂﬁduﬁénth%yﬁlﬁﬁcﬁ@t%%ﬁ@ nmay be
bet ween about” 5 and 15 nm bel ow the surface, such as about 10 nm bel ow t he
surface, ane@ ﬁﬁ)}O\M@rdﬁé?\ﬁ@é‘ﬁC%leﬁn algatoc digldgs asad abwilk prefenatly bmawaek t hat
dept h. The Y. aq of 2-20

o doc. | daoeh APRUST B8 SR ARl BotSer lahoy B8 Bhlaoofl sod e d B 0t ol 1y be
bet ween ab@tppue()OarMVanuw aboet ernbodimentshitbk,ioriaeth basorabworaoienlﬂe& hiitk. The
resul ting iRk ABlal Pl sub rgtebs%rﬁegw.tﬂt@}éf.gaemr |G 0oPYoBR gBLPEnd e bor on
macr onol ecul es oron atons or oron’clusters o oron atons
each, di sp@lbsetj 2,000 eyh tlmdlvicmﬁéremtpméﬂlmt may4endrgaei tl@ eorer gvythl an;appl ied to

one or n [fi e ener ct ed te rai se the
t enper at ur a'rt‘fgﬂl ?e\}aﬁ%p 'gn n@% (g{r‘g?iq{c é V¥eeﬁ' ﬁéﬁ? E‘f'o V8 ezﬁbo’l\)}e gﬁ'ue heat i ng
ener gy may elaa)oaippémteday aﬂsanfgatm@nuwwelmta digtyibutiearof enargnésamtmh ¢us rangegnet i C

energy or radi ant er, b ected toward t ato nelt
o t Lone. ¢ 1 ESTMPRAATTS salen St 5% e R ERE e kg BITE pr o heat
E) he ||rrpl Sntk&tétlaﬁeérgy&haﬁra%c@ﬁdprﬁloﬁlL:diShé #infzedWHirév Waag)rt&dﬂecugé@ba@wd area to
e nelted, or the entire s or e e, a heated substrate support
may apply CEHEGLArGSURRAYE Hfg' QWWWH@CELP%QW ‘ate to raise its tenperature
to between about 400C and about 700C, maintaining that tenperature while

i ndi vi dual [doaml antTée ienizad Imr@n mimdr@dolbyulagmhbaatthemtmfstrbt@cmnemﬁadm heat i ng

energy. Radi ant e erg for g. Iant ed areas i ver d by | aser,
heat | anp, Brort [% % :g B“’Pﬂaymﬁe"l?ulsé'gg}/% E‘Hfﬂq enuo coher ent

or incoher mororﬁe@@albgg@rﬁénaﬂy earrynew@hrmrcl@erg;ab@rsra@dh@bn@wqaiam zed to any
degree. Portions of the substrate nay be |rrad| ated consecutively, or the

entire subdf ihabshaiefuriass asithe) impseb @813iphiziRg thesiracee Addionabhdheray be
heated to %oF&ﬁﬁﬂc&Irﬁ'&l@cQ@é mgmeabggtthéy %@%:lrﬂﬂ%@t&ﬁ&tréte%cedeﬂ%‘d' ng on

t he enbodi nent. Melting of armrgql zed i con generally occurs at a | ower

t enper at ur éragme@ﬁt%raemrﬁby givergs, @tenally rﬁ@nsﬂhq &W nasrempleairediss tavifeg ei n t he
substrate BR{d@Rbhighg! @é&dq&m{g Y afl &d-FiflattBY doRBbitFRioReabtiIRY ant ed
portions to ab%ult pZHC))OC Th t tae erﬁg@%re |s? sel eagltoeg‘&% e tHam?é

amor phous Ir%l%felmatbnmit imlspmqagemb@dmmé«?Imenglaesmwnamnpa@tratwepf ast |s
general ly t 5 SO that

t he anorph%@brﬁ%gtqog%ﬁﬁgyhgeﬁsee %tfg%gﬁelk?% b%gor\{‘é1 E)eeaséJyn ed avvay by the
substrat e @whoer1&hm kelowitke swifacsd alodfmasebeﬂaetywerrm»ygﬂéﬂ ¢m§and\m@ut anor phous
siliconis slowy heated to near its nelting point, it undergoes solid phase
epi taxy, converting to crystalhng silieon with a h| gher nelting point. Very
rapid heating may nelt the anorphous portion before it can recrystallize.




[ 0042] At 316, the tenperature of the nelted portions of the inplanted surface
is mai ntained above the nelting tenperature for a period of tine to all ow
conpl et e di ¥@e¢1801%H of remai ning boron fragments and F6ASHPPIE8on of boron
out of the maxi num concentration |ayer. Mst enbodi ments usi ng nanosecond
pul sed | asers will feature nelt duration fromtens to hundreds of nanoseconds.

I n some enbpgtl ge et rv | i seconds
and about 0.5 g@coa?]é'},&%ﬁ“ﬁ é@%ﬁnﬁéﬁlt%&'ﬁgg%é%&g %ﬁé%ﬁ@lﬂ?&gy\%g&%ed
portions ofoft 2@0snibétecat @emmrdfr@cenathe ioydarddengroy  cohhe dinpledt raytes wib
recrystalli nesol.d di r e n ool ing
rate wll SQ?%”\X/eb% %{é”%ééméﬁf’g 02%%“&?‘%@%256 ?@ %]békhsg&pg{ gbcj‘hhgé)rsleﬁrigl zi ng of
t he heat i ngheppaitet nesultiog ahplent lapert wdilbeecbmelete}ssambrpmzﬁd lpnacticm of tbent r ol | ed

ror) Th' | 1t MR BRRes M hoR AlelS s Rba0F clRIPE oL PIE PSSR o Vo

posi tions aatdmbreael, digpdri@hthrsughl the éayet.n some enbodi nents, heating energy may
be applied to nelted inplant areas control the rate of cooling of nelted

i mpl ant by stipg f eatin o} For
exanpl e, Hg‘g‘l rof |'§&e3{04]qﬁ%§ﬁ%%§eg% %Kpﬁ" §e°g‘§né'hﬁ]gz%%ﬁlﬁategjeg%rg;gﬁsst ed using
pul se m)d| fThmbea:umg(mtelrggsn,s MedténbtcsImsetheftempe'ramfeamfgbevmbtaam arehze applied
to one or re flash Ia e .adj.usted. The heating .ener ma e

b eot'r ommgnBe e ERE B SodtRy e g iy b 0 SbbR 5 26 SonEtthods
descri bed abgyeFot ex@hplel eRahomagRsticSendigpior Rgdienesiirgymyayobe ppglbeted to the
entire substrate to,. its tenperature at an internediate tenperature

for a peridgWgfd {henm Bmégci‘fﬁﬁl iosPettRertens Jhareeft | AJItigR2!, Rassgoupdr exanpl e,

a substrat qmeraw%%g Eﬁeai {ol ﬁr@dwe@)’tﬁéiinﬁﬁlé%t@u Red ta’?‘n hRANStAS WuBstRabween about
400C and about 700C for between about m nut e and about 10 minutes. For

exanpl e, i rFoptENIBaHRIIMRIFAted aregtodhe E‘PBGW the epiierspbstpte; Fe ¥PMPIA. nt ai ni ng
i ts tenpera HoRedluBRRHE sBRMR FRY PR orBlcHRCN Mg emgqm%é%hb&%teool i ng

process anneals the substrate surface to elimnate cr al defects fromthe
substrat e darrpisedls Winparaty@ to belwegoprius 4081 aadtahm! d0PKe maipiaimisg WO

2010/ 03662 I

anneal syei it THETRL wAfS tnetlBdd] ki Al SRPcEL B BEOMBHER S o
i nventi on. lﬁwemntaéabame@ergm@a@lwnpenem fanmeftisggmpioted ereag0nashbeh i s
adapted to d%ﬁ.?ér%ﬁt%‘s sr%g‘t’H&jfgintog'?ﬁEWarﬂgh%r ‘?ﬁ% nﬂ&diaﬁ%é’;{"be% oy gpneal

region 412, referenti al arn eS| red regions
Wi t hi n t he cnfieadusy emmentMchqfﬁm] mnnm’moraatimpt poly@somhteyrpalarizBd gur e 400,
only one deJn'pg%Crilzeg gt'ooralmy(?f degree Portions of the substrate may be irradiated
consecutively, or the entire substrate irradiated simultaneously. The implanted
portions may be heated to a temperature between about 1,100°C and about
1,400°C, depending on the embodiment. Melting of amorphized silicon generally
occurs at a lower temperature than melting of crystalline silicon, so embodiments
wherein the substrate material is predominantly silicon may feature heating
implanted portions to about 1,200°C. The melt temperature is selected to melt the
amorphous layer without melting the underlying crystalline layer. It is generally
desired to heat the portions to be melted at a high rate, so that the amorphous
portion is heated faster than heat can be conducted away by the substrate
material, and is melted before it can recrystallize. When amorphous silicon is

slowly heated to near its melting point, it undergoes solid phase epitaxy,
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substrate 410, such as an anneal region 412, is exposed to the radiation from
the energy source 420 at any given tinme. The substrate 410 noves relative to
the energy SWHAPU&O¥9Y so that other regions on the substPCAE2WIYHMEy be
sequentially exposed to the energy source 420. [0046] 1 n one aspect of the
invention, multiple areas of the substrate 410 are sequentially exposed to a

desi r ed amuptofing@BesGitaflRh iRbEhilit ARigHe rﬁ@lﬁﬁ%lboﬁn@.ur\‘/:&y‘}g&dtﬁ’ea‘fiﬂ?se the

preferential nmelting of desired regions of the substrate 410. [004/]In
gener al , th@aymalithe amoiehatigiosiian kforetiecasugstystallige410 nay be sequential ly
exposed by translating the substrate 410 relative to the output of the energy

source 420 (o8- . NEBTH) 16O WHFErhRARL! BN MERIESortiBlL6H b MpRhRResIHagBd/ o
transl ati ng[6t ﬁg out pu{mof t he ernergy source 420|rel ative Po the substrate 410.

[ 0048] The sigiaiptainedabovertiie Heltipg deropeyatitie 1 aapatiegiof dneHamdpwgoawletee 415
configured & ; ; t 4 The heat
exchange de@?%%@ﬁ%%%%e%ggI"S’Io%?r%ﬁgﬁgg‘%h{rg%nogg%ﬁ]gggﬁ}é%@o(ﬁ\%ﬁ?q éﬁta?f tﬂ?ect rical
act uat ors 4maxireiny.contemesdion nteyerr , Nesidersbedinventsd using vieaneseeor)d, pulsedh nmay be

part of a S@Q&%%Ffﬂtﬁ&irﬁ;éslgEg%&i?ﬁiro&ﬂ%%sggﬁyﬂéredg%‘i“iw%ﬂb‘ée%ﬂn&& ﬁP?cBrEQ' the

novenent and position of entronal precision stages that may
be used to suppdmentsndopeser inmelt thatisulmsay he dehd€en anfdwt mdllideeabdseratiangi ng

devi ce 415, _,nm urchased from Parker Hannifin Corporation, of Rohnert
Park, Cali f%qoﬁ%/ggeﬁ%ﬁﬁé ,lch%ﬁgagg%teﬁc{@s?%e anneal region 412 is sized to match
the size of the die 413 (e.g., 40 dice are shown in Figure 4), or

sem conduct[oe43pievi Be81§,ethg. heated portions of the substrate surface are cooled at a

controlled rate to recrystallize or resolidify the substrate surface. In general this
cooling rate will be slower than would be experienced through simple de-
energizing of the heating apparatus to allow controlled recrystallization. This
controlled recrystallization process effectively activates the boron dopant atoms
derived from the implanted boron macromolecules by moving them to crystal
lattice positions and freezing them in place. In some embodiments, heating
energy may be applied to melted implant areas control the rate of cooling of
melted implant by adjusting the energy-time profile of the heating source. For
example, the profile of the pulse of a nanosecond laser may be adjusted using
pulse modification optics, or the shape of a discharge voltage pulse applied to one
or more flash lamps may be adjusted. The heating energy may be
electromagnetic energy or radiant energy according to any of the methods
described above. In other embodiments, heating energy may be applied to the
entire substrate to maintain its temperature at an intermediate temperature for a
period of time to accomplish the recrystallization process. For example, a
substrate may be recrystallized by maintaining its temperature between about
400°C and about 700°C for between about 1 minute and about 10 minutes. For
example, in one embodiment, a substrate may be recrystallized by maintaining its
temperature at about 500°C for about 60 seconds. The controlled cooling process
anneals the substrate surface to eliminate crystal defects from the substrate

surface, distribute the dopants, and activate the dopants.
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menory chip), that are forned on the surface of the substrate 410. In one
aspect, the boundarg of the anneal region 412 is aligned and sized to fit
within the "KQP490¥p2l  scrj be" |ines 410A that define t hfBIHIHIAPY'Ef each die
413. [0050] Sequenti ally placing anneal regions 412 so that they only overl ap
in the naturally occurring unused space/ boundari es between die 413, such as

the scribe sk ur {Fibiacs SAOAaICARUIRIANL aRoRebOsfahI A IHaP By 11 the

areas where the devices are formed on the substr us ‘reduces the
vari ati on iusetdHe pradisesymbediments dfdhawpeesanhinvention. appe rgnearmyatem ég0ons 412.

o e Hpy IS S er LA ke 0 RRIChAE Mulithel i oINS S Mo Rl SF EReol "

substrate al'i ghe out put o € energy source

al i gnnment v &sletipgd oagidny dr annahreal tdyors412,ad @ sifbstrate 4$1(bkt prafezertiblly and ot her
conventi onal chni ques so that .the anneal, regi gn,412 can be adequately
aligned to T?\'&gﬂ? n%ﬁ’%‘f@@?@ffﬂt : thgraéveglorﬁpgg 4230 is generally adapted to
deliver electromagnetic energy to preferentially nelt certain desired regions
of the subdo04ar e dordnecxanmiplgiasathoswuindéguref408) edy coedgfieed cgiEmeofdliei ncl ude,

but are not_ \inited .t n [ Irg.i ti.gn. sqQurce (e.q.. .| seé n electron
beam sour ces,ulbaﬁ;tlgon Obglé% %%gb @Se%llnrg '8?'1 4§%h{sces(§%§%del(oetﬂgrr %g)aﬁ%rh{; 'g.tﬁe

energy source 420 at any given time. The substrate 410 moves relative to the

energy source 420 so that other regions on the substrate 410 may be sequentially

exposed to the energy source 420.

[0046] In one aspect of the invention, multiple areas of the substrate 410 are
sequentially exposed to a desired amount of energy delivered from the energy
source 420 to cause the preferential melting of desired regions of the substrate
410.

[0047] In general, the areas on the surface of the substrate 410 may be
sequentially exposed by translating the substrate 410 relative to the output of the
energy source 420 (e.g., using conventional X/Y stages, precision stages) and/or

translating the output of the energy source 420 relative to the substrate 410.

[0048] The substrate 410 may be positioned on a heat exchanging device 415
configured to control over all temperature of the substrate 410. The heat
exchange device 415 may be positioned on one or more conventional electrical
actuators 417 (e.g., linear motor, lead screw and servo motor), which may be part
of a separate precision stage (not shown), configured to control the movement
and position of substrate 410. Conventional precision stages that may be used to
support and position the substrate 410, and the heat exchanging device 415, may

be purchased from Parker Hannifin Corporation, of Rohnert Park, California.

[0049] In one aspect, the anneal region 412 is sized to match the size of the
die 413 (e.g., 40 dice are shown in Figure 4), or semiconductor devices (e.g.,

memory chip), that are formed on the surface of the substrate 410. In one aspect,
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[0053] I n general, the substrate 410 is placed within an encl osed processing
envi ronnent (not shown) of a processing chanber (not shown) that contains the
heat exchangVg'1¥é¥pte 415. The processi ng environment WARHSHOKAEN t he
substrate 410 resides during processing may be evacuated or contain an inert
gas that has a low partial pressure of undesirable gases during processing,

such as oxagBo L8094} IHd HASLPEARSIATNL apdrod By BB ARl PrbOKGOY O the

tenperature o strate 410 during rmal  processing by placing a
surface of “strbeslibss 4 HdAthal Oefind thedtouadany of eaflh gier4134, in thermal contact with
a substrate supporting surface 416 of the heat exchangi ng device 415. The heat

exchangi ng (§R4) c€ $dichfaBAISGAY blinBd3BLBHs 192 REHhat3RE Bhiy CR8lHap RESUDSE rat e
410 prior to or durihg t anneal 1 ng process. In this configuration, the heat
exchangi ng nidwiateodcring usisedsspace/baviedrriesrisitweerbdier4itde shehnae theasaibkabl e from

Appl i ed Vet dipelon, SAIEE Heidt o RRHAOUN BrcdPh B 888 berd fBL Ove the

post - processi ng properties e anneal e e su rate 410.
[ 0055] I n ordevieebade femied bhahe isobsirate ed 1oagnd ¢hysr edueaes dhg vadatiadnoinpeef or m ng
t he anneal i nggeor oce t he ener reach the nelting

h ired
t enper at ur ETPEH R S?Zegwé%@ﬁ‘ghovr?ﬂ?p'?'B@é@égag%é'g%%g%d stress due to the rapid

heating and cooling of the substrate 410 and al so possi bly reduce the defect
density in [ods¢] r edol ok fanszbdimerais poior ttheparthsiingtiee AbDealing preceaspibet , t he

heat exchanging .devi.ce 415 nt,ai ns, resi stive heatin l.enent s,.415A.and a
eaper at ur SURaTe P I0CR dlbied PN BRelCR, Teldierdy RRUPY LOTTEN HAmES Gi sposed
on the subsharkseyscgipdotindign she batecelditthe Bubstratepriadnd etheposrvehtienal415C is in
communi oati gt i LG SO LobLer 8Bk 4l PORSLLN, S 3P Shbod fo FRVub®

413.

[0052] The energy source 420 is generally adapted to deliver electromagnetic
energy to preferentially melt certain desired regions of the substrate surface.
Typical sources of electromagnetic energy include, but are not limited to an optical
radiation source (e.g., laser), an electron beam source, an ion beam source,

and/or a microwave energy source.

[0053] In general, the substrate 410 is placed within an enclosed processing
environment (not shown) of a processing chamber (not shown) that contains the
heat exchanging device 415. The processing environment within which the
substrate 410 resides during processing may be evacuated or contain an inert gas
that has a low partial pressure of undesirable gases during processing, such as

oxygen.

[0054] In one embodiment, it may be desirable to control the temperature of
the substrate 410 during thermal processing by placing a surface of the substrate
410, illustrated in Figure 4, in thermal contact with a substrate supporting surface
416 of the heat exchanging device 415. The heat exchanging device 415 is
generally adapted to heat and/or cool the substrate 410 prior to or during the
annealing process. In this configuration, the heat exchanging device 415, such as

a conventional substrate heater available from Applied Materials Inc., Santa Clara,
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t enperature between about 20 C and about 750 C. In one enbodi nent, where the
substrate is formed froma silicon containing material it nay be desirable to
preheat the ¥OBYYPHPHE to a tenperature between about 20 PETAROYBTI® 500 C. In
anot her enbodi ment, where the substrate is forned froma silicon containing
material it may be desirable to preheat the substrate to a tenperature between
about 200 b ate is

f ormed fro%:%@(grlnf?1 fi bébﬁ%egltﬁlnﬂ %Rgitnétﬂ)o?‘?rﬂ??égs@ﬁ %g}g‘lgéragﬁpg at%ggél%gejheat t he
substrate treglansefrﬂfer%ubatf@ebléﬂween about 250 C and about 300 C. Dionln another
enbodi ment, it may be desirable to cool the substrate during processing to
[eauce. any rieb USTIARufndduhle, SRR BLALIRH) bO ol faRUDSRA AL DoAYIING t Ne
anneallng rocess and I ncrease t e regro oci t t

i ncrease t Hee aamrgsting apiogasofsa Hieaty dné oetnarg)egieqnlsedjum n@qbr cbm@srs\emgg | n one
conflguratl |_rp%; 4 n r re flud
channel s 41§@petazt?rgn§ﬁ}%|§g%og%h 9‘?@%5%13’ 58%‘%‘3? éa}oeapt egqootngo%f'&a
substrate maapogexdwomdhhg cfubstsubseaeup D rhdnYss ossibly dbieice Ithe ateéeatbodi nent

a conventio eni ¢ iller 4 n conmuni ca nwth the
Coneror 1 er Dt i M BB fas Goe Albstie 3100 IR TR PRIE o ror e
flui d chanrschargivds. déviced el sasqodedins | fesidtiye bloeaimgl lebdphents 04 tHW| ahdieasubstrat e
to a tenperat ur e bet ween

ab -240 C and about 20 C .
2010/ 0366 1PERPEIBES 5BY 0d SE DR PAFRRE o b aquIEls 4R 8R05eH BRess, a
substrat e heén@bBirAceSFRDrY SHfdcel 216.VETRS t@NpSARITEYconBUll&e4 $5C tiah portions
of the substrate are eXf)ose to the energy source sequentially. The relative

novenent méPMBRUECAOBpYIe fBPIIIRT 4Bbr exanpl e, the substrate may be noved to
and maintained at a first position so that a first area on the substrate is

al i gned wi tipsshe danesy a%ﬁélétC&t mAYe beN@EIabRO S GRehdr@NthRr Blisstiage aodgsi r ed
anount of ener y toward the first area on the substrate. The substrate is then

moved to a 'CBRBIRITBASIWEIhaRY 0 Eciae W >R Th 'ﬂ"tft‘—!‘%‘?f@%@lm@%r"ﬂ"@reThe

rel ative myeRBRtrNEiIERMbTRoN WSTideH SordiiflinghRaRRal BYnSPHE GRsirsbis ttopped
tenporarily when the energi‘bsource projects energy to the substrate so that

t he ener gy Arehgst dhe stledraty & rdemperidrehftveemiabouto?Q °@ esidr akpuh 588 “GHowever

this st epp'lﬁ'%ngmelr%Bd&l\fﬁéﬁte%héfécﬁte%ﬁ}str% BANArAES FoR] Qténl&En'd&nﬁa\{rﬁﬁ step
which significantly slows the down the process. [0059] Figure 5 schematically

i |1 ustrat esnaletizgpt Mayvbotlegirablhin praheali e sukstrateoin aitAmpE@ttg kejwaee shaped
dice 413 thaf, 2560 aéfa%gge%%ul 48&Pcanf Fhoth ?% R oEﬁnéHn?’wﬁér% RERRLE&d ;L om one

anot her by areas marke scribe 't nes nergy projection region 520A
i ndi cat es tiorenest é'arro‘aesmm chnteimingy ynaderial ok mmob(esd:lﬂamblentd:lpgezheat 4hei s adapt ed

to deliver AASEIELON BHhSBL DARIS! Aoy bHG-CURE KB QL 0N real on 5204 ey

cover an area e er than e area e 413, but snaller
than the area of each die 413 plus the area of the surroundi ng scribe lines
410A, so t1iess7it he lerepther pubodimbstt,iit@eag deidesiraelednspgithpsupsitate duringgi on 520A

compl et oLy EaNSGRo! erdihe 4 WilLEn 0l 0V BId BRBIDSHAd P B ahARRe" o di ce

413. [0060] per Pormtne an rocess on spread out
during the annealing process and/or increase the regrowth velocity after melting to

increase the amorphization of the various regions during processing. In one
configuration, the heat exchanging device 415 contains one or more fluid
channels 415B and a cryogenic chiller 415D that are adapted to cool a substrate
disposed on the substrate supporting surface 416. In one embodiment, a
conventional cryogenic chiller 415D, which is in communication with the controller
421, is adapted to deliver a cooling fluid through the one or more fluid channels
415B. In one aspect, it may be desirable to cool the substrate to a temperature
between about -240 °C and about 20 °C.
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across the substrate surface, the substrate and/or the output of the energy
source 420 needs to be positioned and aligned relative to each die. In one
enbodi ment, WORUMEONIHIB || ustrates a rel ative novenent BETREENPHESdi es 413 of
the substrate 410 and the energy projection region 520A of the energy source
420, during a sequence of annealing process as that are perfornmed on each die

413 on the ac 3 e I i r i novenment
may be achilg(%/ggij b;e/Dl?IIrm%IéI %@lyén)(gt'%%tere%nunggl ?glfcgE?Eg%Lg;ﬁggtf élgﬁgﬁlbgénéség t hat they
fol | ow t he roovasereb298.10 lan eneogyheouresrbodiatgaartionshd the sabstiate Aoy expasedmay be

achi eved by i r ject4 i O A tiv . stationary
substrate Allfgﬂ ¢ %r%%ﬁ'ﬁgge%ﬁf%%"@sﬁ@%f @g%gl O[%%%'gﬂ ﬁlcf%i fi’? %n%:[gf)@n aa pat h

di fferent trhatiorb268r reample, treesulistrateptriayi kze roved ug fpdtmainthinedoates Sirgjual ity

an anncal HpBPBess L a e Calset Pades S8R oS bt e o SRV aer ey
pr oj ect: on L@éﬂgﬁ?«,&ﬂcesm@hpl@&gﬁl@\g@siﬁd SrbURt &%@Br@{:oﬁh@t‘r@ frst ahbgn a
particul ar di i s, pasitigned, and aligned within the energy projection

Pou on 5204 freibskig) O, PEBTASORPER SO ARNGPOSHEr g 2 SHaPde t o
substrate 4k8a s@thtthatenbhfy sHiRcétlFhe elRROERAcin@nBbERICEAItRe 80BstRke @hdener gy
over a defined duration according to the particul ar anneal process recipe. The

durati on ofth® RS SOEEPeAEIPPCH teRPPIREIO MR INCHIF BESADEP PLIRYHPRYABYy shor t
enough 0 e ibstgleabs Rl BRBy bE! NBRRIIBrezilay Bk Afibingnd dhe eneroy

projection region 520A does not causé an ur”, i.e. non uniform energy
di st ri but i gliesiredr aeeg. eadtpwsiver. 4 118s api@ppingwinationotineiese agegiawding o anfie

substrate. (A002ASHBSLE 2he PhARALAMY Bofl i A0k, FRYpBEeaTneal ed using

sub-nelt anneal process involving raplid repeate eati ng and cool i ng of
i npl anted regions. _Figure 6 is a flow diagram summarizing a net hod 600
accordi ng tléP58hot Hdgurend sehamatically: ileHrates asiopsyiewt & amupsicatei 410 igtanted with

boron macr q&zsﬂ{aw#o?@ S ?i‘%@ BicB W1 30fat GRAFIRQE M andl. B8 gibbe

i npl anted portion eal e exposure to pul ses of el.eﬁ'rorragneti C energy.
The pul ses 48 alecseparaiggntroincorgangihar dp draashearkesinbly sedbe tlines i 4iAant ed

portion r e%&ﬁb?’ojéc?ioﬂﬂ@&@h 4R HHRSESAhE area over which energy source 420

(shown in Figure 4) is adapted to deliver an energy pulse. In general, the energy
projection region 520A may cover an area equal to or greater than the area of
each die 413, but smaller than the area of each die 413 plus the area of the
surrounding scribe lines 410A, so that the energy pulse delivered in the energy
projection region 520A completely covers the die 413 while not overlapping with

the neighboring dice 413.

[0060] To perform the annealing process on multiple dice 413 spread out
across the substrate surface, the substrate and/or the output of the energy source
420 needs to be positioned and aligned relative to each die. In one embodiment,
curve 520B illustrates a relative movement between the dies 413 of the substrate
410 and the energy projection region 520A of the energy source 420, during a
sequence of annealing process as that are performed on each die 413 on the
surface of the substrate. In one embodiment, the relative movement may be
achieved by translating the substrate in x and y direction so that they follow the
curve 520B. In another embodiment, the relative movement may be achieved by

moving the energy projection region 520A relative to a stationary substrate 410.
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[ 0064] I n one enbodi nent, the pul ses of el ectromagnetic energy conprise at

| east about 30 g)ul ses of electromagnetic energy of substantially the sane
energy flux %PAa0180#4%% on. I n one enbodi nent, the nunber P6T/USHIYRY 7 M¥ay be at

| east about 30, or at |east about 50, or at |east about 100, such as between
about 30 and about 100, 000 pul ses, or between about 50 and about 10, 000

pul ses, or en 0 1 0 e t 200 and
about 500 p@ﬁés@g. f‘ﬁ&gﬁalIi’n%o%?ﬁ‘eﬁ?@”%rﬁeth%ﬁersg@éfsrﬁ%/( % L}eggé\kll\%pgf)@g%gs bet ween
about 0.1 Jtheorhauidarsbipretess Qualilyctedendinglonas padcwieearraigamend opdigécn? and about
1.0 J/cnk, for exanple about 0.25J3/cnR2. In one enbodi nent, the pul ses conprise
| aser |ight ch pu -at .on t bout 10
psec, such [ggéget m@ehﬁﬁgméd%é{ﬁ’sggﬁ'g%gﬂa%@ﬁe:a“ﬁggbrﬁé%g’, ﬂfeoreakgsg%r%%geabout 20
nsec. The nuAkrs rejatieulosthe ererde drejettiongeagiaora FRYA beudmaesbewvn Iy opet i onal to
the 11 uencesandofirald o0 vilorea Rl Rl? o 4PORIEAEN AU S Bho8 LRI GiIRIneti c
energy acconpl1shesS a m cro-anneal cycle Iin the energi zed area o e
substrate. @&drgngrogentiod reginob20Auttecerergy soliceken pupjectaredpulaeiof edergly bor on and

silicon ato e, oy fraction f.a unjt, cell dimension with eac ul se.
Boron and Stl ?g%nthg?%%gtr%tgcﬁyy'Ong\aggh 59'§|J‘][3aﬁ‘?x885 Jggq ?icgﬂgmd%m%lﬁ c?eclf:)ei ve
enough energnerfy overemndbfined deatien dtcrdidgeo theepartibular amase padoess resisalpyi ng
spaces between crystal Iattf' cg | ocatjons are noved in nent al | %ovvard
unoccupi ed |4 PHEEOROLithe BHEed eneryhem dhe e Te %Byr‘beegégéﬁtyﬁdﬁaé'é§ 8€clines to

al | ow ener gohdughrsoahaitheublRtivd olemehPBétdebhtios glibsthge 410 ahalthéd ahéigge before
the next pulse is deljvered |n one enbodinent, incident energy flux may

decl i ne to RfEIEFIYLTBIRRL W ¥h JAFEsBRL CRYSE RHY h&lUrenb®d PAB NYNITOMAC PARGY ener gy

flux decli n@strib@icH, hewss ehcie BRI A dddikwilitHot Bhudd@arRiGeR thd Q0Bstratbus, Wwhil e
standard sub-nelt techni ques require exposing boron-doped substrates to spikes

of radiation Iasti&&eﬁo sec or npre, repeated short pul ses may acconplish an

anneal prod@%S! at Stl’%ﬁé‘?‘plﬁa{‘%ﬂl Wit Pt 10BR S3Ynee ORRASS HE0P Pethie!t The
period of tanmabgloseeNineacingRLbigeepRited h¥Ridgadd @ diHg 8 infilabd Pagibnul se may

be between about 50% and about 200% such as between about 100% and about
150% for &Xawisl 8 iamddiow disgsam susyparizing gdmMeihasivoa ascontimdefansthese dur ati on

al I ows the ggbofRBROYAIRD2AGEL Atk RErAEPPSARbRAIIARIPHobA MRGbmBR lRsa Nonzer o
| evel bel ow the peak energy density experienced during a pulse before the next

pul se begi rccomingta apedesigdAnhadimpott AtIG0R4he inaplgnied @odipnds iaonealbfiows t he

_ e. [0066] |
et ener 9 BPLANSE © KA SRS Ak RPTHY plied BeBsimacge. | 20001 | n

one exanpl e,” a substrate was 18 1ons to a dose 15 cm?2
at an equi vellesgit réawdlynhéainarshepgly thef irgglanted. poxfior rrepéatpdly stosamiaah the20 nsec

| aser deli V&fbisf?gtﬁ'szw J/cn2 at a wavel ength of 532 nmover a total duration of
about 1.4 psec, RS was about 500 0. After 1000 pul ses over a duration of about
45 psec, Rs was about 400 0. [0067]In anot her exanple, a substrate was

i mpl ant ed viPes4] B1gni angsembodimentitheipulses of strttiomageets gyergafcoampriseGtpul ses

with a 20 ngeg Ab@ﬁ?éo gﬁllsieél of E%gtrorggéne}{ccé?%rgy of substantially the same energy

flux and duration. In one embodiment, the number of pulses may be at least
about 30, or at least about 50, or at least about 100, such as between about 30
and about 100,000 pulses, or between about 50 and about 10,000 pulses, or
between about 100 and about 1,000 pulses, or between about 200 and about 500
pulses. In one embodiment, the energy flux of each pulse is between about 0.1
J/em® and about 2.0 J/cm?, such as between about 0.2 J/cm? and about 1.0 J/cm?,
for example about 0.25J/cm®. In one embodiment, the pulses comprise laser light.
Each pulse may have duration between about 1 nsec and about 10 psec, such as

between about 10 nsec and about 100 nsec, for example about 20 nsec. The
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at a wavelength of 532 nmover a total duration of about 13.5 psec, boron ion
concentration of 1019 cm3 was found at a depth of about 147 A wth
concent r at i ORORHOPIPHE at that depth of about 5 Afdec. [ FSEASYNIPEBhe
foregoing is directed to enbodi nents of the invention, other and further
enbodi nents of the invention may be devised w thout departing fromthe basic

scope. t her eQlmyantt bliEes BBRed NAr Gerdi, Sk REMAPBrbbidhe) ) fldudaat fol low

What is clalined tre ting a s conpri si ng:
i npl anti ng @maur@tjatbof@am pulteo t he surface of the substrate; nelting the
i npl anted surface of the substrate; resolidifying the surface of the

substrate; ggigal | Bch RRISUbS BkLtBhabh&ics HRSY) M&onftshes a micro-anneal
cycle in the energized area of the substrate. Unfragmented boron clusters are
broken up, and individual boron and silicon atoms are moved fractions of a unit
cell dimension with each pulse. Boron and silicon atoms occupying crystal lattice
positions do not receive enough energy from each pulse to dislodge them, but
those atoms occupying spaces between crystal lattice locations are moved
incrementally toward unoccupied lattice positions. Incident energy flux between
pulses declines to allow energy from each pulse to dissipate through the crystal
lattice before the next pulse is delivered. In one embodiment, incident energy flux
may decline to near zero between puilses. In another embodiment, incident
energy flux declines to allow net energy flux out of the anneal zone. Thus, while
standard sub-melt techniques require exposing boron-doped substrates to spikes
of radiation lasting 20 psec or more, repeated short pulses may accomplish an
anneal process at much lower total durations and power requirements. The
period of time between each pulse relative to the duration of each pulse may be
between about 50% and about 200%, such as between about 100% and about
150%, for example about 125%. A rest period below about 100% of pulse
duration allows the net energy balance of the implanted region to decline to a hon-
zero level below the peak energy density experienced during a pulse before the
next pulse begins. A rest period above about 125% of a pulse duration allows the

net energy balance to return to a rest state prior to the next pulse.

[0066] In one example, a substrate was implanted with Byg ions to a dose of
2x10"® cm™ at an equivalent boron ion energy of 500 eV. After 30 pulses with a
20 nsec laser delivering .234 J/cm? at a wavelength of 532 nm over a total
duration of about 1.4 psec, Rs was about 500 Q. After 1000 pulses over a

duration of about 45 psec, Rs was about 400 Q.

[0067] In another example, a substrate was implanted with B4g ions at a similar
dose and ion energy. After 300 pulses with a 20 nsec laser delivering .234 J/cm?

at a wavelength of 532 nm over a total duration of about 13.5 psec, boron ion
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oxi di zing the surface of the substrate, wherein the octadecaborane is

i npl anted by directing octadecaborane ions having average ener | ess t han
about 1 keV WO&HPE%He substrate, melting the substrate PESHIFIYRY Wi r ect i ng

| aser energy toward a portion of the substrate and maintaining a tenperature
of the portion of the substrate above about 1,100 C. for a duration |less than

about 0.5 sghecEarhidlibH gg° e fayﬁ{nraae@ptﬁgma 85730 Qith Bt dRrdtBht ed

portion of the substrate at a cont rate anné Ing the substrate
conpri ses rublileait tiatgepintadmpevtad Afdecof the portion of the substrate at about
400 C. or higher for at least about 1 mnute. 2. The nethod of claiml1,

fur ther Corfpiessi NOWRIE W RIEG8ING e aRLASS i@ Efbodmets B TRLBATObufdal m 1

wherein nelting the 1 nplante face of the su strate conprlses

mai nt ai ni ngna fuéhpreembgdlme@fs dlethieriptentipe dnayubé dewsed wah@uiuﬁﬂ@raamrfeomo | ess
than a nelt t f i r T d of clai
1, wherein ‘Qﬁg’é‘éﬁn%g’b? ﬁﬂé@gpfagtggﬂgf%hgqﬁuggﬁé (ge%'?nm?% b? t%%?r%}rﬁgéﬁéqcool i ng

t he surfacdolldw.a controlled rate. 5. The method ofclaim4, wherein
resolidifying the surface of the substrate conprises cooling the surface at a
rate | ess than about 200 C sec. 6. A nethod of form ng a boron doped

sem conduct or substrate, conprising: inplanting boron atons into a portion of
the substrate by directing a beam of octadecaborane ions toward the substrate,
di e ions having an average energy |ess than about 1 keV; preheating the

i npl anted portion of the substrate to a first tenperature;

3
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melting a surface of the inplanted portion by directing |aser energy

toward the surface for a duration |ess than about 0.5 sec;
resolidifying the inplanted portion by cooling the sub-

strate at a

controlled rate | ess than about 200 C/ sec; and annealing the
substrate by maintaining a tenperature ofthe substrate at about 400

C. or higher for at |east about 1 mnute

What is claimed is:

1. A method of treating a substrate, comprising:

implanting octadecaborane into the surface of the sub-
strate;

melting the implanted surface of the substrate;

resolidifying the surface of the substrate;

annealing the surface of the substrate; and

oxidizing the surlace of the substrate, wherein the octade-
caborane is implanted by directing octadecaborane ions
having average energy less than about 1 keV toward the
substrate, melting the substrate comprises directing
laser energy toward a portion of the substrate and main-
taining a temperature of the portion of the substrate
above about 1,100° C. for a duration less than about 0.5
sec, resolidifying the substrate comprises cooling the
melted portion of the substrate at a controlled rate, and
annealing the substrate comprises maintaining a tem-
perature of the portion of the substrate at about 400° C.
or higher for at least about 1 minule.

2. The method of claim 1, further comprising pre-heating
the substrate.

3. The method of claim 1, wherein melting the implanted
surface of the substrate further comprises maintaining a tem-
perature of the implanted surface at a temperature no less than
a melting temperature of the implanted surface.

4. The method of claim 1, wherein annealing the surface of
the substrate further comprises cooling the surface at a con-
trolled rate.

5. The method of'claim 4, wherein resolidifying the surface
of the substrate comprises cooling the surface at a rate less
than about 200° C/sec.

6. A method of forming a boron doped semiconductor
substrate, comprising:
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implanting boron atoms into a portion of the substrate by
directing a beam of octadecaborane ions toward the sub-
strate, the ions having an average energy less than about
1 keV;

preheating the implanted portion of the substrate to a first
temperature; )

melting a surface of the implanted portion by directing
laser energy toward the surface for a duration less than
about 0.5 sec;

resolidifying the implanted portion by cooling the sub-
strate at a controlled rate less than about 200° C/sec; and

annealing the substrate by maintaining a temperature ofthe
substrate at about 400° C. or higher for at least about 1
minute.
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