DEFECT- FREE JUNCTI ON FORMATI ON USI NG OCTADECABORANE SELF- AMORPHI ZI NG

| MPLANTS Fi el d [0001] Enbodi nents described herein relate to sem conduct or
manuf act wongiomstdrods. Mre specifically, enbodi ments ofPCrhis20000e1708 ON
enconpass net hods of dopi ng sem conduct or substrates. Background [0002] As
sem conduct or technol ogy progresses, devices fornmed on sem conduct or
substrates grow snmaller. As devices grow snmaller, manufacturers are
continually challenged to devel op productive processes for making the

devi ces” havPEE BGTFAER NN BT TOR U BIa T BPEEABETAYE oy et opi ng
next generation processes SEUF-AMVORPHIZANG MBIPLUANTSal di nensi on of 20 nm or
| ess. At these extrene dinmensions, inplanting dopants in a substrate

becones forbidding. In a traditional boron doping process, for exanple,
boron atfifld are directed toward a substrate with sufficient energy to

trate th tal. | ti t desi d depth, .and the subsfrate is then
sl adoolqi S Ermhiments dESenpEharar repIs B SemicaauGPT MEAYIAING st a

net wor K)mefNodde WIS SPaBRitallipSmBbaitSHTa ok 8le irﬁf@ﬂfiér%n@ém?ﬁ% AiEtAGHSBF depth
becones nore critical. Next generation devices are expected to have

j unct i ordoping semécangustasobstra®sat oni ¢ | ayers deep. [0003] | nplantation
probl ens arise as junction depth dimnishes. Because the ions nust travel

nore sl %'Bér%éﬁ‘\é’oi d inplanting too deeply, the repul sive charge anong
| i ke-cha ions forces themto diverge fromtheir intended path. To

compensahgoaf O Wi SsShIceRHyo{AS robRYIBGy | PSgRkeIRTnElEEa! Iyfiggel g at ed

near the sufface of e substrate. erati’on, however, results in
"ener gy semnicanductor substrates grog smallarexthdegeeo ramangdlebahaneiactiarets novi ng

F st - movATRo SRR aUD T Faalndel oo cdSialas LERHEEYEPBretths ool fioat or

and i npl @dicedeeBlidently, 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.



into the substrate.[0004] Small ions also channel through the crystal

| attice. Because the crystal lattice has open spaces |arge enough for many
i ons to paexowvideqeded, nore ions will travel down thesecCTaisarmessig
resulting in highly variable inplant depth. To reduce the tendency to
channel , many manufacturers have resorted to "preanorphizing" the substrate
surface to renove any opportunity for channeling. Pre-anorphization my

al so i npepak i mPinalt ione sdsmghapealithtpugbribespysial lattiosi nBecaussotheccrysial i x f or

ions to r hi z bstrates re uire nore. anne

novever , BRG4T Srel FfR B Bp IR FhE P B8 et Potk HRLPEREh alPig o1
di sr upt 66né il 1eeBE HeRnaRkSe deRarhaerd rasistind en hejhy VafablEhnfplamadsptho
unwant ed_dopant diffusion and resi dual EOR damage. [ 0005] Thus, there is a

cont i nui TR redieee they tassleney teeahapas!, dﬂaﬂm%lﬂﬂfﬁﬁfg"@éﬂm raserigdsivalnrew ;
h
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provi de larenwhbmhuzzitndnr @aliaigo imprdvetingilant daspby Spegingipbentpace bathim
rracrorml ?PE'S into surface of the substrate, nelting the surface of the

subst r att Aameli fertiAng He WW‘%?W@&D'@ spaglhrteq; reguig maee
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anneal i ng the e of the substrate. In sone e
macr onol caropletely dispupted tb@rcmnsmdlexabler@emmandgnast be aspaisadct Eleis Ibadoto at ons.

[0007] Q her e S _provi e a of treating a substrate,
conpri mW%%ﬁngP?ﬁEghE?' %%?th%dﬁﬁb‘?‘g?urface of the substrate, and
anneal i ng inplanted regions of the substrate by repeatedly heating and

cool i ng (bdwe] | NPITANS ethér_JisOBs coRfingihg Dessd 'fBF | e micifodd dW ifgRatifyP8] So
that the manner in whi ch the above-récited features of the present

i nvent i glPpeats e ausbeliow deerction wéhahigh dopantedqser and aciivatiesclovpisheet of t he
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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invention, briefly summari zed above, may be had by reference to

enbodi nents, sone of which are illustrated in the appended drawings. It is
to be notwo,2hoviBv@i1, that the appended draw ngs il | ustr aCce/usaéop/osyps cal
enbodi ments and are therefore not to be considered Iimting in scope,
because other equally effective enbodi nents may be devised. [0009] Figure
1A is a schematic cross-sectional view of an apparatus according to one
enbodi meheweyeo gt the gppenderd idsawinge rillsdiate valyiypigad emiesimppisr andigref

fo one ahisstiPrhpt |t B8 Sy e amitia T 3pBE, SRR bR sB Y S38sEthoa ™
accor di ngmbedini@it enayebdadiigeat . [ 0013] Figure 4 is a schematic
illustration of an anneal systemthat nay be used to practice enbodi nents

described herein, [0014] Figure 5 is a schematic illustration of a top view
of a subl¥PP¥te recdit dfnd Beheabiguarasssieeienaldiviawt rht ar aPRRmRYed i n

an array A=Y PO 7 fl ow di agram summari zi ng a net hod accordi ng
aC({OS%g o dn@‘grﬁlfcg%q%{ﬁ.

t o anot her I ment . To facilitate understanding, identical

ref erence numeral s have been used, where possible, to designate identical
el enent sfootlt aFéguerhibis & petspectiveyviewsof the appacains efpigured At hat el enent s
di scl osed in one enbodi nent nmay be beneficially utilized on other

enbodi wi t hout specifi,c recitation. Detailed scriptior 017
Ebod DT des EN B e MR, e SHaritie RemBlaed gRehiiido e
sem condgiebedingafistrate with boron. A substrate is provided to an inplant
chanber. A gas m xture containing boron nacronol ecules is provided to the
chanber. The boron macronol ecul es are ionized and accel erated toward the
subst ratl@0@lt h &EBHE\S S Hewediagnm suppaizng 8 Brhadbacsargingnio a1othae bor on
macr oml&gg#gﬁnérﬁto a surface of the substrate. The boron
macr onol ecul espenetrate and anor phi ze the substrate surface and break apart
into atons or

[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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smal | clusters. The boron dopant is then activated using an anneal process.
[0018] Figure 1A depicts a plasma reactor 100 that nay be utilized to
practi ce worroiomsb@mt at i on, oxi de |ayer fornation, and cappiusgoayEns
formati on according to one enbodi nent of the invention. One suitable
reactor which may be adapted to practice the invention is a P3i(tm
reactor, available fromApplied Materials, Inc., of Santa O ara,

Cal i f or npenetratet dred aneciphtze thisi substratebsurtatepaed hrealrapart ddotatemsnoeent i on
I s descrj ni t te Appl.ication No, 11/608, 357. It is
cont ompl S08h ol nE 2 RhaBraBL BheRFRHAEN R Thd S aBPARPERE  n ot ner
sui tably adapted pl asma reactors, including those from other manufacturers.

[0019] Tioe1a)! asRigureatA aepitddai maémdeéaatoe haotiRat megbel GRliZzavongastidwt t om
124, a top 126, and side walls 122 enclosing a process region 104. A

subst r at @NSOMtatiaRsexide yayergorgatienp id eapring r’@YEHefOHBﬁE'@?naQQWd(HTg the
hanb
chamber Qody .n@g bﬁth%(]@gé%é Oorn%%gl \éﬁle?hezc%?ogt\ﬁ@%g n]r%ﬁpé q%'i%%?oss' ng.

A gas distributio ate 1 i's couple er body
102 f aci practite tise lrstendibe is @pPBY 1 ress@nialvyildae fromn Apptied Materials] 32c.| of

defined jin th cha body ,102 and cou Ie to a ,vac unp 134. The
vacuum pafdp é?r?sgoéﬁ{?ﬁP'@dyﬁﬁPﬁ'\?@HeécﬁoﬁP ich gy, Peea %egdotﬁ’f@c eiigg port
132. A GAveRH %€ dés&ibed PURked détﬁ éshﬁa%’i‘ﬁ eﬁggﬁﬁ:éﬂléw P PGS 35%3%8

suppl y gaseous precursor conpounds or processes per orned on t ubstrate
106. [ O02®jteMipiatedatiabrthe0Medlepds tdesciibedi iene ma)f ure hppacticed indesthar pl asna

190 t th t Th I
Source. TORRREROHR et PopdEls RN e ek b ait PS50,
140" rmounted on the outside of the top 126 of the chanber body 102 di sposed

transvergidjo oMmheaplasmarreaeforargolineREal d shaBeRPOdV €02 havirk) @ Wattor t he
exenpl ar%/ enbodi nent depicted in Figure 1B). The first external conduit 140

has a fit&t &P 12©aa@@@gqeewa{l$1r1889¢n0é@%@@npr@ge§%egl@nrﬂ@& i A substratp 126
L0003 ARt et 2 B PRERe TR A T A e e
process #mf)isoaddfidd td hecsies anslibaxtaes nab 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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reentrant conduit 140b has a first end 140a' having an opening 194 coupl ed
into a third side of the process region 104 and a second end 140bl having

an openi nyo2B1va3bee1a fourth side of the process regi on PQ4/USRIVIOSNE0S

enbodi nent, the first and second external reentrant conduits 140, 140' are
configured to be orthogonal to one another, thereby providing the two ends
140a, 140a', 140b, 140b' of each external reentrant conduits 140, 140

di sposed! ¥ k@ adeudh sifgypbibe prosesairegian d@dd In mep@nbpﬁmqntometfnet angh 126

?Le;Pfan%%Qde ?Waﬁ[ggm{%@ C&HJJ\%SP%@L ‘gjs)% sou?@gpegj g(% Pgbﬁ?'}eaﬁc’% F%or my

across tdee phottess thiegbpipradiding thd Swe BHARMP4Ed etod1at 40be 1401’'séf aach second
external reentrant conduits 140, 140' nay be conflgured as ot her
di st ri budxtemal yepniraey Opadw%vmb 1490t ispepeasataalpyt BO0nGenme iiMes/alhe

process r%ﬂh&r{hégo‘brg{h%ﬁ)f%} tﬁ@@gﬁ b }heOSIH%‘F@E ‘BoEl "1, d%ec&‘ir?o;qno%? 142

surroun a port a corres ng one o e ex ernal reent
condui t scdMiguretied’ of fﬁbeenenmhmeeMearcIcndrmluiltMl 401440 alievs aygasdatsource

respecti ource enerat ors 146, 146" thrqu respective

i npedan SWEPH% E%U%Ysa%ﬁ)siq?ﬁ@ﬂ? S§4@9'%é04 éé&chﬁeQ?Fﬂ%‘%gr@éh heint
condui t fﬂrépan&égcohéeﬁtéﬂﬁél'r%\éfnﬁﬁﬁf t% 14tP& 4o hRe b{%sﬁr efhs QpEt ati ng
annul ar ring 150, 15 respective | nt’ errupt an ot herw se conti nuous
el ect ri cdistripationd otilesshtot ;br@vtdaourmfm‘m pzlaema dis0ibutiandntodibe’ prodéstbtegiaf t he
respectitdellsexternal reentrant conduits 140, 140'. lon energy at the

substrat urface is controlled by an RF plasna bi as power generator 154
coupled to the substrate support assembly 128 through an inpedance match

circuit ag21¢! eneiignbbitally Q&Héaﬂ?éft@rrr@uagc&@@kl@o 1ED W UrPouky a PHARPSS Pases
i ncl udi ng gaseous conpounds supplied fromthe process gas_source 152 are

i nt r oducEAraspEodiig e obies iextringhEcantiant iconduish 180af 401 39he mopdupidverr ocess

region 1Q4s 3 p*f@%esc%\.lf gd 98%ﬁgggﬂ% ﬁForia}éﬁ \%Pg%ugpglg{@;e%@rétg?s power

applicator to dases su ondul't P
ci rcul ati46y plashreoU r@]ﬂectme dmipedahce |l marth tieduiei dalelgrétsi ™48 utdgig t he

exter nalEzgc%egitrezrir?e}l r(e:gg'ggrlltt cciLn4d0una1n 4(110 t1h4?0’9£ %Cr?gllow 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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region 104. Al so, RF plasma source power generator 146" may be coupled from
the ot her power applicator to gases in the second conduit 140", which
creates awoizoouided2ing pl asma current in a second cl osedPpcoruseddas77pat h
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 plasmacurrents in each of the paths oscillate

(e.g., reweensinipaelof he) paths oseillatecpuengvessetlireiion) @é@teeirquemnegloésna

1 om ond B eRar e BEAr TR soiCe mellr FBrERteE 18P EE Rt BdRR e’ o

provi dessajhéfoe[gﬁgﬁﬂ s $onganeanofidr. may be utilized to provide ions
i nplanted to the substrate 106. The power of each plasma source power

generator 146, 146 is gperated so that their conbined effect efficiently
di ssoci dP#1 t he IprAteSEPRABENS UG PEFESEoERT HOYSD Cls Pagdes fiterent2 and

pr Oduce;rll_l%pg HHQ%S HRR rﬁé Be ilizd osb' o&@%eloﬂg lﬁﬁfar {a‘{?% fridd guﬂsqg?te-ﬁ'@)% power

of the I as po r genera or 'S CO ed at a selected |evel
at whi chThépoiven oéeachplairea souateefdowep gehbatpr d4@ sH16)as eperatgd fso that

| dt t strat e surface and | anted at a.desired depth
b ow | Haoll giorehned aliest S dledRsoa s dhoprorBs Jeret SLBRICEHOmh ey | on.
For exarmioeesngtae s&lrad i &naodvoBEc@@aeaesﬁémbraﬁukeaisﬁhteh&wééoef td) eV,

relatively | ow™pl asma ion enerdy nmay be obtained gas m xture
conpri susng)str@teom Oﬁachh@l GOVCES |tbepREV|p¢mm dias cpawdeigehavatny s ubst rat e

di sposed_t herei,n e I nvention acti ced using
. CDANT AT B4 B TR 2l A Ml it R rns P BT TERT BRSPropRts o
Santa Clgdsds fitlyl ber Qb@ele@te@QBM?d Ak Sdiars §Jrﬂaﬂ‘3e0bh6r .nmame@cbwaers
The boron macronol ecul es may conprise any m xture of stable boron

macr onol @gsifeds deptic Ingdpw gtheutomauriaicai pkdhe osubrirater H06 Hytﬂ’rl i diesireg fign

wh t and

about 2R Elo oPaB iRt Mg RBAVEN (83 Rolveantl AF BhsleH obg: For

i mpl ant &80 e, mlétiveh\ﬁmv plasheeish e?@r%pmwé@mne@ph. Sone exenplary boron
hydri de macr onol ecul es 1 ncl ude oct adecaborane (B18H22) , decaborane

(BloH14)[0624] A gas mixture comprising boron macromolecules is provided to a
chamber having a substrate disposed therein. Embodiments of the invention may
also be practiced using a QUANTUM® X Plus implanter available from Applied
Materials, Inc., of Santa Clara, California, or equivalent devices from other
manufacturers. The boron macromolecules may comprise any mixture of stable
boron macromolecules, including but not limited to the boron hydrides ByHy,
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 (BigH22), decaborane (B1oH14),
hexaborane (BgH10), octaborane (BgHi2), and hexadecaborane (BisHz2o).
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.



hexaborane (B6H10) , octaborane (B8H12) , and hexadecaborane (B16H20)

Cct adecaborane is preferred because it may be ionized wi thout deconposing
under prowvesimgeeondi tions. COct adecaborane al so transpectaSaodiogtroguantity
of boron to a substrate at very |low energy without the difficulties
enuner at ed above. Because octadecaborane ions have a hi gh nmass-to-charge
rati o, the tendency for the ions to diverge is sharply reduced, allow ng

| ow enerl@925] npl &mongi ermbeadimensf octadecdkarhae dBss) deyapptizetl hpdeating0esd | n

oub o UFEon R aRAE: *RS WY be Pt dRae, iy RSB orrizer
vapor i zedvaiubid #bhe Jensmasientt)) Bf Notth BillkfichoMdssBchlisstis; aor dgsisalehtiset ts,

or equival ent source systens avail able from ot her manufacturers. The B18
vapor i sSauied pstrmaeavailgble drambetheprmaenfpstires: i the fsi vaparisothersur f ace
of a su . [09,?‘,% . -1 m[- | t V] 18 vapor is
provi deﬁgﬁtgﬁ t|0(5an| ZI n%ég%ﬁ%&ggﬁéh nsF@gq@Og%gSrcfi?% ?f%ﬁyb%‘rﬁatgppar atus. RF
power is coupled to the ionizing zone to ionize the B18 . Typically, flow
of a car[oas] gadn @ blashea-entmeindios tgpe adevicd, whenBaboaporl isOffbddeintarah about

5,000 seem_.such as between about 2,000 seem and about 4,000 seem , for
exanpl e 'gBgHe @%g’rws'ﬁﬁeﬁ‘ 94F H?%F'b@té&” %Wr@éu%ng‘%g%%wﬁbﬁ-%’é’&q iR under

processi Whd T e 1S USHza8SiHReE, UM Bipi FofP 7 igdd Nto
t he gas tplgovﬁ\)/fa anéd then a |83ulzget I(%f IﬁB eg%gél%giop@o(vi ggﬁértn('?ﬂ e ?hgﬁh)éer to
form a geetablishedr at ibetweengabkouti 41000 wccon aaplpabatuu$,00hesqen,seuct &8

b i b t afl t t bout 500
seom ancetBBef Bobe uloinchaan abotf AtDFort sor SHEPEAMUREOAd St 200
seem f Orhe&¥amdrgabealy e QR fReNdN-Fdstive Nt proEe MG CoABiYioRS, Sl ed

into the ionizing zone at between about 100 Wand about™ 500 W such as
bet ween athbeliupoy asgand Rbdaawerde opuptast inkx dipiges dlsvutargdihen a Tiwserpf power

may be u k | Z] us f . [ t,ati l.in
TR e N bAoA MBS B 55 RS ML BYE SRR g 1
sone enhfparetss, THeeRiISE dfhB} Y&36romal/Nige Bl8videl eblapputrieséesnidzet.a such
as greater than 95% for exanpler greater than 99%
flowrate between about 500 sccm and about 2,000 sccm, such as between about
700 sccm and about 1,200 scem, for example about 1,000 sccm. The ionizing RF
power may be coupled into the ionizing zone at between about 100 W and about
500 W, such as between about 200 W and about 400 W, for example about 300
W. The RF power may be coupled into the ionizing zone by use of capacitative
coupling using, for example, parallel plate electrodes, or by inductive coupling. In
some embodiments, greater than 90% of the Big molecules are ionized, such as

greater than 95%, for exampler greater than 99%.

[0027] The Bsg ions flow through the ionizing zone into the chamber through
the gas distribution apparatus. In some embodiments, the B.g ions may be
accelerated toward the substrate surface by application of an electrical bias to the
gas distributor, the substrate support, or both. The bias may be a DC bias or an
RF bias. Some embodiments use no electrical bias, allowing the B4g 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.



[0027] The B18 ions flow through the ionizing zone into the chanber through
the gas distribution apparatus. In sone enbodi nents, the B18 ions may be
accel er atwo 20ovesa1t he substrate surface by applicati onprofi/isrooelosTrns i cal
bias to the gas distributor, the substrate support, or both. The bias may
be a DC bias or an RF bias. Sone enbodi nents use no el ectrical bias,
allowing the B18 ions to drift toward the substrate with the gas flow In
enmbodi meiRe28] whetreian im ihplentarcdgvits,aBsi vapoeds pRssEdsthesughoan\ionzirgpo vV DC

or root-nean-square RF at .a power |.evel of .10 Wto 500 may be used. In
sone entaumih e g oasid SREF don e 18 BoomeiiStuck. TGU2E]C (eS| on
| npl ant egelél@t¥t BRAUBLE & BRAM bISBRABAS IvHiEH arg focUsedodMd tifgcta@neward Y ch an
electric field ionizes the Bi 8 nolecules. A nagnetic mass sel ector

pr oducessupsiigian Eacibogon slusteinvidigenesaliydbaselinghia earracbeweassvateltthe
subst rat eé(llé?\@hal? 1780 %\'/f(é@‘i.c%lé L%q%%%r?tl o ePéW eoot‘ﬂ;H bt ﬁgﬁhgykiﬁ&ﬁé’vee”

about 2 and a I's équivalrént to each boron atom havi ng

ki neti c emaygbdvwtereiboab@it KeVlakeé\aboud labdeV. 1 The k€ dlreerheary dig rent
may be between about 0.1 mA and about 5.0 mA to deliver equival ent ion
current PRIVGERRbAYLAL PARNGABOYS AtMAJe detves equiRloNtgRICUFENE RETWRAN

[0029] QUARSSRRUR SHdRAND 'g‘r&qﬁ%ﬁ,mapwmbngructure of a substrate

surface as they inplant, and are thus self-anorphizing. The | arge ions
I npact the substrate surface, substantially nelting the surface in the
i edi at[eo2s] ci nQcyaddgcabbeanarpastdisript theeciystad strastire of a substrate $atage t hey

f ti [ t t , t ti.all i.S. ti h tal | atg,i .
Hydr ogerRoatBRE RAT: A ate ARt SHEATRiaROn: i ige: e Theadulel Tt e,
| eavi ng dulbuaes it Addl SupktaBallhictling IONEMacIRARE SRediatéeiainf of b

crystal surface. As th arge clusters nove through the crystal’, fragnents
of boronmpashk &6f the dems rassainiocthes tseirfacghdbey floagniiny simpact beratdragl e

boron atg or. clusters of a fe on ons., The small clusters ape better
bl ot o ety PiEbing Ind e RS, TvTBus Hameire MRAERIRER orough
t he enptign sfrar @ffus8Udutbsiciressubdigité aleaing thet Bérons claBRrbi FdrPdl thiugh
| mredi ate environnment, novenent of nost small clusters is diverted
| at er al |SHCCES%IYS tyaratodthe crystal surface. As the large clusters move through the
crystal, fragments of boron break off from the main cluster. These fragments may
be single boron atoms or clusters of a few boron atoms. The small clusters are
better able to penetrate the crystal lattice with low energy by channeling through
the empty spaces, but because the large cluster is amorphizing its immediate
environment, movement of most small clusters is diverted laterally, causing lateral

dispersion of boron atoms.

[0030] The inventors have found that annealing processes involving melting
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 Big 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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di spersion of boron atons. [0030] The inventors have found that annealing
processes involving nelting the surface of the substrate, and sub-nelt
anneal i ngvprooass@s i nvol ving rapi d repeated heati ng an#Ctaskéemgswzoe nore
effective for activating boron macronol ecul e inplants than traditional
sub-nelt anneal processes. VWile not wishing to be bound by theory, it is
t hought that inplantation of Bi 8 clusters anorphize the surface of the
substr at @efﬁgt%ﬁgé@s@@l%mcgo@%h@vmg Hittle empe leakage slwedp EQBIdadectsapay cl es,

h - el - ul | [ 1 h
so 1t 6t alighitaRln RUBERSTRER kel eyt all e e

I nto individual boron atons upon inplantation, so nelting assists in
conpl et i jpg3tihe fHigqweeDtsaimarizes ai tethdd1260ra dophogliavenbstratd ueith dotrdre

ability of Bis clusters to anorphize the surface of a substrate w thout
creat i ng?ESHBGe1Q s‘?“%IeL'TFbaQCE'W&FFcRX/ ﬁl?néfﬂe@ltfgnha Ggn| MacramelecHles| 8tk age

due to ECRERLACHR TY QREeat fih WobBGalLe: bip! apcald el t
anneal i ng. I?0031 Figure Za%gauamg% Z%gg@gat%etg%ogﬂzogfﬁd%%{oﬁ%ﬂ%@u t@ﬁ ate
wi t h bor stabkec cuaatomglecviem eostaitg nerlargef atrioeint rofedrioan.subr asy but not

Cot naecaiBitedEo b SeAtERRE  Giskee) AR BRG Beo bl se e apg Babbint of
boron, syal B usbl félodertdiMdnfisbdifent<c OSRRWiAMFor{sBsORtGLres bf tRNEBOR ane

(B30Hx) , and sarantaborane (B40Hx) may be useful for certain enbodi nents.
Conbi nat inay e baiusedr dephantatien axawlke aagomplishaskusisgd plaapladimraeision may be

acconpl i i a sl rsion apparatus or a beam. i npl ant .apparat us
Co toni APt PE A e B i ap el o Rl Mo e o S Bm St 127 S RRP B or
RF bi as tieyn kswvadpthieasibseratdie ASDESbF RFebib® rhayBetdblicnbant sietréie td 0032]
The inplanted portion of the substrate surface is nelted at 204. A nelt

heat i ng ynedBedmplant 8BVt or treatment of substrates inplanted with
oct adecaborane may be adm ni stered using any conveni ent source of energy. A

S5 ool DR SCL IS o el RERLing A I ey
support flozatimgy peocess suitable for treatment of substrates implanted with
octadecaborane may be administered using any convenient source of energy. A
substrate may be heated by conduction or by radiant heating with electromagnetic
radiation. The substrate may be disposed on a heated support or may be
subjected to irradiation with visible, infrared, or microwave radiation. A heated
support may be heated using resistive heating embedded within the support, or by
providing conduits within the support for flowing hot fluids. The radiation may be
coherent or incoherent, focused or unfocused, monochromatic or polychromatic,
or polarized or unpolarized to any degree. The radiation may be delivered by any
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.



subjected to irradiation with visible, infrared, or mcrowave radi ation. A
heat ed support nay be heated using resistive heating enbedded within the
support, WO 2bw/Eseti di ng conduits within the support forcriusesnagstros
fluids. The radi ati on may be coherent or incoherent, focused or unfocused,
nonochromati c or polychromatic, or polarized or unpolarized to any degree.
The radi ation 8>|/’1 be delivered by any conbination of one or nore |asers,

flash | 6Pl ar dheapgrsion of the pubsirate impianted with oetadarpbaranmisdieatedtent i ]re
b t
oL oL beRBu SRS it B el o) RS TopBRRAL R B RS

absor bi r@nboﬂmemscdsnl??ah@mplehmu $urkage rs&ryrelbai ahilel the et theesubishata ate to

i nprove appl.ication g ene(ra[gl‘| to the substrate surface and to reduce | oss
of bor onfeMaifRs s GHIStAMPe on q hio stiiest exiest i 6f hamasehizing sapReMRAYINGrent S,

the SUbséétéascédHréﬁ&‘?m tQﬁor’i‘ﬁ?"sGﬁe"‘bH&oaﬁ%rﬁg ggﬂ&ﬂ)‘é YL {:%n{ he PB?LK of
the substrate 1s cooled using a cool support 0 he portion o e
subst r attbei syrfamet teda \t\empecawmlabalbabavmthesmwaemarmuae o tipeaataipleowd  or

above the rrel of t | anted portio | n sone enbodi nts only
the§ mpl BRI s PR gohefalide Tass e (ba s ARSI G SUBTIMIR ne

crystal 'rha?erlaDU‘Fo‘r%nt\ﬂ%r'%ﬁfshnetn %.&@@ﬁt&bﬁ@wsﬁgf@gﬂ%ﬁ%ag qgﬁ@eﬁgarbor ane

Ier| antation I n some nts It e Su lclent to eat t surface
to a tengfet 200r@ et more ahay sufflve teelmelt theparrwtrprmeed)fpm afdhe souface.

|y which will | | that of th d
Cryet al 1 BRER BPoRNORo G et & TR H ot 2t e (e SAaERs STEons

treated tha 4RBRAHIZY POrn Mel@0aCtAg téMperdiBie, Pkt fthe urdderfRig chitalline

anor phi zed portion of the surface. Because anorphous silicon nelts at a
| ower t em‘taaeadcm%n@haﬁo oripiniae lanysubsiratsodamage duedpghereal stiessi bmael ts at

i ni i 2R Aliaueedt 18 ERBE TR LT el Tt L P RiBARR SRR iPeratlin: ageous

to heat |hruh uemptdrytdiabsdirtdnt athe $ubshiaté BLUPPOTE & BehEies@bdire tbra an
exenpl ary enbodi nent, the substrate support may heat the substrate to a
t enper attGrwesatusp of 608rC 5 maoreagadza radianrirgnesgik sgyrasomaydartsedhio hsal t o

heat po:%c}rﬁ&?s O thdSuBLRS & fhe MéinifrhirE PSR UL he R of 3R nligAt T Nd

of the
zone is generally preferred to achieve melting of the amorphous phase before it

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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zone is generally preferred to achieve nelting of the anorphous phase
before it crystallizes. In sone enbodi nents, nanosecond pul sed | asers
havi ng puweeotused2ion from a few nanoseconds to about 2@0TrBmr@eAsTINEIS, such
as between 10 nsec and 100 nsec, for exanple 20 nsec, nmay be used to nelt

t he anor phous phase. [0034] After nmelting, the nelted portions of the
substrate are recrystallized at 206. In nany enbodi nents, the

recryst &énd abeutop0 i@S%rfbbmmWGh akoutyl Ot(B/éecprIOnﬁﬂleQ’lhfeorermtbd)lmeofS @

Ceios 2 il Afding" PEHRS, bRl fin BRASAE B iBanstdn Mripsure! IE, .,

f or mat i aeconiplish t[g@?@jr%tbngf@ﬁ erred to cool the nelted portions at a rate
sl ower than woul d be achi eved through normal conductive or radiative

cooling. In sone enbodi nents, it may be advantageous to naintain the
t enper atlef3] of AHAIbSYBLR fabe "&‘tpl%ﬁ@déscﬁeﬁﬁﬁ'ﬁ’@dfhﬁfe@d“% beosyRiaeleddo asuch as

bet ween [S) I t es,
ol owt 1 ohn pribyt, © TRBC AN i), a8 aondefling 7 T AMRP 814 10 Bbf

i npl ant em.@meigmpefcehhé-lléuimt batusesluaf ackenaieraturatcﬁ attnrtutkﬂ(zg’ﬁ)eto abaot about
1000/ sec uch as bet ahout. 1C/ secand about 50C se exanpl e, about
100 sec.34° EF i a1 exeme r?ﬂ%chh’@ 5 tﬁ ?LHWncréﬂﬁ PH%”tr%tg’é""ﬁ‘ﬁ t BerceBhel ned
Wi th penjpdhoh ©firaflhe [ATREIALIEE t Qn kit dbﬁgrrngmyr@rﬁb &lh?érL ff i on.

[ 0035] A substrate to be inplanted as descrl I n may jected to
a precl wmtmmbesabolﬂhé .G ovaightopencant bhv# andoadempesatiuon obfababb@6°0Q. 1 t o

about 1 ht perc nt HF a nper at f abou 00C to
Sbout 30u® FiPde RERE PR s ResBtde i " crbtiod it chidtionyBem Spa 8 g
per cent sglohlis ndbdut BITBEEFHAY AR uARaHIe 2S%ide ||§r@ﬁ@&élﬁfroﬁ%tﬂ6mu%wate
enbodi ment, the solution has about 1.0 weight percent of HF and

t emper ath)’rfélecﬂtClalDGLﬁCt@B@f thedk @l@bﬂnom eA raiief mp@aw@s@fdhwumamtcsmmt i on

forma 1 n nwant ed
oxi de- 1 S EiebVBaY FRTRARED b TR BER, 0B e BLBR Sroaf Yk Y
sol uti orbaka d.itép ehagxropeifernséd tulnees whsiheat ginesphRee,SQUdH B MitiGyerPgasol | owed
by a rinse step in de-1onized water and a bake step. The
helium, or argon, at a temperature selected to volatilize any remaining fugitive
species from the surface of the substrate. In one embodiment, the substrate may
be exposed to a temperature of between about 200°C and about 600°C for about

60 seconds.

[0036] A substrate implanted with boron as described herein may be subjected
to a stripping process following the anneal process to remove any residual high
surface concentration of boron. In some embodiments, the substrate is exposed
to a hydrogen-containing gas to generate volatile hydrides. In some
embodiments, the hydrogen-containing gas may be a plasma. For example,
hydrogen gas or ammonia, with or without plasma, may be used to convert
dopants at the surface of the substrate into volatile hydrides. Boron may react to
form various volatile boron hydrides such as borane, diborane, or other volatile
borane oligomers. [n one exemplary embodiment, the substrate may be exposed
to a hydrogen plasma for between about 10 seconds and about 30 seconds, such
as about 15 seconds, at a temperature of between about 100°C and about 300°C,
such as about 200°C, to reduce the surface concentration of dopants. The
hydrogen plasma may be generated in-situ or remotely, and may accompany a

non-reactive carrier gas such as argon or helium. The carrier gas flow may be
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bake step may be perforned under an inert atnosphere, such as nitrogen gas,
helium or argon, at a tenperature selected to volatilize any remaining
fugitive wpeasioased2nom t he surface of the substrate. |In eoe/uscdodsment, the
substrate nmay be exposed to a tenperature of between about 200 C and about
600 C for about 60 seconds. [0036] A substrate inplanted with boron as
descri bed herein may be subjected to a stripping process follow ng the
anneal pesisklishedoatlr 2 natecbetmgeneatialtidl, 000 ghcrauarichabogiod OO0t scem,csuahf ador on.

In some gubhqdi ts, the substrate i s exposed t dr ogen- cqnt ai ni ng gas
to genaratany a0 ISEET AR He0ieq h BUTieOERest ATRS, eSS e SaBiTRSH ai ni ng
gas nay dues maglwﬁgopli%rat%mlr&e thetdieesiedbdiR g 00rscamaINd abowt 50 8Eci t hout
pl asma, may bé used to convert dopants at the surface of the substrate into

vol atil es § dleaut 38K+ sremlpr pedetENta Of @blﬁvt/é@ ise0endaoloaahbowd Hbseaenelgdr i des
o : _ ! !
oxenpr arsEeap s 8kandy, 2oind BBbyi®, R ARoBEh ST SopR LAY 1 ¢ o

bet ween taboedrriéd gaequurdss amy amaihingOvslatienbygdridascfroas trabebamber.senands, at
a tenperature of between about 100C and about 300 C, such as about 200 C,
to reduc@APRESNAY A0 OERWAPPETOHR 1 2 dW IHESSUISHE TRNAVEGRNY FR3IINGay be
gener at egl 4itide HvhH 8{; renotely, and may acconpany a non-reactive carrier gas
such as a?gon r ﬁe ium The carrier gas flow nay beestablished at a rate
bet ween about 1,000 seem and about 2,000 seem such as about 1,500 seem
and a pupeay]of higuredksunasarizeseal mdthed #30s ecadrdimgdicogreothgasrmimditnent
supplied a flowragte between about 100 seem and about 50 e sych as
Sbout 303 hednentign’ B Sunsitale i BPOSELIN A Mo A BbER3UTZ0r Lt Shs
such as fbater hassseanblish&dat QOU NI HXQAREF gas ey BY dhgaRih-aastive gakopped
and the carrier gas purges any remaining volatileé hydrides fromthe
chanber .surheag ighe; anggn,adrsoitivgep gasedinieame embadoneptse deicariay gasmove

e or ai sk Gl BivE P chebthesiowt PBAG sdrpit, A3 Bl $8ed. TEoH e coed
in a prasaagebnGabonepwo sicnddrd abooyd @00 scecm, for example about 3,000 sccm.

A precursor comprising boron macromolecules is added at 306. The boron

precursor may be added to the carrier gas stream outside the processing chamber
or may be added directly to the processing chamber. The boron precursor may
be provided at a flow rate between about 100 sccm and about 500 sccm, such as
between about 200 sccm and about 400 sccm, for example about 300 sccm. The
boron precursor will generally be provided at or above a vaporization temperature
to maintain the boron precursor in a vapor state. For Big, the boron precursor
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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a carrier gas is established at 304. The carrier gas nmay be any
non-reactive gas, such as helium argon, or nitrogen gas. In sone

enbodi mrenwe,20tse@arri er gas flow rate may be between alpoutus200008778&€em and
about 5,000 seem such as between about 2,000 seem and about 4,000 seem
for exanple about 3,000 seem A precursor conprising boron macronol ecul es
is added at 306. The boron precursor may be added to the carrier gas stream
out si de maee perdwtssingadligdseio tre myznb@ zgogedrain rtbetprpce@smgl@hgnmsm ng
chanber., Th curs rov . ded_ at flow. rate between about
100" seerihaiedib RS Cublito THS4ePideRhn-dis By’ YRR Rk e T8 200
seem f abrreialebfeBRpos8dtirsarN thd eni2Migd Pos<$ C aThe0bna drl maen esmbidyl be
provi ded at or above a vaporization tenperature to naintain the boron

pr ecur sSOTeH At papEHzest wite Ricgpwer to gepaate apsegirie diglds sideatrejenigingyi ded
at ate Lat 190C 0 C
[ 0038] e gaﬁ&eﬁgég\gﬁ%ﬁgﬁﬁgétghﬂger @[}ﬁg%ﬂg f%%%ﬁf %ﬁcg\n%%@@ a@%e'!)J (IBVEI)%IISZI ng

zones ndavel@f bstwdemabbeat T0®VEasd apoahBOOY . sush B0Gbout@U02WNg energy is
applied to ionize the bor on precursor w t hout deconposi ng the bor on

nmacr onol ecul es throu as di tr| but i.nto the
processilfY I:harrﬁ‘wlg”Bi an ‘?@”gﬁﬁgﬁWrﬁ% %ﬁ?% figite 4?&{/) B€appl i ed
by couplhR&rofibisbRes w\ﬁarfd'tﬁb%uugi@té E@ﬁéﬁ“?h@%éﬁ%sasﬁ'ﬂ@ f%h@%uchfa 'e' d
may be static, such as a bias, or varying, suc at gener at e

appl i catd B& biasF&pmle’detp thammteaeupmxpltbd dast distriveitorpor biotiy czrahmayby

capacit t|ve ar. d e one odi.nent , 'ndu L ve_ioni zing

zones a VW'%ﬁegﬁ§%%@SWe E%E’@Q&%@%&h@ '@rhefﬁ‘l: IGHEENE @ondui t s
to carr )b[ﬂl@ﬁal @tebh@sécpfa aapugt mgﬁefg*wm ﬂiéeuoarz@@e@&bﬂ%ﬁb@m&éeulé@ fectric
field is coupled into each ionizing Zone by providing one or nore torroidal

cores ditBpydedekionaid thesubsiiatei amnesomwmnbﬂ@mﬂntmay allow thelinscor es

o 21 nd0 Shloeeb 1 sB4ER IGe REREL e dloE0) Pl iP5 AE Wi dea

at a povield,| &ysedoit &gioraenNeadlobétwidh w@n%@WLanoBaBow 5@@<W @aclﬁlb.@sUt 300
W [0039] At 310, an electric field my be applied to accel erate the
i oni zed apoUb1 00 W.  In some embodiments, the ionized boron macromolecules will
travel toward the substrate surface with kinetic energy between about 100 eV and
about 2,000 eV. Individual embodiments may energize the ions with any
particular value or range of kinetic energy between these two values. A single
embodiment may also feature ions with a distribution of energies within this range.
For example, a first portion of the ionized boron macromolecules may have higher
kinetic energy than a second portion of the ionized boron macromolecules due to

thermal, pressure, or electrical gradients or fluctuations.

[0040] The ionized boron macromolecules impact the substrate disposed on
the substrate support at 312, implanting into the substrate surface. The
macromolecules generally carry enough kinetic energy to disrupt the crystal matrix
of the substrate surface as they impact, amorphizing the surface. Additionally, the
boron macromolecules fragment as they bore into the substrate surface. The
fragments generally diverge laterally from the main macromolecule due to the
amorphizing process, resulting in an as-implanted concentration profile that is
relatively abrupt. In some embodiments, the maximum concentration of as-
implanted boron may be between about 5 and 15 nm below the surface, such as

about 10 nm below the surface, and may be between about 10'° cm™ and about
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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
bot h, or WO 2my3beia varying field such as an RF-dri venpCiraisdoosdppbs cati on
of an electric field is an optional step used to adjust the energy of the

I oni zed boron macronol ecul es as they travel toward the substrate surface.
Some embodj menys may allow the ions to drift toward the surface. If an

el ectri c107 emi” asthas dapth. t The pe-ipplanéed bpycerdraiionesil ganerally fap gt egateat a

Sone. entdarantLToPRe Wlerdihe Bl i iRtetoPatioyes " BPEbL Ay e
subst r at gersdrafyabe batweerkabeti 80 eneagy dpeunee0 rwehitk, 161heds apduteb@um 2, 000

eV. I ndividual enbodinents nay energize the ions with any particul ar val ue
or rangéehigk. kT%ﬁ?W'%i'@Q'aﬂb{aM@éﬂV' heseorpRistely iy phized; by petiahBbiisrent
may al 5%<{r‘8ﬁtr+l5€r.ohﬂﬂécd}é%,.*\mﬁh ‘[B;p?ﬁ]b%é QP s@rﬁablra%fow Qtisterd B B Y $ofdnge.
For exanpl'e, a first portion o € 1 oni zed boron nmacronol ecul’es nay have
hi gher katoetsi eadin eisperdddhihrougtethenidyeorti on of the ioni zed boron

macr onol ecul es due to thermal, pressure, or electrical gradients or

) etuegnt: 930, Tasuhglhl PEPRBR hagRLE Hhe KBSt BooBiEs Lo

surf ace-Tﬁé‘ﬁeHﬁﬁgg %HEP@EICB! Se@8A2b3hIsE tﬁértémﬁﬂ&l‘w@ o'l‘ﬁtﬁ@‘ir’hﬁla%f@i ded B
di srupt the crystal matrix of the substrate surface as they i npact,

anor phi zthagneltieg poirttaecabovgdi Thehaaling enérgyboay berappliodin aovicesvémnieghent as
t hey bore in'g._o thenﬁ;ﬂbSt at e surfﬁce. The fraamepts ener al bg di veg%fe
| at eral 1'Y2¥r o't PnCIRet PEIANECh S GRE & JaHRE" SRGFPhMANGS RBEEES
resul ti ngwiafd aRe ditplameanaRd MRS tgoridrN thsrebf.! eAddiabnalfy, rsdckigrottid/
abrupt. In sone enbodi nents, the maxi num concentration of “asi nplanted boron

galy be dwatwgrmaydia appligediol prathealcthevimmantedraraaeanqren aidhatsabpstrate nm
. 3
el ow t gg@hfnﬁﬁxﬁg @'@)‘Pelnﬂng%f aaE(?ae g&bléﬁ%@lt?&r%g .tthéoejn%ﬁcghﬁst?ﬁg at?oor%ﬁ%%%, cm

at that conceén ion W general l'y fa arate

of 2-20 anbdrd, sutenanssogpen nideappiplcandueiey bgatindrenérngyl tarthel sipetraty | |
general ly be between about 30 nm and about 150 nmthick, such as about 50

nm t hi ckO AR Redamperriurant Astweery @bowf H00de anshaberker )0 LnmomaRItaiBNGy

action Qhaf Kénperature while individual implanted areas are melted by application of
incremental heating energy. Radiant energy for melting implanted areas may be
delivered by laser, heat lamp, flash lamp, or the like, and may be pulsed or
continuous, coherent or incoherent, monochromatic or polychromatic, polarized or
unpolarized to any 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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boron macronol ecul es, wth boron atons or snmall boron clusters of 2 to 4
boron atons each, dispersed through the |ayer. [0041] At 314, heating

ener gy i swapploma2io one or nore inplanted portions. TheCmamsbtimgsEoergy i s
selected to raise the tenperature of the inplanted area to the nelting

poi nt, or above. The heating energy nmay be applied in any conveni ent way.
For exanple, electromagnetic ener% radi ant energ % may be projected

t owar d twwemgarﬁ@ &iydaliag tsdlices wi %cﬁ highes makingopoiniaddeary ganid Heating

ekt Sl RO Bl oM G L P 2t o0 e, an oo

of the s e nelted, or the entire
substrate. For exanple, a heated substrate support may apply conductive
heati ng @eoe21gy tAd 31I6etlmutmhpmmremfrthémeltetdspdmimpemmm énplantet sedaceabout

400 C and about. 7 nnthatt erature whil e individual
) St o rARBtAingd gbrise e el e B Retatush FOE Pas b RLImal o UaN Jaats: oy
Radi ant §i§§6<9¥tlc§r%f F@h&hﬂﬂg b@ﬂ%‘naf'ﬂé eﬁirsecf’rﬁj S?ﬁﬁebcﬁﬁgﬁbh\éﬁrb%%r?buk BFfe heat

lanp, flash l'anp, or the ke, an ed or continuous, coherent or
i ncoher emaxlnmmfnocmm'tatlonolaypol mesbramb@dmmltsamsmgj nanogepandimutgstl t o any
degree. Partions bstr at L. rradi ated consecutively, or the
ent! re- sanste SideRlyb el d%uicR Folibnnde undisd GEndiReaonts oty e
heat ed t&mpotipieIRs ahoWwevaetiee HUARH na B@ &etw@énaeb@yw rhili¥okds darendi ng

on the enbodi nent. Melting of am)rghl ze licon generally occurs at a
| oner t Rl Bsecends Shl@htaﬁ@j)%*ﬂ MySea| I ine silicon, so enbodinents
wherein the substrate material is predomnantly silicon may feature heating

|l ant edopgr {1 a5 {0 3Bada 0ubns THSnIUboEPELALE &b S afleat el to

mel t the a rphous™ 1 ayer w y| ng cry I ne 1 ayer.

It is geasrm‘tajllbsd raes to e@brystahueatortrbeomfyt lh@naxhsmraln@ soEfhted Iatgendpalgthis at e,
so that the am)rphous portion |s heat ed faster than heat can be conducted

away by $iIngurRier #ilk Geatsiewel thamdveuldnpet exreriansed throbgh slgwmieseal | i ze.
Vhen amérpé}griﬁqog%k tﬁenhéa%. 'aﬁbé{ra*ﬂ@@ttsdalrovv '&Qﬁfrollécf H@nlg%isa{"'lfza%h”t ThLéa

under goes phase epitaxy,converting to crysta I'con Wt

hi gher nedritiaigd peicntstalNztipnr pipicds$ edfieictigelyractinales thieebarmonr goparst gtonis on

before Iéercvaerc]i Fr%?nr hsetz a}mlpllan?ed 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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[0042] At 316, the tenperature of the nelted portions of the inplanted
surface is maintained above the nelting tenperature for a period of tine to
al | ow compbevs/dsesoci ati on of remai ni ng boron fragnent ecanm$2@one77ds f f usi on
of boron out of the maxi mum concentration |ayer. Mst enbodi nents using
nanosecond pul sed lasers will feature nelt duration fromtens to hundreds
of nanoseconds. |n sone enbodi nents, however, nelt duration may be between
a few nilP944decohiirard sgbematioaly Jhstates aguamesd sybtem 400 thadonay de43] At

cont rol 140ty e fadinehf of  bARF: W P6R. U EPedm Blpflace 1,

gener al ddmhSrigs@0hn Beefdit Souce l420enisithue adaprd togpibécban exmalrtefeadrgyhr ough
si npl e deenergi zing of the heating apparatus to allow controlled .
recryst N AARNNGH. regians o apned degedr 452,011 3 substere sHdciosrreéereatialiy el v

activat qﬁeftI&@nggﬁr@ébil%%ﬁi%r@\ﬁi%nqﬁé iaﬁﬁ?alfrreg[anti‘ﬁz.i mpl anted boron

macr onol ecul es by novi ng emto crystal laftice positions and freezing
themin place. In sonme enbodi nents, heating energy may be applied to nelted
i mpl ant [e045hs cimonelexahple aaesiodwi doFiguye @f00mehtyeshe defirset rdgyoradf thet | ng

the energy-ti ofile of the heati.n urce. For, example, .th rofile of
the pul SEPsHalD AbhoRiatont anARIeahRIDE 414, BevmpsadAdhs rdation oM B i on
opti cs, @{er@p%o&h%oazefataa@ GRBA" @ReY OTHEGRLBIARS PPPhORE {PatRRCIPthdTOr €
flash | anps™may be adjusted. “The heating energy may be el ectromagnetic

ener gy @nargylsantcect) §9 thatcdhel ragions amjhesubdmatedtDodsy besegquestialbbove.

I n ot her enboai mlﬂgts heat | n(g ﬁgﬁrgy may be applied to the entire substrate
to mai ntRPYSPEL0 %Q?%ﬂylﬁoé”? “internedi ate tenperature for a period of
time to acconplish the recrystallization process. For exanple, a substrate

may be reesyst ald bagthspeciat Mdinviehtoh! Mmultipi®alrédd  be tHeetusaata gt ak00 C
and about 700 C for between about 1 m nute and about 10 m nutes. For

exanpl e seayephialiepipeserbif 2 desiid amaunt riyenrioy aliyeres fromethepgnergy
mai nt al iJaged h?ott‘ar@e?ds%t P phfe 98{ H%ﬁ}%&cof AbsiPRP YEqiBRs $FGRELeibsth
controlleé’ cool 1 ng process gnnea S e S strate surq]ace to ellimn
crystal 4@ ects fromthe substrate

at e

[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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surface, distribute the dopants, and activate the dopants.[0044] Figure 4
schematically illustrates an anneal system 400 that nay be used to practice
enbodi menwe 20fo/wbe1pr esent i nvention. The anneal systemp¢@USecanpsi7ses an
energy source 420 which is adapted to project an anmount of energy on a
defined region, or an anneal region 412, of a substrate 410 to
preferentially nmelt certain desired regions within the anneal region 412.

[ 0045] Ithedhosindanngl tbe ameahmgion A1ERiigalignerand sidey todié witbin thed'kuggioon of
t he substrate 410, c s..an_anneal reqiqQn 412, i,.s.exposed to the

radi ati oﬁcﬁtﬁ%r‘!ﬂeﬁé%ﬁ@?dgﬁﬂ?&e ﬁ%ﬂ%ﬁfg’éﬁfagﬁ\}’é%‘*??m_ The substrate 410
noves relative to the energy source 420 so that other regions on the

subst ratjeos6]0 M@eqbent@usiatingl dnhe2X pagieds ua2tdeethan eicggyorsipwvedag 29 thd 0046]
In one aspect of the invention, nultiple areas of the substrate 410 are

sequent i HAHRIXQ66HEING Whysegbaraced iesdretwren glie ddBi sigheas the aetlre

_ . : of . . ¢
The' unatraElidke PaiRipees W REEY 6 SDHAR AT EhERY, flindppas irigfoig s ©
subst r atdeviced amey fdrenexk quethei subsjrade pid9eandthiis aedlicds thg vhedattarbét g e 410

relative to the Oﬁt gut of the enerqgy sourceI 420 ge.%., usi ng conventi onal
X/'Y st ad¥8Cest ESULS Hrtweenthe oveipnking rRaneRldeRiopStHe: out put of the energy
source 420 relative to the substrate 4 10. [0048] The substrate 410 may be

posi ti ongsk1pn aiheile RRUGHAAERY HRY 46 Peforhing | Bilr ﬁﬂnéélirfgojlbﬁ'ééésso‘lﬁ‘é all

tenperature of the substrate 410. The heat exchange device 415 may be
posi t i orssdpstaterAd0ds aligned doribe mutpuiadt beeenargy sdouses 420 arsing aligiiment |

linear motor,, lead screw and servo t.or) ich e.part of g separate
ot o1 i RPQeyREARe LT o e 35Es 1P e Sy oEht 40 hnd bRt hafierdichal

posi ti onediniguds tsoathat 448 .anbeal esdib@ A2 paR Wes ha@Bqeitalealidritdl taTihe ke used

to support and position the substrate 410, and the heat exchangi ng device

415, mayt’¥e purchased from Parker Hannifin Corporation, of Rohnert Park,
California. [0049] In one aspect, the anneal region 412 is sized to match

the si Zgot%fzbt heTHEeen%Jrgy CBulke 420 i9hEReR§ APMY td dBINE Selttom8fnetic
sem conductor devices {e.g.,
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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menory chip), that are forned on the surface of the substrate 410. In one
aspect, the boundary of the anneal region 412 is aligned and sized to fit

Wi t hi n t wo2kuvaBs620r "scri be" |ines 410A that define thechaseaany’7o0§8 each
die 413. [0050] Sequentially placing anneal regions 412 so that they only
overlap in the naturally occurring unused space/ boundari es between die 413,
such as the scribe or kurf lines 4 10A, reduces the need to overlap the
ener gy iGalifamiarmeay batised toliepiens hespeat@rocessit propeiéesoibiberatnealed and

t hus redu es t var ti.on in t he process results between the overl appi ng
anneal §F6ﬁ qiﬁ F%ﬁgffjln one enbodi nent, prior to performng the
anneallng process the substrate 410 is allgned to the output of the energy

sour ce 4afksysi ngh shé @nititiment, kise subsieatel iaf denstehsatedeprivt aeefodirigie
substrate 410 and ot her conventional techniques so that the anneal region

412 can tbe aaaaalm%mfoae%n%a m@ttm@ cﬂr@rgnsreqw@gz}o THRACndhey mellinge 420
I'S ge”er a| ¢ %ﬂ?é’ﬁseguﬁuﬂnibed 'erﬁ in%luS %s&r‘?ju%rt%ft% ﬁ)ioa' ly

mel t cer esired regions o e sur ace. Typical sources of
el ect r orreatiagi an@rwogyglofcﬂhedeubdnatemm ram:l alsui pessiblp r@duopttheadiefeatli at i on

sour ce r1 el ectron _beam source, on beam source, and/or a
m cr Q\A/a\(FEri%H)ér'afﬁ@o@rSB@ 'f'?@@ffg?s 195 1 E fratg ﬁé%su ONg; 8ShECh the B?%ed
wi thin cﬁaﬁéﬂg W% {RCEFE NELRAINST QQ&ENe (HQétl!]@oéY@)néﬁfts a4 PERCEHY f%e

chanber not that contalns the heat exc gl ng device 4 15
pr oces sitagpenature nominellexi41BCnthahaoh adh@eddbit%&taes@}sﬁateﬁ ﬂehspmsedr@

pr ocessi be evacuated or, con L nert as t ha ow artlal
pressur é Hgf%@g‘? r%pgﬁ SUTTACH | 41@ prﬁleeg‘gmﬁar E{?cﬁoaé @ 6215\& I'n
one em%nﬁfﬂﬂhmahbnﬁ)ﬁ%thé cdaEblad e to control the tenperature of the
substrate 410 during thermal processing by placing a surface of the

Substrate 4 10, illustrated in Figure 4 , in thermal contact wth a
subst r atl@056lippokt iang @speeledt anay dasdrahlentio eRighgadithg aebsteatestolm The

heat eXGUARLANABU A ABol A ISC S Lo A9 1 ohEUm ARt SRRk e

substra
the substrate is formed from a silicon containing material it may be desirable to

preheat the substrate to a temperature between about 20 °C and about 500 °C.
In another embodiment, where the substrate is formed from a silicon containing
material it may be desirable to preheat the substrate to a temperature between
about 200 °C and about 480 °C. In another embodiment, where the substrate is
formed from a silicon containing material it may be desirable to preheat the

substrate to a temperature between about 250 °C and about 300 °C.

[0057] In another embodiment, it may be desirable to cool the substrate during
processing to reduce any diffusion due to the energy added to the substrate
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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anneal ing process. In this configuration, the heat exchangi ng device 415,
such as a conventional substrate heater available from Applied Materials
I nc., Samwe 2@0zBeq2Cal i fornia, nmay be used to inprove thecpaskoonsressi ng
properties of the anneal ed regions of the substrate 410. [0055] In one
enbodi ment, the substrate may be preheated prior to perform ng the
anneal i ng process so that the energy required to reach the nelting

t enper atl09a8li s MHUtingi acilisedhilasemannealdpucessy a adbeicaiesheingsprdgessas t he

rapi d heatin ngd cooling of the substrate 410 and al so ssibly reduce the
e ect | dERYT yARflg RE b 3RsTow bPFick aF el By BL Ao RBaRS B ot

aspect, tohhengnérgyxshnbgi seguentame 4ie eslative Moverherit me§ Beal sRppMenent s
4 15A and a tenperature controller 4 15C that are adapted to heat a

subst r at@okan dispdsaplenthesubsiriermey baipiyed tegardmaip@inersat wHist
te”peratbﬁs‘ﬁio%o%gg%{ ?‘inir t hnda loh 13 StEitite Gt H%&V'g{nthﬁ] eeﬁgw géellgﬁgb‘m -

[ 0056] I'n"one as nay be desitable to prPehe e su a

t enper atThiee ehetgyesoured then Bibjéés andesitmaliaimooit & eherggnewardtd filshhreavher e
the substrate is for froma silicon containing material it may be

desi rabl ¥ {5 prlHEaie. (e supdiatads thep mavedperasaren® feRlen abEecT oC and
about ' 50f 6. it 1N BRBRY “&{3}8&' Y regéie\‘ﬂ?e m&eﬁlaﬂ%&w%ﬁmé s@ﬁét%@ drfpm 2

silicon contal ning mat 't may sirable to preheat e substrate to
a tenpertheenergetsorer islstoppe2iden(iorarily veiharuthel@lergg.sourceapafjées cashydi ment ,

where the bstrate is formed froma . silicon containing material it may be
desi rable {6 srbstite sadhatibis neiov &S Proéried Bresisebepaln BBl 1280 0C

and aboudes}ed Qreal Ooﬁﬂwév@r,artﬁrshegtesﬂrﬁgdinﬁ@tmn _inboNBY BecasrdtingPlhd o cool
the substrate during processing to reduCe any diffusion due to the energy

added t cdadeteratihg i averydiep mipicthsigaifinenlly sigwsrtbe elowvrethe/mocésscr ease t he
regrom h velocity after nelting to increase the anorphization of the

vari ous [ ons ' SLNG . e_cpnfiguratio h
exchangiPihoy: e 12 BRERRAREHLSTARAD AR R B upttel® dhat -
cryogenidontdink Ifery 4qliake shaped@rdiceadaptindt bfe ed@hgadshlst aang. ditsdesrd on
the substrate supporti nfg surface 416. In one enbodinent, a
3 are separated from one another by areas marked by scribe lines 410A.
Energy projection region 520A indicates the 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 transiating 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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conventional cryogenic chiller 4 15D, which is in comrunication with the
controller 421 , is adapted to deliver a cooling fluid through the one or
nore fluiwochersed2s 4 15B. In one aspect, it may be desipcahiseomwosool t he
substrate to a tenperature between about -240 0C and about 20 OC. [ 0058]
During a pul sed | aser anneal process, a substrate being processed noves
relative to an energy source so that portions of the substrate are exposed
to the elfeédy sdsicionadlijuentoadh |giffermé thanabR0B mayemenusadythepiimizeppi ng

st potrerdBnEierb SRty Bblerto BRABHREH IS ARMPRTHRLARE T The

energy source. The energy source then projects a desired anmount of energy

toward tjeesd]i r stin asrea eatbddiraest)diringt an direasingSproabss,i thel Babstrateeqiio o a
second position to a second area with the_energy source. The relative
movenent TOXERLEIAIVRLOSIISsBRRgY RINIEALRE ooy p280ustishi as sheppely rarily

when t he QY re ' ; h - . ner gy
[ or o] c2RUS ORI L WA & Hertclar B8 A I BodtiiRed BhE by
st eppi ngemargy gnojeatioh vegioa28Ae ithe iengrgynsouleeed 20 ptajergs ianpealgerof esteegy Whi ch
signi ficantl | ows, the d t he process 0059] Figure 5 schematicall

i : Igulst Ir atp&arés ?'bep Svatﬁffw% Bg?tf@?e‘%ﬁl‘ﬁ RaEX g‘ion% CEHRI ARQYA} 8} s%aped

di ce 413eAdal Yo afddfHeauralloR acBbfdig td Bfe BhRRufbkAried) Eﬁ‘&%rs@tr@ei br om one
anot her by areas marked by scribe |1 nes 410A. Energy projection regl on 520A

i ndi cat eshe ldeiraticvaobirer pulsedrenaigy drsors doe enes@0 sositeedti2 s Kipgeally ghort s

adapted to deliver ener. ul se. I.n.general, the en rojection

regi on 520K RSP ﬁwgﬁeéﬁﬁggéﬁ%‘@ﬂ?mﬁe@feartsgtsé‘i’sﬁﬂtfn‘?{(ﬂénartgé " Phach die
413, buapl%iﬁﬂtibﬁ_r rddiem 50A adess ot egslisediapy4Idup! Us. théh alififoref dnegy
surroundi ng_scribe lines 4 10A, so that thé energy pul se delivered i'n the
ener gy pdisiridetippnagress eacts gimd tdapd dt willynot 6ause damageite tha subpirate. not
overlapping with the nei ghboring dice 413. [0060] To performthe annealing

Cubet 7 ac 805 ofPretteE nbRoRd RAR 5o o o M HRBLUERE £ BASAGH { onec
and al i gamatbal preddsedantalviegahpidi epehtedineatitgoatd oeoling of implanted regions.
Figure 6 is a flow diagram summarizing a method 600 according to another
embodiment. At 602, a substrate surface is implanted with boron macromolecules
according to any desired embodiment. At 604, the implanted portion is annealed
by exposure to pulses of electromagnetic energy. The pulses of electromagnetic
energy rapidly heat and cool the implanted portion repeatedly to anneal the

substrate.

[0064] In one embodiment, the pulses of electromagnetic energy comprise at
least about 30 pulses of electromagnetic energy 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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curve 520B illustrates a relative novenent between the dies 413 of the
substrate 410 and the energy projection region 520A of the energy source
420, duriwg 2a188ei2¢nce of annealing process as that areppenfSosows’701 each
die 413 on the surface of the substrate. In one enbodinent, the relative
novenent may be achieved by translating the substrate in x and y direction
so that they follow the curve 520B. I n another enbodi nent, the relative
nmoverment numiaeb@f athgesyaeedsd mil igegetally kandrvgysely girepeitional tyihen fleeoge

relative t i.onary. bstrate 410.[0061] Additionally, a path
di fferen?'l'?ﬁ@ﬁﬁ‘g%o(g ;r/]%lgg%sed to optimze throughput and process quality

dependi ng on a particul ar arrangenent of dies. [0062] In one enbodi nent,

during apoes)nealHaulh puieest eldédimnsadrsdticabrerdyyOasiraplisteisahi crbarireal ener gy
proj ection region 520A, such as shown by curve 520B of Figure 5. Wen a
part i cul g¥cleiid the #nesgigedared i dhantbstratme Yniragmenter orRergysteropEt i on

region 5 t : r | . r t he
Substrat A0 W5 FREFHEGH 56 ShERLEToforfe Bt Wiald FREIHS LPAOUAE ooy
over a dedll dienkrahiorawitbreaohcpulse.n@oron &hd sileooni atohresr ocoupgilg @rysiat tetticeeci pe.
The duratiaon of the tpuI sed ener fromihe ener source 420 i s typically

short enBRRJHORED dPhRet tareMeePROYYL SRETMNERE Bf & e Asled9s dhems Pt and
the energysBr gidihd '&fbub??fgﬁ@péggﬁ KR8 e Ok SRl SRtRRY |5&)Atrah§i ate GnoVily

uni form energy distribu across each dire 413 and 1t w not cause
damage tioctémentaliy toward uhoodgiiedhlaitites poaitions mdheidesti enetdy #BD8 bebvaemay be
anneal ed_usi ng, a,.sub- t anneal .process involving.rapid repeated heating
and cool PUSCEAeRIRERIA Bl aHeSas MBeT sars MR 1 dRiRa e s ah BaRARL| ng a
met hod 6RGICRASSTHFE e héxt PURRIIAITBRY. "BNne dnbBBmer®, MdRfdnt @n@rglbace is
I npl anted with boron macronol ecul es according to any desired enbodi nent. At

604, themagptieglined ipdreaar ozerpsbetiesal puises. elp@ngthen emhadieenifincident
el ectro e, enen: e | c_energy—rapidly. heat
e R R e
I n one egtapdanesib-nidietcehhRees abqaire ekposiag hros-deped BybeRrawss espiked east
about 30 pul ses of el ectromagnetic energy of substantially the sane energy
of radiation lasting 20 puseC or more, repéated 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 Byg 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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flux and duration. In one enbodi nent, the nunber of pulses may be at | east
about 30, or at |east about 50, or at |east about 100, such as between
about 30 wodossed21100, 000 pul ses, or between about 50 a@ou/usbaxains7zes 000
pul ses, or between about 100 and about 1,000 pul ses, or between about 200
and about 500 pul ses. In one enbodi ment, the energy flux of each pulse is
between about 0.1 J/cm2 apd about 2.0 J/cm 2, such ag between about 0.2
J/ cm 2 agancgbtiationt 0610/ wam 2 wasdiouad @@l depth ohiabou 47 dmwith concentsation
enbodi ment ... t [ er light. Each pul se may have duration
bet ween gﬁgﬁgﬂﬁhﬁé@%ﬁﬁﬁﬁ%§§3L5§¥é3 ec, such as between about 10 nsec and
about 100 nsec, for exanple about 20 nsec. Thenunber of pul ses needed w |
gener al Ifgodsg | nv¢hikethe furegeintiisrditected tdenibadimentsasidinduinabnigon, adtheach
pul se. [0065] Each pul se of el ectromagnetic energy acconplishes a

mi cr o- arffishfurtgg leanbedimente B MR vgntivr M3yt be Klevisesswithew dagering, feft ed
boron cliyst Lodl i : i, L : are
moved 1 riagtsn SEPP TER hq Bifebde WGB! | BsRImAR BY g BRALRL T P oo
at ons odolipyi ng crystal lattice positions do not receive enough energy from
each pulse to dislodge them but those atons occupyi ng spaces between
crystal lattice |ocations are noved increnentally toward unoccupied lattice
positions. Incident energy flux between pul ses declines to allow energy
fromeach pulse to dissipate through the crystal lattice before the next
pul se is delivered. In one enbodi ment, incident energy flux may decline to
near zero between pul ses. I n another enbodi nent, incident energy fl ux
declines to allow net energy flux out of the anneal zone. Thus, while
standard sub-nelt techni ques require exposing boron-doped substrates to

spi kes of radiation lasting 20 nsec or nore, repeated short pul ses may
acconplish an anneal process at nuch | ower total durations and power

requi renents. The period of time between each pulse relative to the
duration of each pul se nmay be between about 50% and about 200% such as

bet ween about 100% and about 150% for exanple about 125% A rest period
bel ow about 100% of pul se duration allows the net energy bal ance of the

i npl anted region to decline to a non
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zero |l evel below the peak energy density experienced during a pul se before
the next pul se begins. A rest period above about 125% of a pul se duration
al | ows t hwoneto/Bs@igy bal ance to return to a rest statePpriuseowost7ne next
pul se. [0066] In one exanple, a substrate was inplanted with Bis ions to a
dose of 2x1 015 cm 2 at an equival ent boron ion energy of 500 eV. After 30
pul ses with a 20 nsec | aser delivering .234 J/cm2 at a wavel ength of 532
nm over \Whbbisatlaihedaisi on of about 1.4 nmsec, R3 was about 500 W After 1000
pul ses over a duration of about 45 nmsec, R was about 400 W [0067] In

anot her exanple, a substrate was inplanted with Bi 8 ions at a simlar dose
and i on kner ¢y methed of Yeoting psabsitater coMIisit®c | aser delivering . 234 J/cm
2 at a wavel f j 3.5 nsec, boron
i onconcentr atq ﬁ%ﬂg}g& gl%%ngﬁ%’l %g\a{/é)slg?%‘géng‘h%tg %ﬂéggmqé?ggggﬁ?élﬂ A wth
concent r at i ommgpltinjithe satfatdat thiepubsteite hplanted Witb elee bp@sHE8] Wil e the
foregoing is directed to enbodi nents of the invention, other and further
enbodi nERRSTOACIERHES nvent i on may be devi sed without departing from the

basi c scope t ; i [fat! he cl ai ns t hat
f ol | ow. What i%gé aly:’pr;‘gil1rPl %ng}PfC%Z& Er@?tﬁgggfo??getl@é%?%g @@ﬁ%s%g{le, conpri si ng:
i mpl ant imgctooraacutesrambl ecul es into a surface of the substrate; nelting

t he surface of th(la S bstrr?te i pl ant e ith the boron macronol ecul es;

resol i di fyi ndtF&"88MHAEE 3¢ Pﬂ@‘e 'Bft-e i mpl anted with the boron

macr onol ecul es; and annealing the surface of the substrate. 2 . The nethod
of claim1, W ehéthblieoPdidimh NBCHABRIR Cihee BofHTRhAS®NIBGIIES ScorApfisd ni ng
at | east sixteen boron atons. 3 . The nethod of claim1, wherein nelting

t he sur falégters carfainingat leastesixtephdioren ai@ros. bor on macr onol ecul es conpri ses
directing heating energy to portions of the substrate surface to increase a

tenperaigire 0lf'het '?ﬁet?\BBSH Ydim 1, wherein melting the surface of the substrate

implanted with boron macromolecules comprises directing heating energy to
portions of the substrate surface to increase a temperature of the substrate

surface to a point at or above the melting point of the substrate surface.

4, The method of claim 3, wherein the heating energy comprises laser light.

5. The method of claim 4, wherein the laser light is continuous wave radiation.
6. The method of claim 4, wherein the laser light is pulsed.

7. The method of claim 1, wherein resolidifying the surface of the substrate

comprises cooling the surface at a rate less than 200°C/sec.

8. The method of claim 1, wherein annealing the surface of the substrate
comprises maintaining the substrate surface at a temperature of at least 400°C for

at least 1 minute.

9. The method of claim 1, wherein the boron macromolecuies comprise

octadecaborane.
10. A method of treating a substrate, comprising:

implanting octadecaborane into the surface of the substrate; and
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surface to a point at or above the nelting point of the substrate surface.
4. The nmethod of claim3 , wherein the heating energy conprises |aser

| i ght. 5.woOheilomstdzod of claim4, wherein the |aser |ighCraSe@atsIioous wave
radiation. 6 . The method of claim4, wherein the laser light is pulsed. 7.
The nethod of claim1, wherein resolidifying the surface of the substrate
conprises cooling the surface at a rate | ess than 200C/ sec. 8. The net hod

of claim 1, vinealindaimidaniedgragiens of fthe esubstrake byutepeatedly dwmatingsard
mai nt ai ”&Minphﬁegﬁ%w&ﬁ ?%Qiblﬁdg'ace at a tenperature of at |east 400 C for at
e. 9. e netho

|l east 1 mnu of claim1, wherein the boron macronol ecul es
conpri se octadecaborane. 10. A nethod of treating a substrate, conprising:
i mpl ant i hy ocTlaeleneihodavfeclaim d (&, vehexairf Hee octadebabeabet is atrgularstedaatnaal i ng
i npl anted regi ong,of the ubstk te by repeatedly heating and cooling the

i npl ant %8 i'%‘fé.'esflt. afrADONB ‘%\ﬁ of claim10, wherein the octadecaborane
is inplanted at an energy |level |ess than about 1keV. 12. The net hod of

cl ai m 1012 wheTigd "mbfRRRIEAININNERS, | lcrdif ©pehidily trre%tihgphﬁat@&olr s
conprises directing | aser energy toward the inplanted "egions. 13. The

met hod oMmpiariechregiongteermgrisesaiikestind laseneaergytoavadd dtha implantatkragiprisant ed
regi ons conprises nmaintaining a tenperature of the inplanted regions at a

tenperatyse | i e i_mml.ant ed i O 14.
The met i of 139 drabs” el o4 cBBEfdh toBelledndeatBocahf; s e e

i mpl ant €thplagiednegPRPEoraess X pRditamirid e tbﬁ?ﬂe@émﬁéi of &g dnplahedrddgiess of

el ectromagnetic radiation. 15. The nethod of claim 14, wherein each

i mpl ant & & &RRrafwedssolal a meliing tegyreratyre of hesimplagieddenigggnet i c

radi ati on, and each pul se of el ectromagnetic radiation has a duration from

about 1 figec 1% dheiHod! f "E&M 10, wherein repeatedly heating and cooling the

implanted regions comprises exposing the implanted regions to pulses of

electromagnetic radiation.

15.  The method of claim 14, wherein each implanted region is exposed to at
least 30 pulses of electromagnetic radiation, and each pulse of electromagnetic

radiation has a duration from about 1 nsec to about 10 ysec.
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