PULSE TRAI' N ANNEALI NG METHOD AND APPARATUS FI ELD OF THE | NVENTI ON

[ 0001] Enbodi nents of the present invention generally relate to a
nmet hod of manufacturing a sem conductor device. Mre particularly,
the invention is directed to a nmethod of thermally processing a
substrate. BACKGROUND [ 0002] The market for sem conductor devices
continues to follow the path of Mbore's Law. Current device geonetry
of 45 nanoneters EUUSE IRAINJANNEALING METHRDIANDAPPARATUSYONd to
nmeet future performance requirenents. For such scaling to be
real i zed, engi neering of doped source and drain junctions nust focus
on pl acenEMdl D08 ThE INMENTIONSI ngl e atons within a very small crystal
| attice. For exanple, sone future device designs contenplate channel
regi ons cBPRIt iEMbediments of HhR rresent dvention taenstally latet thg method of

o o1 apnuieCRihe s pRBaR TSR ed WEREBElCBRAP b niriah T Birbéite
cont rol | e acmethexitdfthdrynally peacesemga subsfretent i ng dopants into source

and drain regions of silicon substrates and then annealing the
substrate ! y be used to enhance electrical conductivity in
a sili con—ﬁ’g’-&wwuce damage to a crystal structure, or to
control di f h : rys
(P, ar s (! kR pfoRaudbl Uyl edtighas 18, Kow B TRUFTSS
used for Mobmee edwcoldoent vievige @idmetonof 85) nangenetars (nm) Geprojested to
argon (Ar A used i nduce crystal dapage. For diffusio
control . SRR 2 Td Beyatit EEsree e, SR AneR eafiEridiito oy such
used. Durddagngtnbelrédlzedendihedrirdf 6f dopetyRiuedd hiyd HRAh thctiondiraiBt focus

tenperatures so that various chem cal and physical reactions can take
pl ace i n RIPIBPEMENt INGiEPVERISNHET $IREE atems wihi ey aneall ouistahletticg. For

recreates e S i St e i f 1) .
oy SR oS! A0k LSS oA, e bt ok
i ncor por aewegthane] ¢0 atoonss  Vyithosudheexaclisg a¢quireanards,t ¢androdihgtilacement of

substrate i the.cr al_latgi. n ctivating dopants
reduces r%Osq%?gwoo@ﬁpia)f%‘&ﬁé%npéé{j'gﬁﬁee%& mal processes, such as
anneal ing, involve directing a relatively |arge anount of thermnal
ener gy onpno3p Radesterdtod dopart atbmistis eondrofied ebirrenteby prodes ey efdmplamting

i dl | i .th bst .t I i t the t | ‘re
ool b el foditie 2bbthie Rainsit Mcfa shEsAIer Fudhe Fancalpagne
tinme inclygetrkerl dDdpaitsBhaybecessy flefiER: aB&rtaPedriRcivh flﬁea\ silicon

e
anneal i ng. Al though w dely used, such processes are not ideal because

t hey ranmpmahik, @ ifsiica: daraags te He cistadrstiugirel ety ceptiokdibiusient briween
f
o <! sevdBLALT Rt SUBSESLARGE  Phnd Ghoh 0, JRETE AL RHERE (GO M

nore sever I Nncreasing wa easin
and/ or de{tmeamidngntineartyu (8b) nrays be [ (504 for| enfgeced atgndootnvitynt iSilicah (Si),

thermal processes heat _the substrates under, controlled ngdi tions

hecor di nePaRNE JGEhepd edeh AP TRy B Skd Fnddee RBsfl Mg e dor
f undament @iflisions @B6#rslt catbeh [@Y, dRlorih€ PRI &id hRrogkar (N)N@reSEsHBRRARUGSY.
substrate, the rate of change of tenperature, i e tenperature

.e., th
ranp-up FANGAPORIIRG. B EHBSIatA St Weicalirbepieg: ta igh fRMRRIANYES 8 Hidkg
system r &gl dHerficdi2ind piySiall RIERADA Lok taﬁérelsef@fiﬂ?hﬁum@!eéﬁ{) evices

recipes may require the substrate to be heated Tromroom erature
to a peakdafisegenaharsubsirate2 0@oneelingpresreatas arayore eyystaling rafcsye rfpm

[ 00051 TrEoBRS b B R Hat FekROVRlsH mkle nEtiglscand hefNafks:
Gopant atain Lo moeuny ot vat ol ettt oo et o and o e fbonalne
Si 11 con dOBRENE4he Epjetaliadine Rediarbvating donants jrdleeiTmeishubiehthe doped
Wit hout  abhRWsNGhdARSINHroBeEs, sactihd hHREAIREORYbINe (dieetitd alrBRtively large

amount of thermal energy onto a substrate in a short amount of time, and thereafter

rapidly cooling the substrate fo terminate the thermal process. Examples of thermal
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200 to 400C/ s, as conpared to 5-15C/ m nute for conventional furnaces.
Typi cal ranp-down rates are in the range of 80-150C/ s. Although the

| C devices reside 2 only in the top few mcrons of the substrate,
RTP heats the entire substrate. This limts how fast one can heat and
cool the substrate. Moreover, once the entire substrate is at an

el evated tenperature, heat can only dissipate into the surrounding
space or pocessesr Hwt heveabees uvitelyt vskd/ fer sooieetioie inctudar RapldP Thermal

systens s et hj e 0) - rate.and a 150C s

r anp- domﬁiogggé.'ﬁ?m #rfﬁ;?fpﬁﬁégn%@ﬁf %ﬁﬁgﬁﬁ@m [ 'é“’Ha\‘/eW'éS&nU%ﬁqw?%d
to accel epratesdesngremat itfeal bacqiseghéy rarhig the BRtiegyturs ofittlel wafeetbd slowlye
portion of the substrate over a very short tinme in a single inpulse.

In order 3% &PPseihe WaRlgh te Rippfed cyiewegtﬂtweﬁnfowagtlaﬁg-i hes sabieRg,
" 1 e . - e
ownever, halff FsEIYeVerd it gwgﬁi’s{sﬁ‘lﬁ gg{f%rr &es merﬁwkﬁytcﬁlgggpggg%

anneal i ng may require energy vered to e “substr
about 2 Jangter denseasing fasdurersizegh energy to substantially anneal the
substrate in a single short-duration pulse often results in

Cani i . _ i .
ron) e Bpo G e SRR oM Slenc' A MO0 SR Ther
uni f or m t gontielled lkenditivhe accending ives pestidtamdndd tadranall ogaimd . SThewe thermal

very different fromthe ener needed to, order the cgrystal lattice.
el 1y, SpeRklgemenieil BP iR Pors tPigatderbeebe g Hs  ssgpdictor
dopants bayidtd RRerHRCbf @RafRY P ferbératfd ele.i il kSRparature Plakfp-up and
anneal s. [0008] Sone have tried annealing a substrate using two or
nore pul s@ptowndalgp, apddheitime thattbe themat preceasingsysten weanains at a
desi gned : | e . acti t
subsequenéa})'%ﬁglre%ﬁr%%@{%tﬁ? rlé;}&; 1%’2@ g %nlregllpt% %erbgf?\ﬁlﬁg%g %er Sa% fo
dur ati on e hastedewan acomr igetperdioraril a lpeak dempefatiidecofs 12X Catremuiet, land

t he objective of. orderin tge crystal lattice. Such . efforts have
report ed ’BﬁYyreﬂPﬁ?t%facéﬁﬁg% e 1SRG SPRBUFARK IHMPSIEITE.@NGNG By [% 80
di ff er ent sgopdetsr breener gy, while pronoting organi zation of the
crystal lattice, may work to undo dopant activation acconplished in

the first i se. ,The differing nodes of energy del|vered, by the
 npul ses WERH 15 erie er ralRroRgRes 1ot anrsANG AOPas EHPSIARR ito,ganarate
lattice tHugheo@sShERon dofm8 VRl Hey Sltrafie{Ced bt Aicth® S9bESipy

sone dopant atons fromtheir activated positions. Uniformty of
t r eat nent crystahlatiiced pesitiens, tandotoactiisevellicqnoa®a)s o readet thermssivesointa ke

probl ens | [ V, [,an 2T P- ess rd LN

| aser ann"[érg%‘taﬁ}l g% kfgr%’lt%(tpfgs\%ﬂ%d\)/@ %k’gﬁ? djgéégﬁogtrgﬁ]%eg gfﬁ'ﬁ‘égs‘ﬂ%@¥§5§%&9‘e

t he substsudistrate. nSgehdradd diffisiom fedabes theeesledtrical perfarmtast eintheadupiedy

flux to a spmall region on the surfa}cde of the, substrate V\/%I e hhe

subst r at eregynﬁb(yn@s%lgg,cogpentrat:on of dopants and spreading them through a larger
region of the substrate. To accomplish these objectives, the temperature ramp
rates, both up and down, are preferably high. In other words, it is desirable to be
able to adjust the temperature of the substrate from a low to a high temperature, or
visa versa, in as short a time as possible. Current anneal processs are generally
able to preserve concentration abruptness of about 3-4 nm/decade (10% change)
of concentration. As junction depth shrinks to less than 100 Angstroms, however,

future abruptness less than 2 nm/decade is of inferest.

[0006] The need for high temperature ramp rates led to the development of Rapid

Thermal Processing (RTP), where typical temperature ramp-up rates range from

200 to 400°C/s, as compared to 5-15°C/minute for conventional furnaces. Typical

ramp-down rates are in the range of 80-150°C/s. Although the IC devices reside
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3 scanned, relative to the energy delivered to the small region.
Even delivering constant energy flux to each region, uniform
processing is difficult to achieve because the anneal regions have
differing thermal histories. Regions treated first have thernal

hi story conprising a sharp spike followed by |ong heat-soak, regions
treated | ast have | ong heat-soak foll owed by sharp spi ke, and those

in the meldyen BayRphRedt mipend sPiHeesiRHhIeS TP RkgtsOtheatirddabsiaté Nehis

stringent unifornmity requirenents and the conplexity of minim zi ng.

t he over |lpitohowcfashene reagi beat ard 698! theesuhistiate. aM@rwm,a@wet thesentire
types of n t fi

ot - genes AR a8 o o e Ae A bR icile, | e Ran P BRGS RS G  nfq, the
subst r at esurfadokivlg Macemfea’(rucas% has alrewlbftodd}és srtate ofitheedrt IRAR systems

Speca. o RBI B SRR EIF Pt o R M B B RER R T i

heati ng and cool ing are not effective. In a future generation device
with a chegorelimpaiecand: epike iasinegli have een tutilzhd toaateisate trmpa@ature

tenperature and._t her radi neral |y bas on statistical
¢ ot ont TG BITBEG: ST 8 ARIN5RA o SRR OF DhmBubTIaTe Say 2 vhoy
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to be transferred. Tradi tlonal RTP and | aser anneal “proceSses raise
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rapidly cool it e atlveI($/ short sure hat

el ¥ o tls eshoo dalion RUIS dehn oty P SgnTiant AemEteni Teusyite

regi ons quereaVel, deiedthd Oe@eyhcsrte iApWBYs P eherly BN theC S@bstidie C\%Hhééd 3he
rapi dly between a peak anneal erature, which is typically between

about 115yoblgol of ﬂ'EHFOFleP pﬁw&@gs . eneray Needag dp Activate: depanis svanbe
continui Hﬂfe t% tnd O%e ﬁ?ﬁg@@e@’t& G‘ﬂqeg rysé?ﬁgnc@ ug.ﬁ?hf%ﬁnhm&
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t hese hi g:lewm émerslqerieads ty avafpdﬁsslbheofvddpaniﬁ baylmdjtrtdmmnhdm region

t r eat ment ocesses because, a sub trate will generally take about 0.5
seconds t%ﬁ'b%\fﬁ N ITIRES o?{‘cr?@k i nduce nore rapid cooling, it is
necessary to apply a cooling rredl um which in turn requires nassive
anount s ghooenSomye heveht‘er amwu@atsmaateousmtmbgmore épl’ilimeséttflﬂnergy.
Even wi thout fhe,_ cg isgglfmsdl um ge energa/ requi red to maintain hg

t enper at WRETBIN &firs ENgRIYANAY §f design L%?H@OXE'EW PBRgY neede
t echni queg do‘ﬁvét@rdﬂp@ﬂ@ %nd@uﬁ@édﬁ&t%@ésﬁﬁﬁﬂnﬂ@ﬂlﬁy ijuStedURHithat ﬁté}klty

one tine reduces the energ gener ateés stresses In
subst r at eortdvaationateeachigvens aﬁaet tgermql higtoRyi @‘vm@fsubhteatawvethetoteecéwe ofa

Cut 11 of ert B 7 SurRURRG<, oy BBYE RAR Fo e ARLIR B LRger it is

de?/: cesh thaalg ke ntreyd ppuliad s1 sdetiapidin eclilﬁérepEra‘mﬁmm‘:ctmgoﬂ haautergyeth?ﬂb ﬂ?lblrrﬁ)ting
W aCIEVEt ssar tro over, the aprication,.o sSiha
Hovi caq HENERIG 1308 s a) TRl Quay Wkt Bgh dopa S AARAST a85ompihed

present nﬁ\t@@wrm gi8er athleydifémyg ﬁﬁ)ﬁeg%f@ﬁéﬁyyadéh@e@ﬂidb BehUls may
pul sed anneal i a substrate.” More specifical odi rrents of
t he i nverfXcid qﬁﬁenhm@ﬁ%ﬁwmmgn& Wﬁh'ﬂr@ﬁt‘mf@tab thaitreay generally

conpri si ’]‘ém%v@ thystgloﬂéf?e@ while ‘dli%'?c?cfg?rfda soneP&dant ch‘t'&Jn? ﬁr&n?tﬁ@i? glaﬁ\‘?éfed

portion, sour ces ectromagneti c radi ation di sposed
in a radlw:tSlt@nsaMaUhlyy ofttreatmadt istalsandifficgl ibaghiewipl ed to t he body
portion, one or nore power supplies coupled to the radiation

assenbly, t r u t
et Y el Y3 ShUE R RUB08 RSt cREUE T, GRBone BEPPBE e
various scanning laser anneal techniques have been used to anneal the surface(s)
of the substrate. In general, these techniques deliver a constant energy flux to a
small region on the surface of the substrate while the substrate is translated, or
3



)
pol s] Enbodi ments of the invention further provide a nethod of
processing a substrate having a front side and a back side,
conprising positioning the substrate on a substrate support in a
processi ng chanber, controlling the tenperature of the substrate
support at a tenperature below the nelting tenperature of the
substrate, delivering a first pulse of el ectromagnetic energy to a
first surscawmed! relative dbshe aansrgyvdelivdred tthethii sall pegise. oEven delivering

el ectroma t ot e L r at .
et oot § macaretait, RElafy e Eacht Bz Mot R &by dn Sl Y &l
sub_st( rat ebﬁmL][seSthemerrddiE}sf Ina:]\&t d1ﬁgin$@tite‘rrrﬂl histarizsndRegions e'egtegyfirst
striking e first surface of, the substrate, .s tin secon
desired t E@\éﬁ theral hisiany CQE@Bﬁ’GQ&J?'%ﬁrP&Q%ofP"%W%‘g@ Aq%eﬁ%%trm'fa&%%sc
ener gy pUiré@teEﬁﬁ@t%é% I@ﬁb $elat-96ak ftﬂ’loﬁfgﬂlljgtsﬁﬁrp %Bﬂ‘('éghinﬂ Q64 MOthd middle
second surface, and delivering the secon ul'se of electromagnetic

ener gy tohave heatssoakispikedwabSoak chistasiesr at BUG[ do16e Estiogrnte mngornity

t he i nven r \Y; t

o oceoss nipitehihid Sha e et BlE of Minfiz B ERL bR, PO AR rddiord
subst r at eagRpdid sulssirdie egﬁ?mtﬁeﬁe ty;mm@frmbwseefare Imet eﬂ?awﬁafbethermal
support at a tenperature bel gqw t he ne e rature of t

SUPED T bt SPriherSnD at et Bp RGN GPRIEET VB Jeyiees fasmedon the sfidacs,of the
pul ses, eaGhstiyi Nng a duration between about 1 nanosecond (nsec) and

about 10 mllseconds (nsec) and an energy density |ess than that
required to nelt the substrate material, at a first surface of the

subst r at [0t Mereaygr.aas Ao sie 6f thanyREGUS elememy in smsPRAusleT devces
the substpatg kg rvﬁﬁp‘?ﬁéeq e sﬁﬁ"’%};ﬁé ht%] e}[%P ?& ugad 'ntoYmQ{ copventional

el ectromagnetl C ener I i 'surface o

substr at eanseﬂ[mgttenmlquepmtfmt dilewe‘apfdoheaimigsmmjeomllr@ aiet nofneftgolivé.c In a
energy pu ener reachin cond ,sukf ac
STCT DY Dk, pansianon deviis ML & sfanl Gedtbn: G <irt, Bor SN s dioRs
ener gy puhsgénsaioft feenprehians %dpwmdl egmhnemacgeMIlwg:aaed usit statistiehl
about 20 nsec to about 10 nsec, to a first portion of the substrate

di rect i nglrgatmgnts 9l melacriay iansiational sRatiYein @ 1teR) briYs <o Aot apply
sel ected pouafsel 6v fle g?agﬁa?oﬁqwtﬂg é}eguiﬁa\kheﬁ At akoy 1@30 Nseebrah&ferred.

about 10 nsec, tOo a Séc orti1on of the substrate; detecting an
end poi nt demrmml tROTR rag-dalasetenueaicmsessaesm@@oﬂ‘@e stipsfrate Hemperature to

ppar at us PO Aheb A Ry B0 6oter R AE Bhe Mookl 1Y Fpbie HofiBad Ty the
COUp: eg E Qulsstfdte %tngeé@é@fef a d&dﬁd gﬁiptahpdls&ﬂ!ﬂltlon aln ??prwasﬁSﬁﬁhhwe
coupled to a second end o e bo ortjon rafe hol der is

comIco i gur e§oRenigNg! @eglﬁ’%tﬁeﬁ‘ﬂeto %G'B%ISH gtraje tPédfej t's"éllvi IghelRMRRratyre
the body Qﬂﬂttﬁé?‘f‘raﬁgd}&ig&& iCiR"Y F gﬁitlvgwléﬁoﬁﬁ%%f n?e oo kRsuRURaL 4 %Eﬁreqh

The body portion facet or “rounde coated inside wt
a refl ect depanti dmnbuﬂtrferam@lps pothin the thage @mﬁd%ﬁ%@tegn%l onrg wogtdunessd

h d
ol cct r ommih oSSk Byt BraidioRel bt SRRMAR: s ChERED 1 gepannea
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o ot i oneBd e iemgetaiie el BiSEN portshingy BILREY Shbe dhent e, e
to house a7ph urﬁhhtuss)fthéd abbuf armsm g6t fliseeesed Médtiignasd tdodlied) the
reflector. The radiation assenbly be internally lined with a

refl ecti veubstrate . at das® mdateﬁem sge@ferqlluielmmﬁ@rhle owith ustenpdardp thaginge
h
anot her aﬂ@?fnﬁér#ﬁar&@%ss% %%agéé;g sgbgg@%t%@trq%ingﬁmgﬁgé gsget 6 8sdchAlS to

hol der couple I TSt portion

may be facetledown onoitsnded, &odnducectmate dapitsiodingyiit s aemesfstaacto apply a

Hiner. The SRy i CWnlBRYin" R 3bduited! $280e S o7 Seneidy fo Foat the
substrate to the target temperature. Even without the cooling medium, the energy

required to maintain the temperature of a substrate at a high level using
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[0020] So that the manner in which the above recited features of the
present invention can be understood in detail, a nore particular
description of the invention, briefly summari zed above, nmay be had by
reference to enbodi nents, sone of which are illustrated in the
appended drawings. It is to be noted, however, that the appended
drawings illustrate only typical enbodinents of this invention and

ar e t her etomentiohalttechrtquasnisifdenidgblei Miréatmg @ty pbRicas @pe, sdb@fra{em one
|nvent|on may admt to other %ually ef fective enbodi nents.

Fi gure 1AUME ’ i5Uees e renerey & ﬂﬁt.u@fr&%ﬁ%@t%n@r@%wnmsmst% that
i nvent i onpgk@93dtedft gure 1B is a schematic side view of the apparatus
of Figure 1A. [0023] Figures 2A-2E are cross-sectional views of a
devi ce according to one enbodi ment of the invention. [0024] Figures
3A- 3C ar el0§tplis Visw @dpthet abave.cihpse oF denead febmcéngthadi o aneedling a

dept h aCCQérﬂchﬂdﬁ& PRuGLTRAL! tHFPhanﬁu R At @ﬁ%@ (aghvérgo gﬁoﬁgﬁtﬂ;ﬁ@f the

4A- 4G are graphs energy pulses i trati sone
t he i nvenanmnfal of Qmaﬂ}jeﬁcgsnrancﬁam appammsecmmbte afi pegioamingf that swetodniThis

according t odi ment _ of t vent i owl

' owchar dwlCRBeieh B nEERSabusnniiaL pbet e RBisd Blher el simviseS et mils
6B- 6D ar ele@ﬂ%m@@dgedmorﬂbﬁ@é ans of a substrate, schematically
showing its condition at stages of the process shown in Figure 6A,

according to an enbodi ment of the invention. [0029] Figures 6E-6F
show an agpaMMARY configured according to enbodi nents of the

I nventi on. gure 7A is a flowhart according to an enbodi nent
of the in®aHi e p[r%@i] inpenfipne generathe pipvdey @ns apparalum anddmediashor

o otesa” RURLEsyFGRRY! SUbILARONBG LRI SOl A08R
i nvent i onprovide an apparatus for treating a substrate, comprising a body portion, a
substrate support coupled to the body portion, a plurality of sources of
electromagnetic radiation disposed in a radiation assembly, the radiation assembly
coupled to the body portion, one or more power supplies coupled to the radiation
assembly, a controller coupled to the power supply, and a detector configured to

detect an acoustic emission from the substrate.

[0013] Other embodiments of the invention provide a method of annealing a
substrate, comprising disposing the substrate on a substrate support, directing at
least 100 pulses of electromagnetic energy toward the substrate, and detecting
sound waves generated by the substrate when each pulse of electromagnetic
energy strikes the substrate.

[0014] Other embodiments of the invention provide a process of annealing a
substrate, comprising positioning the substrate on a substrate support in a
processing chamber, and delivering a plurality of electromagnetic energy pulses to
a surface of the substrate, wherein each of the plurality of electromagnetic pulses
have a total energy and a pulse duration, and wherein the total energy of each of
the plurality of electromagnetic pulses delivered over the pulse duration is not
enough to heat a material disposed on or disposed within the substrate surface to a

temperature above its melting point.
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[ 3032] Figures 8A-8F are diagrans of an apparatus according to an
enbodi ment of the invention. p0331 Figures 9A-9B are di agrans of

anot her apparatus according to an enbodi nent of the invention. [0034]
Figure 10 is a graph showi ng energy pul ses according to an enbodi nent
of the invention. DETAILED DESCRI PTION [0035] The present invention
general | yq%r V] de_); an g afr tus and nethods of controlling the energy
del i ver ed[%8)i REPLAIMENHR AT tHeoRNeRtIGN, firthes %@Y‘f’%rﬁré@ﬁtm?r gp@ﬁgssmg a

formation 96 %@@hﬁﬁrn%‘yﬁ?rﬁ%}?@gﬁﬂlﬁcﬁﬂkﬁé’d'& rem Hifd substrate

General ly, met ho present invéenti anne
t he whol eoB @beuhsmatﬁ auppoel s pwceegn@nbambea c@ntretlmgttrm tgmpmaturerof e

Guring ancumee eLpR AR b Bt kBT, v ARG shAGe IR o ST

dopant dr delwebrngra)ﬂrsv\pmlbe of telmtrsmafgaeﬁc ehergheo auirst s\afate ofithe sabstrato,

control di,f f usj and r.enoval o e fromthe

desi r ed rlé’ PSR the *'&Sﬂeuléem? %&wn%we&v.@%ﬁgﬁf ol enrrevaed Adfirst
i npor t ant d@r%tr@ﬁvdléiéct ﬁaﬁrBﬁhﬂé’fe nErg réa%hfr‘@%e&&c%'nﬁ ér%éébf tHe édb%tréé
nm nodes and snml | er ere the chann€l regi dns have di nensi ons on
order of BOEspaBR tote fral pl@lse |0é§§ctrwregaameanergg shiking the geheudacreyof

enor gy 1ot PUEER? SR £REECNG, Ps e B Sinelly AR SRERNE B R
of darmagesécam EIeetremlagnetai enenggrplises Ptnesed d:nsaaecmg/wrtdﬁramdims iof @thergy
regions of a sem conopgt or, devi C&éj I.n one exa t di st ance

i s bet weefFasHBIG 2ciREONAIUTBEC pPAARINCHTIEh e e ot pulbeop P aRBSrOMATGRHE
embodi MeNkpedg)do AEOLRE sitfacnty siitfayer ed during a single pulse is
only enough t0 provide an average diffusion depth that is only a

portion of a srqr;g)l e latti ce pl ane and thus the anneal i ng process
requi res [#818]; Bmbogiments of othgcifvention fgdhar pigvideoantmediody @p sannealing a

i 11 usi onsbttaé i OF ABEBARC BNERBEL BormbAGHN RHEEnBY e S Ofi o

to acconpli a conplete o anneal or ron of
substr at esubsiraherestmpbddramrtmllmg hﬁrmmﬂhaerawresefqdbertsmjstqat& mpm&tyat a

vary between abput 3 abo 0,000, pul s each whi ch as
Hor ot bon Ehedtatye elaRofen Hiting dopeRuR: B The YR le, clistlng %8 fhst
(msec). | plupdlingof elebesthagmdtis, enbug;apuiees achdeingle gerativy beeveasabddtan
10 nsec, such as between about about 1 nsec and_about 10 nsec, or

pr ef er abl PARRIEHERA (SRR} AN Rt 1ohAillsEERRds (NSACY AHEab RASAYens)ty less
more pref f-‘rfa?‘rbﬂ'r&hre%%ﬁe& W@%étblﬁetsulagf?at%srﬁgtenbf‘ at ARSI G The substrate,

duration of each pulse nay be between about nsec and about 10 nsec,
such as abelecting raseamondimoExstergy ceaching @asegnelc sudades of ahe§ubeaareng\

and ¢ hen SePaIPRAS BRE! BRI L ADRAEY Breh ERRRR FarBl el e

the subst figt esufaee eobr e i syatibed eskictieg aotpoweroflewdiorfer Wslithisyuthe
anneal re |on which is subse;:;sglsg:}ly frozen after t he ener \é
di ssi pat e§'eCHRRAPRGHIGRNE I EY aped aretheramauntaf aperay Iaching; & second

subst anti ebﬂfafceosr %@rsq%eﬂecmréétﬁrgl aﬁssec%ner,guram ity 6t erewo gﬂéﬁ@%%rgy

t hrough the substrate, Interstiti at ons or sil | ose
to the orpukses artéb‘? selegted ﬁgwgeéﬁwehteaqhahwtag; apdle‘,ﬁatlpbrﬂi at@tuhéro ngemio

not Ordersgmg 101 g!ﬁg%aaeﬂrxt ﬁghiﬁﬁe&t tH agﬁbsﬁ Oél'n%dniﬂﬁs hird Pifrality_of

upwar d t owar ordered Fegion an ere regron
to find thkectreegaetlcaemrgalpbtselseaittlneeelpoﬁardtpomva Iemloeaniplyavrngaduratron

Addi ti onal opant at.o di.f fuse fr m _hi conc ntr nea
the. sur f aBk3bptt PR seR B Bl 19 P S8 g eamaPoaRh stclie SHbsgare. 4Tt
t he subst gafeetind-ash ehdC peRmSi e rﬂerhrﬁﬁmgravreeddma a&@-ﬁtedrés%h@@ ﬁ&wamé
fromthe ordered region beneath the anneal region toward the surface

of the suBdbsied® and snoothes the dopant concentration profile. This
process may be referred to an epitaxial crystal growh, because it

[0017] Embodiments of the invention further provide an apparatus for processing a
substrate comprising a substrate holder coupled to a first end of a body portion and
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|
gallium arsenide and galliumnitride substrates formed by
het er oepi taxial nmethods. Simlarly, the invented nethods can al so be
applied to formintegrated devices, such as thin-filmtransistors
(TFTs), on relatively thin crystalline silicon |ayers formed on
i nsul ati ng substrates (e.g., silicon-on-insulator [SO] substrates).
Addi tionally, the nmethods may be used to fabricate photovoltaic

devijces, 8 wadiation a@amblpebhpled&ucmsmndm ofetiie Godlp rpcston, aSrﬁé%ubétrate
conductiv

sem copduct,i v or insulatin ,e i al and
patter nedﬁﬂg?rn'@ Canf?%ttfﬁét?/ﬁalf* falg '"r%ﬁ%‘é{?% 18%’@3@@@ e’@dﬁﬂh@?lwy
nat eri al spgraBerald t el bR t&ﬂbéﬂa‘fure'dﬁh’é SlndMatdBTRE baky pﬁﬁbbn may be
general | y i ncl'ude oxi des of netals or sem conductors

seni condul@ceiedmitrerndgd . a dotsarsqamdmﬂ@ wﬁlm@drelﬂ@enveohnetrheThmB@du poion
sequent i allna?edoht’a‘?ﬁ Fr'r‘i’te HgtuPds ;g]u‘?:ﬁgé's ?éf%cf?a'ré ahk&d hetowetos rttl%f?an
t he substra to anne cer aln'desired regions of € substra

renove undicatt eediaaﬂanmyaehc eatgy. f Tbenrpdiation pswalsigneg:osupmdsto( thegsecond

crystal nt processes nore evenl

Gopants | S s PoHTasfilh oBnid 1Ei0 ks ATBL e BERRoteth sherdycrom be
dopant s @%@@tt@h%sbﬁtbﬁﬁir@@ttﬁéi pRHPfddrsn. mhé/@a.a%hla\s%bﬁbwhh@%cuwed
regions of the substrate. The process of deliveri n? uenti al

anount s oROTERfE ApPOsite dkt% lay eonfigyred nodheuse Buplvestioof tlashdigpwst sach
t he expos i

e CXPOSBEhaRNANTY <otk TBEHaBARSE B 4 o SRR Y
subst r at awltﬁ'heefdm:ltlvebmqr of small am)unts of energy thus allow 1)

i nproved uniformty and greater control over the di strl butlon of the

dopant at Lt h) or t.i of S v of ef ects
created ﬁ%; V%{]Qé)&%,%g Oﬁ ﬂgﬁ BVérng)HdL@;)?'4 é?%vécf oalpp ﬁ’é

previ ousl| ;yroa@ésmgah@trs&gteoa@mpﬂsm@ea gghstiate hb@@B%buﬁethbea Tifst end of a

illustrates, an j sonet vi ew of one enbodi jqtsnt of the inventijon

where an RAWRRISH A c dy pogipnrnay begapetsy &k rodifednaiiAt's spaledpgige

on a de“vﬂ@r@'ar@ﬂé@cﬂe lﬂferanl'h'énBde bﬁﬂh%a}%on@fn Hﬁ&n%?ﬁ&cﬁé‘t‘e@ §9cﬁ 8s

preferential Iy anneal certain eS| red regions within the anneal

regi on 1Xefleeiossnand refeantersnto canrireranindirest Bilepliomapnetio singrayne The flash e
defined ry n

exposed {3 PRQTS e EEPOSUFTL LR tng Nkt BRIR A BRI o or fofe sides.
I n one asqn‘dbe raxlhamctaaregmntt\l reﬂecta/esbamglng Eateds abalably dtebssefdaa@mﬁ the

sequenti al | sed é@g}ngm red amount of energy delivered fromthe

energy sdaf 809 Q'%”B P Uk erential anneal i ng of desired
regions of the substrate. In one exanple, one area on the surface of

the substpefsp Bhb&Iimantyt dfethel ipventpsieehdly piovitiRshR labPardtie afd haéthad &f
relative to the output of the el ectronagnetic radiation source (

convent i diPArolRG & T58, |2MPARRPETIHS SEURBRISGNGLA ROWET BYRI{¥ %phwglrtth@rcwtga ’
out put  of e if-afl éfs\nfaeh $R\8aER df?i\ﬁ%héﬁ? ngo%rtcgﬁri@digﬁém@tts opB\ﬁpér&‘cﬁubxe

one Oor nore convent| onal electri near noto
| ead scr eire airquiteindepemndantly, ongioc mafarapaciisss corfigused écp:ra:fair@ng through

recisio t (N h . . nt . and
osi ¢ on BF BAUAY Bl e BirGindaloB, BEMNG srbUE LBUTRER! 1o
gsed t015sopamtdn aiﬂdthBOﬁMth?jmsf thepo;ublstdtsmlwtib@ devide hat e?wh&@lpmmr
evi ce ma ur S rom Pa oration
Rohnor ¢ PRIREeEaf0 T GPaR P08 GPHoNORIE THERHSagE COHpReL © Yo PRver
of the sulstipdtich é&/ld:é aﬁ@%’%@tbh Ay lé?ﬁ[ﬁ’owéotﬁtdlleﬁha‘?r@sé bﬂﬁtr&iect&fgmg
all of the anneal i ons are sequenti al ér exposed). [O I n~ one
e

aspect, tWeVamﬁ@zQUfFP @f dhe mee&mpmaadﬂddm@nal Blemeré@l su%aetr@anrs and
sized to t e di 0 0

Fi gure l)ﬂg%cﬁ&gem b u'(r:]?fé)lpggew l([:heee Jh?tné ciftult t‘ré[)ragﬁil ? &Pﬂg g@rp'oq,er
f or med ortra:rismlmﬂfoatbeﬂathtdmpsubstrate I'n one aspect t he boundary



| ower energy density, so nore of themare required. In all cases, the
energy pul se used in the anneal process generally takes place over a
relatively short tinme, such as on the order of about 1 nsec to about
10 nmsec. [0042] Figure 1B is a schematic side view of the apparatus
of Figure 1A. A power source 102 is coupled to the energy source 20.
The energy saource 20 i generator 104, which may be
a light s&i¥es apl BANG@Bove, and an optical assenbly

108. The 7 gsenerat or 104 is confiaured to praduc energy and
direct 1t COANoSPHOAG T Aanee o whih: b atgve feted. frpliren gethe; Ripsent
ener gy asijrfientiéredart B& ud@bisy®idyintdetdil @ raolesidridBarldbscliipforP Bt thedhvention,
assenbly 108 generally conprises lenses, filters, mrrors, and the

li ke conf bgefeaummarizedsabqys) anay, be had fyirafarorce to |enkodinenis) seme of
coherency the or : r r 1

t he obj ec{'”}iplflcg %E I@éﬁ%\%rlﬁntggéﬁgﬁp%q ?n'té?"cl)l ﬁnlg)céftggjr%gﬁg{;%at g&‘? ‘éer\él\{r?tr?giée
regi on 12app@tiedl] diawingsdélustratededly \igpicgudmbedimentnof fhis iaventioncandl o

may be prqvided. SWi e f.as hupter that can be.
oponed or MareiBngtfe 5 chilceR FBn By B sEdke.JO* trcugittn 35 iy o
be an opt bk egualtycdffective Brdddimertpaque crystal that becomes clear in
| ess than 1 psec when light of a threshold intensity inpinges on it.
In sonme enbodi nents, the switch may be a Pockels cell. In sone

enbodi nentedz1]t RiguRpPl A Gén Rohietiic view ilestedng bas eatbddimemtdfdle srivahtion.n

| ess than 1 nsec. The optical switch generates pul ses by interrupting

a conti nugiesz1bERIL|B & £ eEhaBENSHE VieaNSTtBY afpaRier iguRr th a
substrate. The switch is operated by the controller 21, and nay be

| ocat ed 0¥Ho§31dsigbm OACIEYard e bR IsBELHM viGME bfas daUidt *RchbRIinY to one
fastened to an outlet area of the energy generator 104, or it may be
| ocat ed i gg1b@dinent ofthe-igyenfidfer at or 104. In an al ternate enbodi nent,

the energy generator nay be switched by electrical neans. The

control | efo024 Figyrease3A-9kt argugraphs of dewant land ieeysidiviafed woneentt@mnoersisd

of f as ”e‘agﬁfﬂ’ac%q@ﬁ%ﬁaﬂ*%ﬁﬂ%ﬁ%%'3%9%%9{;"3}4? ded that is charged by

t he power urce I'scharges rnto € energy generator 104 by

virtue of Gir.CHi rgize the c I . ric :

ui t ohi ngUBeAICEiSLlas SRAENE diaphs;olerepL b ogtanim 36’ Eboumenty,
gener at or oflflé iatanddngener ati ng energy when electricity provided by
the capacitor 110 falls below a certain power threshold. Wen the
capaci t or [gh3§) FRyures s Gebemitié HRgPAMR assyEleR® addbtdingtio Ginermbedimaat of
di scharged into the energy generator 104 to generate another pul se
of ener gytha RV&HIAR- embodi ments, the electrical switch nay be
configured to swtch power on or off in less than 1 nsec. [0Q44] In
one enbodit¢eAt FigrebA ihe #pwabanb Aecardingita an garbodineniafittainvehtiehneal
step followed by a seguenti al pul se anneal process to provide a
desi red dégr¥leFighHeasaBBaD are crossmsantienaindisdiamsenof at sibsd@te veghesnticalbp

may inclu t.4 t : e

C and abodioUBE e pbiEn i BIAIA & he plodsBURFLARH) FiEe 2° BobSiily i
enbodi menembiohienerntiof tat inventidnep conpri ses preheating the substrate.
Tenperature Control of the Substrate During the Anneal Process [0045]
| n one enfmdénFiglres SEBFysHmy dasippabdtas iconfimuméd alccoiding npabativrent bf
the substrate during thermal processing by placing a surface of the
substrat e POINVEMYQPst rated in Figure 1, in thermal contact with a
substrate supparting, surface 16 of g heat exchapgin vice 15. The
eat . exchiiiingaue TA R 4 4ohen gt acrufing an A Ao Rl e eBRoE o0
the substrate Eri or to or during the annealing process. In this

confi gur af098H, FigHEes EBr/ be 2ER SHRESRECHRNRlcEagemss GER subsiratensdipmalically
bstrat ; i I i alis i 2 ;
Chl i1 or i SO SRR & <8 ARG cRSbE SROWR 1T Figure-7a, SRBLRAI] Bich
embodiment of the invention.,




[0047] In another enmbodinent, it nay be desirable to cool the
substrate during processing to reduce any inter-diffusion due to the
energy added to the substrate during the annealing process. In
processes requiring increnental nelting of the substrate, cooling
afterward may increase regrowth velocity, which can increase the
anor phi zation of the various regions during processing, such as
descri bed [902]cbighasciA-h ate dingragercé a8.apparaiueacenmding de aniesbodiment of
heat exchﬂﬁgh ﬁ V|ce 15 contains one or nore fluid channels 158 and
a cryogeni C c er 15D that are adapted to cool a substrate di sposed

on a subs e or, f n_on ect, . a conventiqnal
cryogent o A FBS G, 3¢ | 886t o el oRokaen, Rt ie 0B ar

21, is adambedmentd;ethe\/m‘/eram@ool ing fluid through the one or nore
fluid channels 158. In one aspect, it nmay be desirable to cool the
subst r at e [dogsjaFiherped & agfadles@a@ng @heky pulddd ecerdingt®uh e2ibddimBat df
The controller 21 (Figure 1A) is generally designed to facilitate the
control aH BYRWIPRti on of the thermal processing techni ques described
herein and typically may include a central processing unit (CPU) (not
shown) , NMPpETAILEDTESORIPDIONAND support circuits (or /0O (not
shown). Theé CPU may b€ one ot any form of conputer processors that

ﬁr edused [0035] n'dheztmesaéntsmtrénttmgsgél@éranprpirds\ﬁdzlés 2@ dpparats BROCASHRYS agrd
ar dwar e

nventional elecgtrom netlc radi atj on detectors
ot ors. 1 Sufbling BRAreyOnAaMeed NG AY el vasesy behis bt Aing
t enper at UgHR foRHBRSN @ﬁ&eséiﬂﬁ@fé sérﬁlﬁBﬁdlﬂ,ttéFd%awdéWﬁé s%st?d?@r @énfei‘é?l?‘ fhae
pul sed | aser, detector signal). The mem)r%%éinot shown) 1's connec

to the CPUethads ofelereresent lavenfmnem@v he weedita gnegalithapvholensybstyate or
h |
G ok, “har SOSRELARERTE BPED RSy LEARAAR UndTIP Hheld 1) e P8¥ate

renot e. Sefifawr camsterﬂnettﬂmagamﬂmtaﬁaiwmg é:rempldaﬂpmdsstt@rbedremd\/edn
t he menor frlnstrutln he .U.Tes t circui not . shown)

bre also uhfibeouie Seidd depent drrbuigeMiighe s eubesbivag. The
convent i ORgéd FRBBol tHE RUfIRINOGE dpdrfis!bh8 raMbvaING dkifagd YR He08RNired

cache, power supplies, clock circuits, input/output circuitr

subsyst entegiofscoltthe semieondactor sigvise is beceminsuinereasiglyr nmqrtaﬁi)as device
r eadabl e e r

o aubst r abie® BRUACT TR s esRBishl DR the 48, i e dnd el Tl £
cont r ol | echanme! remxbnsdba,vecdmnsmnm therordedlofc 530 mngsttdmes ﬁubert leas e The
position, _the .anount of in each @_Iectroma

Pl se, ¢ haV AR g Breh GRBr Y  BOLHER e ERBU G el TR sefies of

I nt ensi tYS@quénﬂaIV@hl@éwbheﬁérg@ tf)Lml@w R OEoritioNed fdfustat Bf Aopaits dridethe
tenperature of various regl ons of the substrate, and any comnbi nation

thereof . SNy Pl damage ey fheoskdrstraie @yerer shar digtange NY'W:IB:@GSIfed regions
i nter- d'faﬂélgﬁu&g&m&ﬁ‘ déHckOUf r%gé%gﬁpleftféé rﬂ@i@t %¥'1§%ehﬁ§é(]?¥§out

defects in the substrate nateria e eve stri bute dopants
i n vari ousne daftiem plaste tchéensubb tattices planee. oin ooe eenpbaﬂmesi rtge stmqnmtrMy

oF ePer oot PEete] yetElef Bufif) O Who pLite BUBRYS B0t Bidfied H g

sour cet dudlﬁnfjoh hi];eptinﬁrneals qnﬂpaq%mﬁior?Tdifea gntgleaamcefplaimt x trfCMhnl tflhélannealmg
ropertires o a 1 [S 1. ONn e Supstr (0] a .

P P bt ProResS rdkires ZidIE ByiSks 10 Seye ardag e amroLnhel dest Hifusion or

when t hey|a@fc8 dphdyecddtfsgdnt (Ea%Hg}tﬂsé Ray IRIeHE IRIND a%@fr@}isr@urdoﬂgﬂétae

anneal i ng process, is hereafter described as creating a nelting point
contrast méreeaneehrrosesswithinga gestion af hensubstrate.hdn omesembodiment, the

propertieg, that OF%ggﬁgnﬁg?ﬁL[lée;s? rﬁaﬁ;ng {ydWeme%F‘q mt %ﬁv hg_gil ﬂB0.000

desired regions o € substr e I np an i ng,
and/ or copgleggsadchngf whieh drasna e rationnsidtsoudi 1t hamosdesnd €ased) ab atoudfo

milliseconds (msec). In other embodiments, duration of each puise may be less

than 10 msec, such as between about about 1 msec and about 10 msec, or
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region 202 within the nodified area 210. In one aspect, the
incorporated material is added to the deposited |ayer during an
epi taxi al |ayer deposition process. [0052] In another enbodinent, the
nodi fication process includes the step of inplanting (see "A" in
Figure 28) a material that is adapted to forman alloy wth the
Substrate t a r the meltin oi a reqgion 202 wit
Che modi { PEETaPYababBen ADOHE ai3ee: a0 bl e BidssRofi ddsed) gnors
adapt ed t Bréfémb@nésst tlhanaalbbng@nwé eih's‘é'met anaoa#ﬁmnrs Firath SFEAA pulke
Figure 28. Figure 3B illustrates an exanple he concentration of
t he dopantmaydedrgtyeen ebgut 1 pspc/endpryol 18 nsapl W@ audylinggCat eri al
(e.g., curve C2) as a function of depth, fromthe surface 205 and
t hr ough t [9636) ubach micso-RMNaRlRrgcesHiga repheating apertiespeiche spheiratettaan

bstrat 1
ot ant eaadiea e AElte Do Ueloh. 4R0ER B e HEH Bl ispate
ge[ mani umeérpletelyamwithin d:hef Aﬂbstr@&} : Thme(r@egy{[ 1m|_aar’|tmh e&&%es mcmoﬁ&:f) atosrad
antl non ener a (6] n ra n e an r
hat "wheniakitha AReahE i Wikbas sbsra <l Hordh BRLE paety drspats.
causes t h?ha%g.bﬁgnmeédﬁte@f béﬁ@ath e@é %naaﬁrégbﬁ lisesn@ﬁam.aﬁg Ri8arddfd

to be lowered Telative to'the unnodi f ar eas . In oné aspect, a
regi on of ceystdl.| Aseheryfsama eulse pfﬁmgﬁteédhr@ygh ﬁlae a@aﬁttat@dn@rsttslét aems

about 1% ﬁdb%aﬁPB Emé&ﬁ séJ.s"?rt ‘6‘?& r8d r@@Uﬁ%\r@ 'ﬁ%dgs%i |ﬁt8989?hg{os ftions.

bet ween t un- rm ar ea i eve
addi ti on Qtheyeatomsinoimorderédh érde lmmm:malyaidgamst (attide pasiionst diffuseebpwang!

RO T onelCiRats HoRpbE oS ast il P S s e Pl Fanbardd
contai ns ge4iBp lamc(e%sutwm@ t@addéQPy( AdditRBally) ggnﬁatbﬁw@#fuaélf@:yn Wghl

formto |ower the nelting point of the region 2 relative to the
unmodi f i egome@érgtlm@reasm%mdhﬁéﬂrfa@q)e&the %Jbﬁtrgieot@ leyeq canggniigtion areas

SUbSt ratey %%p Ffthé’gu@&raﬁge adq 'shbégﬁﬁ% r@gé”gfroﬁ Iﬁ]’%o}cfe?éd Pé%la{ gﬁ\ﬂél‘a ‘

to reduce t1ng poilnt etween t un- nodi
areas. O frem thepordeaed regiooybeneath utie, anneal aegionotowardrithe dsurface caofbthlet

ess t hansdiae e SreBibs SerTaRieotagtiaibs wilBe DRSS AR pe
greater t e @dn epitarddldryRsigrowe) babaue iBproceadsl layec kg layge withnéaom
silicides (N xCGeySi z, V\herﬁse/ and z are ener?@%ﬁ reat er_t han about

“3x and I 8418 Oh gheral aeEomRshiag Tam 2 fexCtodeRs FIERES GhATNSAIRG. ar
rrat erials. [0053] In another enbodinent, the nodification process
i ncl udes {9§871skegensral; thﬁ@%‘%gs@éﬁﬁteéaﬁﬁgéeq Beraie refgisstorehiects hat can be
mat eri al rd-Qu
damage. t iTROSIYf'BatERh Wt ate rieful elefRiel KERIRIRG iR of @
regi ons norater@nthatheansbe Inmetlitiddhtp amm@etheoaham te roymdact gleetictyir dypical

th bst t

w11 equsibeirats Histefie VRIRE, o 4 hBPI B BmiGaneh et SRR dtiillenn,
regi on duesi and ermaninge(Ge), abavallargothgr ssmpeindsethat eﬁlﬁlbmlsen’ﬂbdnklecttng
substrate and thus IL[SISUCG t her rmd nam ¢ Bropert dlfferences b@t\?e )
the two r BEIRSHIES. | » eS%IE't?QEE’UCtH FREPOLRIS 1aenREYY { nclyds, aioup 1Y A1
Figure 2B to‘hppﬂt\hoEaﬁsowdéﬂoneﬁfe%n&nwegrguﬁfuﬂc\fe ficOndUcis soMpblimise

10 (see R I'n Flgure projectile that can create danmage to
t he surf abeluske, bhba@n@& rrar(c%d tq rgadiwm aﬁﬁélﬂe (G%)p@@]l@amh@ph@ee{ aP),

silicon (§bé ggh M ﬁ,{}g}en@é\h f?\ﬂatrﬁﬂf Iy %rrglogé &ﬂﬂu%ﬂ%%ﬁ@% includes

substrate uce gi on ar ea
210. In amu(heemampdndztor tsimbstdaneages twelt las suhsdnatest élawnmgedeabsﬂ&sl layers

created by, bonbar th face th as.atqns, such as

krypton (Q}Spos%gﬁg 85@) q-é?rﬂ'!al ?o%%??stt?\éﬁ,ayﬂ& HgSaRe |ﬁfﬂq ((Juctzn‘

process, %ﬂbﬂfﬁieé)ﬁ%b@ge@bw@nﬁhweof&m bR@eAEinJanRItaleforgl @p eRfAer
homoepitaxial (e.g., silicon on silicon} or heteroepitaxial (e.g., GaAs on silicon)

growth. For example, the methods of the present invention may be used with
10



[ sow I n one enbodi nent, the properties of the surface over the
various regions 202 of the substrate 10 are altered to create thernmal
contrast between one or nore desired regions. In one aspect, the

em ssivity of the surface of the substrate in a desired region is
altered to change the anount of energy absorbed by the substrate

surface during processing. In this case, a region that has a higher
em ssi vi t galiam apede andgalliym nitidecsirsiiplasdonned by theteroepitaxial engfhods.

source ZOPi%QSﬁﬁE%m Ir2th n@éﬂ a%B?tzeg%BPﬁéH’qo lrSPRP M raiegf deviges,

melting o ace of a substrate, ocessi ng ternper
achi eved auctt lae Hin-filac dranbistdie (F&0's),r ot eclativelpethijuictystdilirgh silieon . layers

eae SRR R, ATRIRa e L SEn0E Sl e

ef fect _OnAHbiﬁoﬁé_ﬂ?f R nmeftiidsanhy bEN@SERS R Rabrivate pHotkWoRtalcddvies, such as
enmissivity of different regions of the substrate surface may have a

si gni fi cafelar agliset Seeh dRUCE Mavetampiiseplayensuefepndegiives semjcangactive, or

: ) i ) .. | o, ani SSivits
or exanplSulfiio Hatbfiie: dh3 2 the PREHABE W] o AP ISPl Rtfoyal
process, piuckssasegConduative matbiiglh gemessly \domprisbatetatsy elnshiating enatetials
e Ty e e B G Lo R S B o

em ssi Vi t phapetaid. hermal nass at a source wavel ength i s approxi mately
the sanme but total emssivity is different. Varying the em ssivity of

the various surfaces, OJ, enj ssj vi.t ontrast, WH be acconplished via
sel ect i velOBR8hJ8iqnedMee ‘@emﬂft S_r'n‘f}%’é‘ﬂnéﬁoé@f’(}@t liveygd;arge Biie 8 epgray
subst r at ety toARE/stiFfabREF he fibstiR SUAmReecStaih %sﬁéﬂé’%ﬂ@&&of the

(e.g., surface oxidation, surface rougheni ngzm.’ [0057] TI'n
enbodi mensubsinate toefareens yviwgnted danagsuerrated fsemiptior uierassindesteps (hg.,

or nore regLanNg..l : r r

when t e SObEl Baindod ol FibaRgeRaRs, ol el FruBUR RS R A,
v?r yi ng t regionaf Bia(ﬂhé \dubsgtrate, tdmgatrsllatﬂyactﬁstcilbutbhdolsam_stacagfrgng te setected
of energy_ahsorbed and. the nmaxi mum t enper at yr chieve t L
aUbst T ot ePICHER, REGPRCtYBIE s BIopR e Sisislele: o ¥ ooy of defiverag
based on iduchfhll LREUNMS bf’enérﬁy tabws GRTE unflodl BisBAILIBAYE e dopPEi the
reflectivity will achieve a higher tenperature than another 'region

that has exnesgHdegipas, dus fo/the/imnyaysd agntreleofthe teropesaturg atd diffasion of
¢ 1 . ; ot D v ot
surface Ofg Jﬁaéﬁ?méﬁe@ﬂ@%ﬁeﬁ%ﬁﬁ%'o?gﬁ%ﬁ}gbgtaaggtr d YEARPBE Liaft"

of a | ow or ance coati1 ng ont ate surf-ace,
and/ or noambyntsgf temerguthiaatiowt 1) mepreudds uniddrenifyeargl grestarfaniérol over the

onat 1 ng st BUIEE e 18 SBREhT bt s hoTtiRe oF i sPHt  oh OV o
heat ed nogefeaggERatIdv M Yoridd! hrodeddy Rl ardy @geésgre5@95&]ntr!ﬁi Wee tRe

illustrates one enbodinent in which a coating 225 1s selectively
deposi t edpreMiousifiachyHey reQiprs ot toe dgMiget nen sel ectivel y renoved, to
| eave a |l ayer that has a different em ssivity and/or reflectivity

than the @BﬁﬁrFi @8 P SIuRfralelCard Wohitifc ¥W Of ofrd1@nibdRThé RSt thE-inldhtion
this case, the heat flow (39) in the doped region 201A, bel ow the

coating 2@Berecnenrrgnapuseed isaseptegriotieiept aypamprakoidnergieor aadefingd

225 versu e r d ( i r i A e
To. 1 ¢ negidiier 4 dineBb R 2! ofthe hophotE1d ERbRRTClall YhrRHP BhAgh 2
can be vadesiedvegius witkenheatarnnest rédidn 12r oin bhe erhbedimeati asshown in
one aspect, a rbopn containing ceating.is d sited on the substrate
ourt ace oK 1By SRNCHRE Pyl deffer ikt &F fhe, rBruels o gsaphen
Fi gure 2Eegldnuss r aleesxped ablxngdi radiation frophitted eﬁe@gaédm@e 286att At given
alters the optical properties of the surface of the substrate (e.&..,
eni ssi vi t§mer efin g weP§§t Pk the inwriiesi taeginglerared ofs ther subsiratet h@ is
sequentially exposed to a desired amount of energy delivered from the energy

source 20 to cause the preferential annealing of desired regions of the substrate.
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NO61] It should be noted that the various enbodi nents di scussed
herein may be used in conjunction with each other in order to further
i ncrease the process wi ndow. For exanple, a selectively deposited,

| i ght absorbing coating nay be used in conjunction with dopi ng of
certain defined regions to broaden the process w ndow of the anneal

et TR S P T Y

adapt ed t gy d@nsréﬁhg ehe GubsiReNeldtive QGQﬁQbu%&lt Fé'f@ﬁ@%%&rbﬁ‘iég)ﬁeﬁ@'rédlatlon
certain desired regions of the substrate pi cal sources

el ect r ona§ACe de.gn&ogyential e stage, &rﬁélsmtétageﬁ) ta@d/qréranaiatla@fche:gmtput
radiati OnBFC}HéC?ao(lzﬁmgl soh?c%er BEWe Rthéf’t&b eI epf%f)'&ﬁhg‘ offf or more
el ectron beam’source, an |1 oh beam sourcCe, ve energy

sour ce. | nomveatienddodientical (afctttdhmm IhWe(ntg ohnearhmodmerlggd smlewean?;D Sesvo

adapted to r.o at on ser e ect

ool Gos! Fustcn i it B8 e £ selAvats pieisii Send 150t sow oatayadhic’
one as peCE:onﬂrcthé Wsiehiting ahg po%ltﬁhnﬂ%ﬁﬂsﬁa}eal Opbkbémié?ﬁloﬁﬁl%r%lsfoh%g”es
| aser that emits radiation at one or nore appropriate wavel engt hs,

and the ethatteqy padisaditersuppertaniepesiien m%ﬁlggstrmépt and \neat geghanging
andf or Pusficd 67hbd BuFAAREE froff SLYEEHAANTELHIRAAY, of HoE Park
esired reglons aser anneal | hg process ormed on a Silicaon
cont ai ni n@gatifolrsar atreanbimer\mnlexbcbmgnh fcotripéete asimt:eoof the tsgrhm‘tmé I130 is
| ess than abou ﬁ % “S E ase t he q'mr?e@ll groc S&mne 2 %/_}t
t akes pl aé%qlb% i %I%@RS? Ao anet S@drral STrBe 3npedlafe

tinme, sucbeﬁﬁerﬁaugb@@@d?r of about one second or |ess. The deS| red
wavel ength and pul se pro ile used in an anneallng process may be
determ ned based on optic and ther n of the ser, anneal
process i FOAGIgHONST ag r’fﬁ?é‘:“ﬂﬁ?l ‘58Pe ﬁp?eg rafiafondelisse etog ead
Fi gures 4f; 4batch | et é@beof/aﬁé Qe FTeY. MOt HidM akdlishdwhNth \agireu$), or
attributes of the pulse of energy delivered froman ener source 20
to an ann&amiqosgueiar devices (Rife mmeWecmm; that ate dermed gndge sHrfage pf the

to achiev roved I t
one- embod RN, i ord Gl Aig Bop AasnBrtheraERl il 725 AR i sifbe,
a functi oto fif withimghe &wdlf” @r S!GII’QG tihes Wehair@flhe tbé bbhadalylof \eachdie 13.
energy to,enhance the heat . ut i.ntq I’ﬁﬂl ons o(ﬂthe subst r at

i nt ended b oh8 eraPediges dprh‘?r OnPgeriag 22WRBIY PGS SSt Ers"ﬁl?aﬁ%is
In one as nggﬁegttgtth%)ﬁtm‘k BPitieeiagy saibe ZUQJSY@{ ighRerR ARy tﬁﬁ’édlly%@ﬂi

to the sub i cal | lustrates a

del i ver edoen@eggumgggfstnq Hbesrat rmcﬁgtr@r nenismab iaehmamaRerthel the
di at | f
o o6 202hfiedlireaBll P Al e, hASduIERY difind {?.Yﬁérﬁ@e 1BPISEAferER Blacing

in Figur eam@ea[sregmmerm |0 matebheWrgﬂy mem;t s thbatatdelly veesrring unused
const ant armu t of, ener, El),.f Iete uI S rati g ti).
00561 | n SRR ERfeios (e bie 8. SHEh 58I Bs Srg8 iy Kask 105 Bfutds de
function qbed 't&‘f‘bv%ﬂa{ﬁthéseﬁb%y Ve ItRél atr@ast, mewtﬂﬁé rd%i/%eéoareFﬂoﬁﬂé@ dBthe
graphically illustrates a plot of twg pul ses 401A, 401B of

el ect r onn§Hstiate rangl é'ﬂli%rﬁe@ll'f-‘eﬁs the, vBHatipn iy dhe PrPERsS seRuiisnbeiyyeen the
source 2000&14@?1]93%%51 fdiordd. ﬁ-né\bfé?éVtﬁeaan% ft%F ﬁfﬂce§?§9ﬁatldnn db8t§ the

exanpl e, each contain the sanme tot a
repr esent garyng armeunts e expdeuredadie energy delivared ﬁ@nefchesenergf; seumszthga

ot ove t REGes BTG Kafifes S Bra 1S iR SR s Bt S ffered
process. Ehergyfeteeehthé setipentiagy tplhii:eﬂf'm‘meal pefidngp dReranl m/eiumdeor In
anount of energy dellver?d in each anneal process

ul se the é/
i mpr oved. ON@ egﬁ@pgﬁg@h ithe ssgtpg@a pgaggggngﬁa rﬁ,gt%@ 2areare tangular

region that is about 22 mm by about 33 mm in size (e.g., area of 726 square

millimeters (mm?). In one aspect, the area of each of the sequentially placed
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t 00673 Figure 4C graphically illustrates a pul se of el ectromagnetic
radi ation (e.g., pulse 401) that is trapezoidal in shape. In this
case, in tw different segnents (e.g., 402 and 404) of the pulse 401
the energy delivered is varied as a function of tine. Wile Figure 4C
illustrates a pulse 401 profile, or shape, in which the energy versus
time varies in a linear fashion, this is not intended to be limting
as to theasnegieegibng 2 fonmedhbh dive surfase dihthetsubretrateris detweerpibéliel mm?
energy delivered in a pulse VomnlOF _@Xanp have a second degree,
third deg#%grﬁgVanmwpﬁaﬂiﬂpgg1§Wh6@a @h?vé&hphxﬁﬁEWWer aspect, the
profile, or shape, of the energy delivered in a pulse as a function
of tine nppstieThe srs@pdoarcde20 isayemb'rmlg adagied, to delivarRoe@iin R nesib anegy
curve. | n anot her ﬁgpodiqint jt may be advant ageous to use a Pulse

p

havi ng di 1% BrEeenE#ipRaNg cgitain, @%%iéﬁg@s&%a%‘h?rs%@’ateaﬁmﬁﬂf&u aypieH
pul se, si Bygebsladf é‘[@gtrérﬁﬁbﬁ’n%téﬂ“eﬁérdggﬁ\‘&@b! %tpé’tje)sﬁot liffieaN @ & roptical

triangul ar and si nusoi dal ul at i pul'se, etc.) during proécessing

t o achi eviadidtiondsmires de.gnriesari fiast enpsh san peoBBh tBapeadingg, am iarhbeam

0P LSS e By 9P s “3f 68, A PRERhedd S0

i nprove t bgpavadeial mnrtiptzepmsé@wletnsrghymémré |la%@r ttRatFedits @adiBtior @t one or
exanple, in sone situations in i ch various rdegi ons of a substrate

to be heafMof @RPIoRSiaie ayricagihspiopddesimdoperod of il |1 angopspesy the
from ot he i I
PultRe pMSeobf &M gg»shm_etahe?gﬁ%mré@g? %Pf‘ga?lot?eg %hfggﬁ{fﬁgo%y

conductivity, use of a pu avi ng a 'shape
be advant ahebegy deliyerese apewss ifjeaannasfegicnr td isod/oreipebamount of energy

of 'the. auidiverbatifie pefiod Bt hd PRLIT batifigausGias o 1B yilL g GRS B
conduct i othe sbbsteate heurfag, omst tdadeliegre enoufle enengpl ied caneolfablye allow a

thermally jisolated resulting in higher tenperatures in those regions.
In this ¢SGRMERY BERER: Bh.Npclapaltid: the,@ineaik 1691anS ciooAlisBupa: o
of the pUéi?ﬁifi@é’ﬁt Q.ﬂoaﬁuobprabhfaggl %itf?iﬁ' et Sfhealdt r&@bns N6 BY faRoldtPlone

are not intended to be anneal e ] remai n cool er. _The process of
t ai | ori nglattice plans orsmalligrowp o latiae planes abenadivent Baetopelsaisempletes a

¢ : . S Lt . )
cont rast . TS ERERER Mg SRR o ERERRISIER MR SofRitiisn,
of the segmmstto m&r coheerdradioe aoéad, lmadpn bpitardd rowtheofshizpelatiice tpttenes of
cnor gy 1 codered §ysiel B tof HBBFRYofahe Bispiserh pnieeleplon Thene skt
the segneghbvélBigthr & the] difdrgf sbArceORd P turicddes MR sRMifREAE BSSion! df the
shoul d be noted that it is generally not desirable to cause the

mat eri al (Rdiglion isnabsorprchb¥ R rsdigpanayerodisapsad e tharsubstigiendBssFagan

due to pa r : i abilJ f i
t her ef or eéryﬁe%] ?)gﬁ%gs %ﬂgﬁ-jﬁ%% t0 ﬁf#%ﬁlg%ﬁ%%ﬂ%ﬂr{g&%ub%ﬁ?geg tﬁc}? Wg rl‘{élre Bgtht %f the
rapi dl y bradigjiontmeay bepessathanaboiit 86@ nemand| e beedeliveréd abdesy ghtaviolet

of The. g0 8Pt (BHB BINER e Sl 8RB AR st SrRstRRe e Ble Gy
t he pul sesdifide Pyisash irtesst Hightt srirce, tsuthsasal les@, ehsteig d k& deliver
segnents 402, 403A, 403@, 403C, and 404) are used to rapidly bring

t he annealadilignAf 3 wayelengtebewespaout PO AHR anderP®E| T PirOmetess dn

at that tmsé@bwb%dfn%ntaftﬁi@séﬁee@ le,enéc@gz@fisté%sﬁ%l%p g 1fe‘é/ﬂjrin$hg

preventing vaporization of material wthin the annealing reégion.

| engt h of pluratiy, of rediglicapemiiing enpe ushtas sgnbn, F¥gaur ot kKyptarf disgledrgef

t he pul se ma-m?- i LZe, : , . i.al
cont ai nedlavﬁ\;lﬁ)tg hi n ﬁ{eéﬂahnan@% '%g’p :Sre}ﬁ?)glﬁésibg r@&%’i'ggﬁ%{éoﬁ%?d'ﬁ%ﬂgﬂgpﬁ@ﬂ
aspect, naret gpheraiplegsepgiuisr bécauaei they canaoppentityant extimhliisted §oickly
i nprove the energy transfer t|9t t he desireéic[egio s of the substrate
enough to alenerate the short pulses required, due™to the need to heat and cool a
filament. Tungsten halogen lamps, when they are used, must therefore be used

with shutters to manage pulses. Also, tungsten halogen lamps generally deliver a
13



Figure 4D illustrates one exanple in which a pulse 401 contains two
wavel engt hs that may deliver differing anbunts of energy per unit
tinme to a substrate 10 in order to inprove the thermal contrast
and/or inprove the anneal process results. In this exanple, a
frequency FI is applied to the substrate at a constant |evel over the

period of, the pul se, and anot her uency F2 is,applied to the

D ebstr ar el eReis st Biurte ndipt (G BB afed T BEFreRs. L by prise
portion thsdd pethbsannetl proeess genearhily taKes GiHdendvel RereRaive it iMe, such
pul se. p071] Figure 4E graphically illustrates a plot of a pulse 401

y
that has @8&endneer phrbaddnrsacdophatt HoMsger energy at two different
frequencies F3 and F4. Therefore, since various regions of the

substr at ey BRAE P8 W8IsEhematid sidefin of (R Bpdibifdl 4 MEERI1A. A power

wavel engt hs, use of pulse that contains tiple wavel engt hs t hat

can del i veourcarlians soupledrie she eneigyrapprcead0 s Hbwrenaigyrsouice ACemprises,
be ad i desi | | .
(00721 T nob et dinsraid TUCS AP R0 & B SRy SR B ioss Blbdrbed
radi ati ona?‘mm, @ﬁﬂi areopticdl mseemb]gyi 108.0fThe fwesgl,bgéna‘g&)ra:totldisfdoeiﬁgugd to
times so that the tenpergature . of regions on the sjrate surface can
be easil ypfﬂng’?SFP@H?’\ﬂi @[ﬁcéﬁét Oé'_?% Hﬂ@zﬁﬁiﬁmay@gr\a & "&tlﬁpé}'a&s&\ﬁo
pul ses 4044y ?gacf‘l?té)gré&%r BERefEtd RE AUbatrYRN YO.NITHE TpABSICasdnibyT® 08

apart, or pe , to selectively heat certain regions on the
surface ofiereralibsomprises| kenses, sfiltasaf mjuerst iand ths likej cenfiguged He focus,

period (t . sSu [l e pgak e

reached béot?@%ﬁ'}ﬁﬁ%pé%ﬂg %’e@%ﬁgf%tg{ugvs%ﬁ?%e@tgpc(gnm%eee%gpl éll%@g%&r (I):\yl tehg )
For exanperergpygenerhtor 103, With the bbjedtivd of dediverdingquaiicyn chlemmesfrenerdystes
the heat delivered in _L?e first pulse 401A has less tine to dissipate
bef ore t hE'SHEGAUGHASE--401B i s delivered, which will cause the peak
tenperature achieved in the substrate to be higher than when the

period befggegninperder o idliveichigssedf efyrggdaustiichgl0é endiebé gaovitled. hiThe
way, the energ¥ and tenperature can be easily controlled. In one

aspect, i switely 10@ aybe @ fast shulter dhatrean ke oReped & cloped R d| Bsefoislenst
tai t {
cont ai n eﬂﬁé‘l‘ihgte‘m?ﬁ%w&%%‘e'ﬁf‘a Bbg?ﬁpﬁtgeag %ﬁcﬁ,%u&ﬁ%@@n ﬂ%qh@r&fétal that

t enper ature, but e conbi nat1on ses causes the Tegions
to reach beeomes dear indepsethanulr gsecTwihen light of s shreshdidlinteasibnignpingasi ¢ i

| , h | il |
Phock: explll Pt st BB, L ShEFE malits o SO el ol Sonks Bty dgiEt:s
si ngl e pulteopticatR@teN -mdy Benednfighmektc slargeastate ird ¥ a@anf1 nkbe The

substrate and generate particles that wil|l create defects in
subsequenPPifehc S48 g 9enefes e PHISEFe HYorinteREPiNg s & afQntinppey 3peam  of

Referri ngefeﬁgglggﬂf@tiéé:nerb? dRBE8TORSE Blibstiat® The WWitBh W6pétited by the

sources, sucC asers, "are operate yn sequence so as to shape
t her mal peaitrdller &1, tangd smayf hedocdted auiside rthe eenargy danematpod 04f suchnas

F |l e, I ; I L l. A
that o ovioiSq frob Trtert Grafhifd ke oI Sl el 1P Ty %
fji |m3 tl. dl??c'atyd indérthetO:Ianlbl‘gay @&mbr@tfofrﬂm. anﬁp@!rﬂn@ml erabddld@nt, the energy
elivered froma seco aser, or from i ple Lasers .oper ng i
tandem t A&FETBIA nEaY: he %E&Fgaﬁé ?%‘?FB%‘?W;F\?P St ong'et & Eﬁlgf ?nﬂe rgqy R’(‘?r
a tinme t2gafiRrdd® sEitchhefpolwer §8iircE N2 diearid P as nB¥dEd i addgantiort T8
sequenci ng pul ses of energy delivered fromthe nultiple lasers. This

process nERYHE provisedthat Sra@edad by theopewer soureg dA2 a0d disgharggs into the

limted t j i QN ' ?gééga[;!; i fEUsi n

directi ongg?’lgp%eeﬂggggﬁfﬂdl& ¥ ﬁ@?o%ﬁ%gﬁ!er{b’tb ﬁgr ghet’ @Qgggﬁg![!é}omnﬁpgﬁeéggal

[ 0074] Foewittténg by papacitulr isla Miayaf isal-seiithihg kadauet dut energygenetor 104

radiation to the syrface of silicon, cont.agining, substr.ate,, .0

subst r at o SBRSENEEHINGreRRgY KBEN Qe PPUERT bYgS CRRRRIRT H0JRls briny
a certain power threshold. When the capacitor 110 is recharged by the power
source 102, it can then be discharged into the energy generator 104 to generate

14



[0076] In one aspect, the two or nore energy sources, discussed
above, may al so be inplenented using a single color (wavel ength) of

| aser light with a bandw dth of color frequency, multiple

wavel engths, single or multiple tenporal and spatial |aser nodes, and
pol ari zation states. [0077] The output of the laser or lasers wll

| i kely not have the correct spatial and tenporal energy profile for
del i very amothére paisbsofr anagyurtrasemeTaebedsmeets ahsyesleetacals swigch may be
m crol enses .t o cgﬁpe t e output o E% |l asers is used to create a

uni f or m s¢Pfiodre OMEF PR RF N lasshah LNBs%rate surface.

Sel ection of gl ass types and geonetry of the mcrolenses may

conpensat @od4print dey entboldmaungweefahﬁ@érmgl protbss aRduderl afh ravtivathRC aaSeHl Y
for delivering. the Bul sed |l aser energy to the substrate surface.

[0078] Hi ¥ ﬁPfP'Eﬁ‘!ﬁedn y & aefuRNtighuisk etneabpm@ﬁgyoatmwﬁe a ggsired: dgvice
surface, KnouGeAst ggﬁf@bglemoﬁﬁ%ﬂt Sfle et Oéﬁcﬁhgférg' ﬁEIhBQZwe%ftmg the

constructive and ve phase |nter erence of
ener gy. Spubskbte toontesnsaraivos bahgeanmﬁau!ﬂéot} RE dnd atmut rﬁ@Q ‘€ founfpEcied of

acoustic wavedwc f.or._rapidl e at the substrate
tich t hat TR 88 SR Emiite o shotheY Sinbolthantdnf JhGaln e ahmpres b
thermal phigfiagshagubdtrmeof the laser pulse or puI ses; pul se addition
of laser pulses; alternating polarization of |aser puI ses for

Rela ed

exanpl e, I ta uI ses that are
li nearly POREF : S§ectors) in
a nonparallel condition. Elect romagnetl C Radl ation Deli very [ 0079]

Figure 5 ﬁ&s}i I8 ToeSemBetin®m| it \thaybefdediralslg! tencditrof thy @sRpsiafife of the
chanber t illustrates one enbodi ment in which an energy source 20

i's adapt ewbtsgat?eriweg taRrmatRIRECTING: Yr BIpcing arbusiase ot Hhegsubstrate JO,
the subst; H@ét%t%;? U?ett“?n *Ptﬂé”r E@ntéb‘tﬂfn £ sabsrdtd fgﬁﬁn{rﬁﬁg%ﬁﬁéé Y6 p?ét

certain desire reg ons 'W t e annea regli on ne aspec
one or nohasteésthangihg deyicnsS.ofl he theatedshanging deyice H 5as genersdly adegtedr’no

gi ven t1 reeRtinoticeded ug AbRle® ics W LGB Y ad A Ardedts. S s
sequent i addrifigerarioncthe Redt ashahgihgad@icy 16f s&é‘rﬁraQYa dehigttional tsbussmét
t he backsi de surface 501 frﬁ) m t he energ%/ source 20 to. cause the

pr ef er entheatend@ilablg fiam dfpisd Matealslac.oPapiiClambalifewia. maphe used
aspect, t el

(oot BmBRASAhelRdt Blockeolng pRrkfes & B RTcAIaE 180iBhs B i ke

f or med orintgmefaiptr@sﬁtw&retesm ls)fplacled withirs enanelosed prnc@smgaewmnmemhe

he kot (R0h HeuRl e | P SPER R B birialn, g el

Ther ef or esxchhRgi ceOfIS.Dr'DI@@?pﬁoce%EIn@t eruvoflibient vithine wiaghy theg satmwté
of exposure to t energg fromthe energ){ ource 20 is mnimzed,
si nce anfeévéﬁl%'”SePW@ SipG eMaw Rfe AYAGH %ﬁsﬁra@é‘éﬁ'&rﬁt&as $tabn 40 fhe

can be m Jugifed ¢focdss. Weﬁéﬁng@ %mﬁoﬁﬁ’n@rﬁé‘%@t) he' ﬁ‘r@'s@ﬁt idderlt®nanay be used
rectangul ar region that is about mm by abo mmin size. po
In one ermoiﬂmew@n thmréstrrtspmaeseetcthatsrqﬂwetqeotﬁwgiase%tbetmgwded do the

supporti ga u t

openi ng 't a-ﬁf%via%% g‘éﬂba cl? dég%? r'f tg@gﬁ%{%r% ?%grss:}@tstdr%g? %'ﬁ%
t o recei yroesssegy od@bnweadivef saoh taseinerieyages sommenl? Qusefinie corweniianal
di rect rgﬁl ation to the backside of substrate 10 nmakes an opening in
suppor t MRAPIAESSES: O her enbodi ments of the present invention do
not require the ring-type substrate support. Referring to Figure 5,

the radi gbosep I Bheasmibddhsieht, die birsstene haly Isoprebeatt@ priatits peefgiming thé3
that are adapt ed to absorb atgortl on of the emtted energ % The
t

ener gy saifinealing PreaesSaiigbites iGemental AnepleeRergidRITL 1S AUNIGYZads
preferentygich IndPtddue8dnf iRAGHER §tRéss' /R e Thpld FeatiBSddcAtsoimy' drafe -

substrate and also possibly minimize the defect density in the annealed areas of

the substrate. In one aspect, the heat exchanging device 15 contains resistive
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nom I n one enbodi ment, an absorbing coating (not shown) is disposed
over the anneal region 12 on the substrate 10 so that the incident
radi ati on delivered through the back of the substrate can be absorbed
before it passes through the substrate. In one aspect, the absorbing
coating is a netal, such as titanium titaniumnitride, tantalum or

ot her suitabl e netal rigl., I n another aspe he absor bj

Coat i ng | Beai FRERIE Iohad ahisntheralie contiBE o€ hRCaTs: HPiR Brreat 2
such as agy@dtRite "asSoserr BANaMBltA RpperPgd sdiras® @ | | Kike CRARRMAIAY
other suitable material that is commonly used in sem conductor device

manuf act uePRigRlier 46635 in eoramenicatien wibitbe cenkiolien¢d|(disgusreddrelowhhin anee
delivered,Lo.4he rﬂ?&!breeﬂeé@%é’@é ‘Péhéa[fethé U HslrfeCto aoteﬁgﬁtrath%e bEhvieth
R™R¥ l1°g to géjnerae . 9.,

wavel engt i's uSe ree carriers
el ect r ons aboutd &3 andrabiblb750BC!t ratoaefaspecid vhard theosubstraty isiformed frgm

crystal damage found.in the desired anneal.ing regions 0 tha h

Cener at edars on SRR aensk orey BRoteriabh, (Gdreh B8, kiigle o2
back of thansdBaié Bbvetin #bcif20Nd aMvsoemebbscl n one aspect, the

first wavelength is the wavel ength of "green light" (e.g., about 490
nmto about 570nm and/or shorter wavel engths. I n on enbogi nent, the
first mv&oéﬁg%aﬂ%thaéleﬂmdgﬂe'ﬁt itamayhe QSP’éatﬂ%\ABrCQPiﬁB? 1S ?Wf@n%r_"'tgo
the desi rgfbc_@,@ahgrio%a@&teﬁﬂlpﬁ%mﬁesiaﬁ Ao SHE QArSOMdER P el Itk

on the opposite Side o € substrate fromthe energy source 20,
shown i n Bing ¢hes anhealingopioeess nibo grogesses réquiting inoserpertal medtingeotythe

the' subst ARSI el i SEAMASS i pdiBab iy, hBEnSADdRrHEs he
the two wanisHigithd OF tige ,vatibustregiods seurimgd proreesinagsbs) st ddesiveabire

power densities (Wc¢nR) are_delivered through the backsi de of the
subst ratecf’rﬂJBﬂ‘Fttc\%bW% A94feeB.s J0rnss Configura 6%3"@@% echanging, deyise 15

shown) . P%ﬁﬁin@%é\‘_c@ e CRRdls Tosasieh %?éw%%@niﬁ"@"iﬂé?n% tR4t are

next - generation device fabrication, an annealing process that uses a
pl ur al i t yadaptpdite egolod sebsitate dispgaed pe arsubistiateosuppertirmausuracer @, nin one

Anneal i ng,, i s.usef ] e . l. ] I dent. .

oul ses. of 2abEi Aatusibra? PReBRRECAMER b, RtjEr i I gShmltbiRn he
feaCh pul jseoftcauémmi, ];séﬂadgp%dstbn@éliaema]gt@liagrﬂmdi tlm'gogIFSBe tdmat ohawirs flaid
ew atom c | ayers a substrate surface to a subnelt tenperature

such as aBBRIMEBJGE. f gh Ao PPhedn tomBL i CesTae donptali GECoMp THim R P
or |ess angnbdigiir@bbAVidMatdi® - 24 hedapdRry°¢.0 conpl etely di ssipate
within the crystal lattice such that the tenperature of the affected

| attice layers_returns to a | ower tenperature near a controlled
preheat t E9p8r Bhecentralies 3y Grigwe 1Ahiseaenamlly designad iafaeditatedhe centrol
whi ch the [ ' i j ' gl fi b
flret put 204 Bidton o (RGNS cbbiihg Bohfiaucd bR ot e vbibaly
m cr o- annewdy ingiude a centrabpmcassihglophEPd} b shewn)h memabry dnetrshowmny.strad

|attice are noved fracti f_an_.atam adi us, Those bound to th
ot tice - sprork st 15t Vbion sodg RGP DY Bs ong et Aot Bttt shrimlier
ener gy fr @rodeBsordahatvaeaderth irjustrial s&ttisg\er contrellingrvarcusapesssesyfide
noves individual interstitial atons and dopant. ato into desjred
lattice phaidiaRsle. g conentonal elgatomaoaeinagilon atedor; | molos . leser

positions h?RMEﬁ'é) g hidnitbl ahe apREBs¥s @OBANETHsIRA tBAPeRflireS Osubstrate
| ocated diffuse through the substrate untrl they find a desirable
posi ti on wuppArhtemperaiuge amourdof paergy fiem Hiespulsd laper, sleteptefisignal). The

Anneal ! NG pldidig R didfun) fs'Eorne bRl BInL TR, hdSARY bElonb!df OB & readily

positions erstiti ons or dopants w a cryst |attice
and cont r avhitdbley memaiy; suah tasc eardishe @cseso rmarorgufRAN), preadr only memory

processin p e.qg., Jnplant processe W thoyt drivin

ver~ a1 1 ROV Tosey dlsk. iail bk oB 28K St gy ahdglia, dotpteo fheaher smatae
Software instructions and data can be coded and stored within the memory for
instructing the CPU. The support circuits (not shown) are alse connected to the
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I
pul ses of el ectromagnetic radiati on, wherein each pul se executes a
conplete mcro-anneal cycle. Each pul se of el ectromagnetic radiation
delivered to or absorbed by a surface of a substrate provi des energy
to atons that are at or near the substrate surface. The delivered
energy i nduces novenent of the atons, sone of which change position
within the lattice. Wiether it causes atons to relocate or not, the
i nci dent &Rl gy supportingdhe recessor ug lsonvantiondlsmanner. ntbe sipport gireuits

onaCver o1 iy S coRiibiel  GERS Bkt SMRIBGe el BRedty Shblidipue
gener al | ycmeﬁiﬂI aabsystemeyand thebhes Nprcﬁraﬁﬁmr%ntﬁjtmhﬂmdlhbna) readable

det ect or h as a acousti ¢ e nd) detector or
phot oacouby | theqgoaoisr Pﬁ!ﬁrmfr@ d‘ﬂ??"gd?gﬁ tase g eedermapl %p%’ﬂt?e§”l2ﬁtratt%e

waves of pf@éﬁxstypﬂ@miarﬁgs&Mhew@méﬁ?%ﬁé eéﬁrm@%ne%&@d&dcode fo
properties may incl anpl i tude, frequency, and phase. Fourier
anal ysi s @ionitereand gwarolrib@/sybﬁraie @Ombnn.tfbmaﬁ@owt@&sggrwrﬁeiwgmq!smtaach

pyrometry e r n

be provi de%gﬁl%ma ceot}n&t P gF?értﬁé)s}'tﬁ: §ﬁeé 030 0ir)'J‘(')I Q%ﬂ%&\& g@ﬁ%eesrm%ﬁ
and 1B, \Mmﬂe]mwrmy\dbﬁamﬁgtmaseai fmru:tlgﬂrlﬁrtmaéfoﬁt ezehtpuide, Shg@néhpe@iture of
adj ust the energé/ deI L& @o t he substrrng The controller may

adj ust t h¥2E5R 'PH%G sirates and @ny gpmpiratien theredley or duration of
pul ses. [0087] Enbodi ments of the present invention provide methods
for prefegerictiob Heatingsi Ng sl i ght noverments of individual atons
within a crystal 1 attl ce by inparting pul ses of electromagnetic

radi ation to a] sur f of .a substra (}qg As di scussed above, the
radi at i on[°A 'Bae ‘? & minimize igadiEugien pRivesIHQoMsTegpns KA fogmed o

the entirgegsl f ool defRts U Stheab@siatd MhteridiN Nt RIreNGidh| raﬁls,mbute
intensity of the radi ation may be selected to farget I ndi vi dual atons
within t h@oww;%travarloaﬁtrieg@ns b the gubgilaée, enedopBdrespiogeesing piapsi may be

licon e
o on PR o BB ST ok 1 Bafe FRER W RSP
| at t ihce swhers. e:-dposesd)rtaf €AY, delheradogroanhna$magyﬁ]OMwaiwmg the emhéal
as the concentratjon of cr i ne, damage.fro € process
ool ant | OGRS dbpS Rrbas Fe e HOPTHES Aba AN JRORBrAT e Syhstiale
of el ect r e R Rl pferdicttibMPmiEmtafiRr e §3860ddPregmitssf thessubBFraARMRAEAR!
novenment of dopant atom; fromone plane of the lattice to another to
correct | eyl areditemxpasedioaboubthe samer amepahesergndwingsthel aoreaine.
The inteng|
{he dopartioatsint hRARRE ROt Hemas ErebIrd (ERT PLRR SRt beRE R s
ener gy uskd rayorrsange geaesﬂ atHeystﬁbsdmt& Ipeoparhnrsoﬁmw:,anfm rmdiimi & about

3 cm through vi th aviolet, for .
oxampl o HBiHeRis g S et resieR e EeEREnRduRe e Rfite. sivgdue
300 nm t ogletEo- &é&&m’@ ohd®br ﬁ?@?éﬂéle@neﬁ@mthﬁl d&ﬁ@d'r@glb%@f the substrate,
applications, such as wavel engths | ess than about 80 fect of

the | onge@rempbv@@a{mm@g%@ ERSERT ERgigNs @frtb@lwhsgat%raﬁde@ptmwnatth@n
Cco risi

comr 1 MBrEg SRk Bichfiske (bR g e aSen st Rt e
i ncr enent substrates nieath offthese modiiicatienprosesdeisiwit he rewewedrrn tuoti ce
formed on the substrate surface in a simlar fashion. Delivering

mul tiple X

moverent BIPRTandes 220G BBNE BRek SRUIIrR VSR ERERIE Befice 200 a
del i ver eddﬁf'e%tns stages iof apdrsmdaiabntatrcs&tanbnn@imormqmaimg on@/and:lodiraentlcﬁe

d f ot h d .
end- of - r g HEHRge, PIONEE v QupRHER A RELPtice! DAL clheeis faysA00

and di st rfoh%d% @fsuﬂ’Qé@'zDSEﬂf%thﬁalfé AOttha ﬁaﬁst mocaepé&ee%nd 2015«@9
602, pul ses of el ectromagnetic radi ation, such | aser or flash
doped regions 201A-201B), such as a source and draln region of a MOS de\nce a

gate 215, and a gate oxide layer 216. The doped regions 201A-201B are generally
formed by implanting a desired dopant material into the surface 205 of the
17



[0090] It should be noted that the traditional definition of
tenperature, or tenperature gradients, |ose their neaning at the
desired annealing depths for the 45 nmand 32 nm devi ce nodes, due to
smal | nunber of lattice planes or atons affected by short pul ses of
energy. It is believed that the |ocal tenperature near the surface of

a substrate su ted to Ises f electronagnetic radiatiqn in
accor danc &%t {agé t1§ on!f;& niPe HaRANS qicpqpréy@,gp%eg)dnay 1nclude

300- 1400Cqrahic Qﬂ?)ocbrﬁfipﬁé{ru&' tlf)atdrﬁnaﬁﬁmany'”r@b Qh@’b@?lcﬁf pat}r & ddpints

the crystal lattice. In oth nbodi nent s, I'Ses ash
| anps may (@reentns dyRenshavies) np%u E‘@Bld@fbcé%(%)y ﬂbé!tllWé@n(Aéb@Gﬂ indigmy(iR)r thet

and about n
noeca ana Soauredeq e, bR, SEnIctahatoP <EhsRuBCIq 34 A% R AL fadithe
_hav: ngt at dOpAdBO(r]IIBgl Blguﬂe.;13A |I]1wqi&1ﬂes agleﬁaarrblé%,of ntﬂalmdn@e:jrﬁilawohojflt?w‘;m@ant
[ antati a ri,or .to anne as an nted | ayer. o n
atoms or MR Ss 2 fcson o 8RRl adoaute 6. bab tﬁﬁowége?& sl ¥R iy
the ions, slﬂbét?ehe 91@'"'8(0%%' :4 p‘éﬂ?@b@seﬁenﬂrﬁq ihrBUgh Qﬁ'e Qfo ioh 2MA The
crystal lattice with hest concentration of oms ei ng near

t he subst daped ggigmd@1A hag aljenationciepdebh pler tba lmebpbprqcnasa whieh may be

substrate enﬁé'oeaa ﬁ%%ﬂt%ﬁ{e‘?é ﬂ{#lgoﬁz{?ﬁ cbﬂ&ﬁﬂaﬁlﬁgﬂ\)ﬁ &W&?é n%ﬁl;@gl% amount.

concent rafj| on W thin region region
t o i npl anttaghicnid be hetédtet Figires &fi-DB até?onlym@heﬁdeioylllaﬁcate smmb béthsN

| ant at | 5 till b ion 11 t
ot phi 2 YBTRYSHOREGHS e vaPlioh ang see nabBrenae fa bp tiies2s e wrepy
bel ow i nphaGtet type dEYtAIct&RO oM ehiohs &f §l8é$kénﬂ1laﬁ|rﬂéy BEdBFrREd Uskiy &e

lattice, whereas the layer of region 113 imediately above the
i mpl ant at wampuSa@fabo@mn ofithe imieption deswsibed heceips dmpne exawmple, the doped

gener at ed{&ﬁ rﬁs!”ﬁoi C(Fg 9@%?%9%% ARAR @dﬁ?’%aeﬁ{riygzlé% 'S r%(r)s)é%t&l

| attice s ure er case, e obj ec I''ng 1S
reorder t Itﬁvereqselailvstbrthewsmonfof ﬂmggata 2]1153(9 ali gate it athOShde vibep) avith out

atons throu ion 113 at .re ar, 1o at|0n5| the crystal \
o ce " S Mako 366 BPom ot e i Gaiof Hes R e, AntiEoudidrdeyice
113. SuchspaseRkigi@eatie paHitish hne gé@m%tw oifsﬁﬂb‘tura Lm@hﬁhﬁgofrtﬁllsvébtfohﬁ:
with electrons or holes as appropri at and reduces resistivity of

regi on 119eYiegwn208tformed fer ket §urchz90§9§ o 1R SuRRIrals OIMAKYAY tg Improve
I [
o L1 e e UBIRE S U ent A RELIERRS 4 R b e

crystal lattice from 100
may be useubdificatiemef anly anﬁnglaﬁmpedfreatpm?@maagnshgwn nmﬁigﬂﬁ@&:ﬂAa?E.nsngbb

| attice pl r .abou n n tiic
ol ance.  oEdRGhBLR Bhtiag g% v sforie SR iveslEh BeBd iR dd 3Gy
30 pul ses mesret lﬂﬁst&ﬂé wegrerabedined ¢fitbe dventiord 64h BOWspd te Amanuddcture a
used to anneal a substrate. |In another enbodinment, at |east 50

pul ses, sﬁ%’l‘?'%’é‘dB@P @fibout 50 and about 100, 000 pul ses, are used
to anneal a substrate. In another enbodi nent, at |east 70 pul ses,

such as begjpwRepigaRops umtrafyé Abias tvielP6f tﬂ@‘él&iﬂﬂoﬁﬁﬁde\ﬁé@wgﬁb\k@lrﬁﬁgﬁﬁi
a substrate. In anot her enbodi nent, at |east 100 pul ses, suc

bet ween aBOUAUrT@0a RFRFESE P ﬂtﬁj '@@daB@Flstésse'%hEe[Mé@@p'fyoth&‘lplr@ﬁﬁmﬁz of a
subst r at edlsc%té?«%’&ﬁﬁge Saboutlf%galgg?ltom%ﬁhea&m&raf’e%@q.pméﬁ"ijn g@;‘[)b'%se is a

70, 000 pul'ses I'ses, are used to ann
substr at e regitie cootairemg afsmglestwedn Ibgloge%‘rﬁaltbwwa 2 elinm poimbsantrast.

ani oh no. AulEt ReroRina Ry RyoRleatEE Breest safiPeiuShdeiabh O ttes
pul se accoamdein®s nfodifistphrele? 10 erfdu@nodifiéd asealsem 1Edn longwWsisodimgnt; ey
be energetic enough t o cause novene opant né‘cfr Si $|co

ot omm o GMSRGOR BEacas aROLHBS 0 SRR 0Pl SR ALaTAUeTial oy & IRrRe s 1t is
lattice phapgsdegosisd bhMle strfadd Sthel SUBERERNVAEIAHE! iNEShOREY niterRd &

adapted to form an alloy with the substrate material to lower the melting point of a
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|
39 acoustic signals, review and anal yze the signal (Le., highlight
meani ngful patterns in the signals), and provi de sone output, such as
control the energy of future pulses or warn the operator if the
received energy is not within a desired range. Al though pul ses 750 do
not anneal substrate 100, the acoustic response will have detectable
features that indicate the exact character of energy pul ses required
f or annearagien 20&wilhindhe seatiifigsoarea 240s b one aspeatj the imcorporatedsmaterial is

i ssi pat eosec e RGBT REHaR Al ot BN BRI hoallony B8Ry o1 2T

order will transmt nore incident energy, yielding a different
acousti c [0853)oins anothenl gmbadiment, r&'reeaﬁocﬂﬁcaQMIpmbesmtjmmew thenckstep of

i ove t FRPRRET GEe e R0 3 Befrisl Tats apiricioan e raioyapiie

may be mogipsHa@sl matdal tanswmame)méuﬁ@abqu Bfe adegRIIPEN @ﬂthﬁvtr@‘ﬂ%ifﬂﬁ
detection 712, After the endpoint is reached in figures 6A and

regi on 118re@i410. ga ovgtaspach theamadiliratipn @m@es&iﬁ|adapt@d|t@ﬂfnpaptaﬂﬂeeasl@wng

rystal | AT ERO BRI P B TR G o O QPIRIARENY B ekl O

appar at ustf‘@comcrdantrgtlmro 0b rilee eimbadil mft&rlad)f(etgqecuma'ém iamal. imﬂol@mtd;i alloying
t 800 ded t wal.l 8 A first

Prd 820 oty &8 e Gaced 8 DBufRea det, h The Sieediefs gd thicton

Subst r at etHéQiL%@frat%Ol‘b aBhg Bepdth e d IMbhd adpdtt NaiRste thél sG9stF4t8 4086 fdrMed

all ow | oadi ng and unl oadi ng of substrates, or with a side opening for
exchangi nfioRmsilieen eentaining materisl ansitharimpjartre \aloying rmatarials that may 8.

Subst ¢ at S5 dfhofis e dxipR, AEfmaSLAICRINLERL IADPLERLLARM KGR (EFY

operate by el ectrostatic
chucki ng, timi$n)f bod antioonydSh).s ipgeneral, dhe adoyisg inatessltsan beoasy oiaterial
whi ch are

F fl I 6
be. i spostia geakerirndn e pitentapt Bpsfabibasthuf sty oo BRTH
800. Subspdiat ef e degioBD2 f Biee hydiitdy a2 1@ Uus ask 1avdied defdibs ttbathe
808 in a position of substantl al radial al |grnrrent wi th body portion

800, in oveBpdified greassd H . B@NALASRASE fiaian efai piligrpsukatrade, issmpdified by
808. Subsfeal&iifd @?%eﬁ%rﬁ%o&%?ogﬁd %Bﬁgzb% BPQE r@éﬁgﬁ@;g FeRiiB the

any ori ent ation or con i nc i ng substanti
ori ent at i meltingrpadrdfetween dhe mﬁdaftadoamj usmatdified smasext or bel@mved\tbat the

Cher i SRR bh BT fih, HBSe FReiiitoS sib R hE ok gl by the
control bublﬂuﬂeti@nw adidue tied uausdified are38by dhotin 30D€Crain e agpHeditlie

be delivered ati g or cooling the surface of the substrate
ol der  BOOQNEGR ITGOIRG HIRAR:THBIBIe FOTUALRBETTATUM (B6) AEhed RN 4F).

cool i NG By tHae 2 ARET zbﬁé}ﬁﬂurﬁ&ﬁﬁ‘téﬂo%rft RARS et lof Hﬁpe@g aF dhRiANE

such as circulatin eati’ng or coo |ng throu strate
hol der. Bacthgr iiad bildals 21Her asinather @§P&¢hya ;e bfaacm!lqomeﬂthratp is

o ChaY g e ALRE TR 19668 b SREnleAER s e AR Ry .
el ect (rj |Ors1t aéatufehﬁll'l%ﬁsi?cdgﬁ:ecﬂand pnhemedlflgd @reasaﬁoz;ht;e;tlmzaﬁlgerlgtoiwllsdyggnggﬁe but
Pt weon Senalruatols: sRBat SHERRS (Corty MhETRyAs alBa AreaBodtan about
i ndi vi dual@x}én@ﬂeéﬂhﬁﬁratbbaa’s*)omckutsh.cﬁwaw et,,amli@bqﬁé g%ﬂé;auv@méwr than

subj ected to rotational energy, such hr ough magnet i c COUp Ing O

nmechani cafbqut 3t 6%193§M7§b%f969.rﬂﬂﬁ’g1 'd&férigﬁffﬂ@lﬁﬂgﬁjir%d%d(N'@&yﬁul\&hﬁf@n
nbl f
Rad at| on? S04 A YENGHIL Srebie AR oleE SEtnd lectfidn it 3R, Hwey as

| anps in athafaslhmdes andisinelar rmmemjs spectrum anneal i ng eI ect romagneti C
energy fromthe flash [anps into body portion 800, which in turn

[0053] In another embodiment, the modification process includes the step of
inducing some damage to the substrate 10 material in the various modified areas
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rear surface 820 of radiation assenbly 812. This perspective view
also illustrates the circular arc shape of rear surface 820. Figure
8E is an isonetric view of one trough reflector and flash | anp
assenbly according to one enbodi ment of the invention. Flash |anps
816 may be cyI indrical in shape, and may be di sposed within trough
reflectors 818. Trough reflectors 8 may, be rabolic in

Cross- sec?‘? 8n ”395”[ ‘ﬂ%ﬁ?%oﬁ%fjag}’a%ige P%tﬁlﬁ HB&:'E?(? therRyPsteptes and s

816 are paysxeaHeddy rfiaifd! m@flﬁﬁm%%amu@.ndn@liﬁngse%agea@mé cfy%&ﬂ‘sirh@tugi‘of
reflectors by sup orts 850. Each flash |la ower ed

separ at e fRwevbsigipISychgis drimrgingra ﬁlna?wrv%tﬁbgl Slﬁi@t@i%u\ﬁ@ded%@ﬁ the
db f

et coti onifbSnPoLEs B et afhidifianed Faditauedithe bR in

radi ati onttaesbenduhg sfrigturewhradomeris tB&&ubsirafar andBhussindoce sloeretadynamic

nvent i onPrORRE ABGHGRS (HALUSE S MPotbIRTBs  (LrAeaPYe ingachee 1o e

conponent mo%ﬁlédMearzqeghFr rk &g Br;ferﬁ:lrﬁe@ y'ﬂo@r\ﬁa@dnﬁ&thé“sbﬁaé&@% of the
exception of a ridge 854 down the center of the trough. The rid

serves t oSybsitate 1§Hsee MniatfFigyres 2Bhwithe Arpigstie thatcam greats d@@agggp the
f t t

e o TR 8 SRR, A SLhR R et d08suen (Rl hars

i nvol ut e, implaotedi intp amllwonrcmmgmnmgfsmstrahe 85aduee Hamagbrtodhetreglon 202
bol i file. ln ath ts. th

mvol ut e el moolieth fiea 07 g e Solfeck P8 barage I8 pe b

specific ménal[@é@aled%@i Bbﬁlbﬁﬁitﬁ?mdlsﬁrfac@v@ﬂfgas%%on% mmrassafg&:egmgs

shown coupl ed to radiation assenb for powering flash |la

A capaci t 8FYPEEU (£ XAORNXE) 51 @t Stragem g Hgna.%mlae@em&ﬁas zan ion
firing ci b%HEntorBrﬁseSdI%'I‘és@%pcﬁ%&&fe & ygﬁé;gg e% ﬁngf&éﬁﬁ%&%é‘é 994

using the swtches ower supp argi ng the
capaci t or [r88de aapebtathecrnodlﬁbatmn |8Me$$ts§d:a\pted ’mrcrep’@r atremgn Zh@ that has

swi t ches 840 be,, oper te by control r

and di schH'Fisfg @éﬁ%ﬁgﬁ 0 §3ﬂept}3l Q%' ?5‘%8?'}48@6?@%8 éﬁerg hg% eﬁ &‘lgﬁé'
| eads 848 dishrztios or Vhearty dersitp ®f betgddrsatsgut f5 % i10Y érﬁﬁdboWanm]s fem?
result in non-uniform power de |v‘ey£g to flash Ia s 816 a

non- opt i miA% begmeld o ,qgaatq: tthW‘ 28104 £PRIGRY Be'ﬁllasmffﬁg area 210

capaci t or iR, tri Q?Heo& I
equal i zes %%éetralﬂ e |ve[red I{ead%f‘aslﬁ anpsp%gpglgﬁﬁ%gg iﬂhﬁaﬁt{aﬁ%@xag’@)ﬁa of
848, if dém centenketionsphiflei dopant matetialdey. suirver 1 aad ghefa;;tadansnyr(nen;g

Ciroui s sayese S Al e drof RSB R HFaydRs Sl

nmore circuidng 4 pathl208at es optim zation of the firing pattern for the
flash | anps 816, and prolongs the useful life of flash | anps by

| | owi f_th t hqut it i | .
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(e.g., ~1414 °C for silicon), and because radiative heat transfer is a major heat loss
mechanism, varying the emissivity can have a dramatic effect on the themal
contrast. Therefore, variations in the emissivity of different regions of the substrate
surface may have a significant impact on the ultimate temperatures reached by the
various regions of the substrate. Regions with low emissivity may, for example, be

elevated above the melting point during the annealing process, while regions with
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high emissivity that have absorbed the same amount of energy may remain
substantially below the meiting point. Thus, the substrate surface may have
regions wherein emissivity per thermal mass at a source wavelength is
approximately the same but total emissivity is different. Varying the emissivity of
the various surfaces, or emissivity contrast, may be accomplished via selective
deposition of a low- or high-emissivity coating onto the substrate surface, and/or

modifying the surface of the substrate (e.g., surface oxidation, surface roughening).

[0057] In one embodiment, the reflectivity of the surface of the substrate in one or
more regions is altered to change the amount of energy absorbed when the
substrate 10 is exposed to energy from the energy source. By varying the
reflectivity of the surface of the substrate, the amount of energy absorbed and the
maximum temperature achieved by the substrate in a region at and below the
substrate surface will differ based on the reflectivity. In this case, a surface having
a lower reflectivity will achieve a higher temperature than another region that has a
higher reflectivity. Varying the reflectivity of the surface of the substrate may be
accomplished via selective deposition of a low- or high-reflectance coating onto the
substrate surface, and/or modifying the surface of the substrate (e.g., surface
oxidation, surface roughening). A highly absorbing (non-reflective) coating may be
selectively applied to regions that are intended to be heated more aggressively

during the anneal process.

[0058] Figure 2D illustrates one embodiment in which a coating 225 is selectively
deposited, or uniformly deposited and then selectively removed, to leave a layer
that has a different emissivity and/or reflectivity than the other regions on the
surface 205 of the substrate 10. In this case, the heat flow (Q4) in the doped region
201A, below the coating 225, can be adjusted based on the properties of the
coating 225 versus the energy absorbed (Q3) in other regions of the substrate 10.
In this way, the heat loss (Qa) or reflected from the coating 225 can be varied
versus the heat iost (Q4) from the other regions. 1n one aspect, a carbon containing
coating is deposited on the substrate surface by use of a CVD, PVD, or other

deposition process.

[oos9] Figure 2E illustrates one embodiment in which a coating 226 that alters the
optical properties of the surface of the substrate (e.g., emissivity, reflectivity) is
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deposited over the surface of the substrate, for example over the device shown in
Figure 2A, and then an amount of material is removed to create regions that have
differing optical properties. For example, as shown in Figure 2E, the coating 226
has been removed from the surface of the gate 215, thus leaving the surface of the
coating 226 and the surface of the gate 215 exposed to the incident radiation “B.”
[n this case, the coating 226 and the surface of the gate 215 have different optical
properties, such as a different emissivity and/or a different reflectivity. The removal
process used to expose or create regions that have differing optical properties may
be performed by use of a conventional material removal process, such as a wet
etch or chemical mechanical polishing (CMP) process. In this case the absorption
and heat flow (Q4) in the doped regions 201A-201B, below the coating 226, can be
adjusted based on the properties of the coating 226 versus the absorption and heat
flow (Q2) in the gate 215 region of the substrate. In this way the heat (Qs) lost or
reflected from the coating 226 can be varied versus the heat (Qq4) lost or reflected

from the gate 215 region.

[0060] [n one embodiment, the coating 226 contains one or more deposited layers
of a desired thickness that either by themselves or in combination modify the optical
properties {e.g., emissivity, absorbance, reflectivity) of various regions of the
substrate that are exposed to one or more wavelengths of incident radiation. In
one aspect, the coating 226 contains layers that either by themselves or in
combination preferentially absorb or reflect one or more wavelengths of the incident
radiation “B.” In one embodiment, the coating 226 contains a dielectic material,
such as fluorosilicate glass (FSG), amorphous carbon, silicon dioxide, silicon
carbide, silicon carbon germanium alloys (SiCGe), nitrogen containing silicon
carbide (SiCN), a BLOk™ dielectric material made by a process that is
commercially available from Applied Materials, Inc., of Santa Clara, California, or a
carbon containing coating that is deposited on the subsfrate surface by use of a
chemical vapor deposition (CVD) process or atomic iayer deposition (ALD) process.
In one aspect, coating 226 contains a metal, such as, but not limited to, titanium
(Ti), titanium nitride (TiN), tantalum (Ta), cobalt (Co), or ruthenium (Ru).

[oos1] It should be noted that the various embodiments discussed herein may be

used in conjunction with each other in order 1o further increase the process window.
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For example, a selectively deposited, light absorbing coating may be used in
conjunction with doping of certain defined regions to broaden the process window

of the anneal process.

Tuning the Energy Source Output to Achieve Preferential Heating

[0062] As noted above, the energy source 20 is generally adapted to deliver
electromagnetic energy to preferentiailly melt certain desired regions of the
substrate 10. Typical sources of electromagnetic energy include, but are not limited
to, an optical radiation source (e.g., laser (UV, IR, etc. wavelengths)), an electron
beam source, an ion beam source, and/or a microwave energy source. In one
embodiment of the invention, the energy source 20 is adapted to deliver optical
radiation, such as a laser, to selectively heat desired regions of a substrate to the
melting point.

[0063] In one aspect, the substrate 10 is exposed to a pulse of energy from a laser
that emits radiation at one or more appropriate wavelengths, and the emitted
radiation has a desired energy density (W/em?) and/or pulse duration to enhance
preferential meiting of certain desired regions. For laser annealing processes
performed on a silicon containing substrate, the wavelength of the radiation is
typically less than about 800 nm. In either case, the anneal process generally
takes place on a given region of the substrate for a relatively short time, such as on
the order of about one second or iess. The desired wavelength and pulse profile
used in an annealing process may be determined based on optical and thermal
modeling of the laser anneal process in light of the material properties of the

substrate.

[0064] Figures 4A-4D iliustrate various embodiments in which the various attributes
of the pulse of energy delivered from an energy source 20 to an anneal region 12
(Figure 1) are adjusted as a function of time to achieve improved thermal contrast
and anneal process results. In one embodiment, it is desirable to vary the shape of
a laser pulse as a function of time, and/or vary the wavelengths of the delivered
energy to enhance the heat input into regions of the substrate intended to be
melted and minimize the heat input into other regions. In one aspect, it may also

be desirable to vary the energy delivered to the substrate.
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[0065) Figure 4A graphically illustrates a plot of delivered energy versus time of a
single pulse of electromagnetic radiation (e.g., pulse 401) that may be delivered
from the energy source 20 to the substrate 10 (see Figure 1). The pulse illustrated
in Figure 4A is generally a rectangular pulse that delivers a constant amount of
energy (E) for the complete pulse duration (t,).

[0066] In one aspect, the shape of the pulse 401 may be varied as a function of
time as it is delivered to the substrate 10. Figure 4B graphically illustrates a plot of
two pulses 401A, 401B of electromagnetic radiation that may be delivered from one
energy source 20 to the substrate 10 that have a different shape. In this example,
each pulse may contain the same total energy output, as represenied by the area
under each curve, but the effect of exposing regions of the substrate 10 to one
pulse versus another puise may improve the melting point contrast experienced
during the anneal process. Therefore, by tailoring the shape, peak power level
and/or amount of energy delivered in each pulse the anneal process may be

improved. In one aspect, the pulse is gaussian shaped.

[foos7] Figure 4C graphically illustrates a pulse of electromagnetic radiation (e.g.,
pulse 401) that is frapezoidal in shape. In this case, in two different segments (e.g.,
402 and 404) of the pulse 401 the energy delivered is varied as a function of time.
While Figure 4C illustrates a pulse 401 profile, or shape, in which the energy versus
time varies in a linear fashion, this is not intended to be limiting as to the scope of
the invention since the time variation of the energy delivered in a pulse may, for
example, have a second degree, third degree, or fourth degree shaped curve. In
another aspect, the profile, or shape, of the energy delivered in a pulse as a
function of time may be a second order, a third order, or exponential-shaped curve.
In another embodiment, it may be advantageous to use a pulse having different
shapes (e.g., rectangular and triangular modulation pulse, sinusoidal and
rectangular modulation pulse, rectangular, triangular and sinusecidal modulation

pulse, etc.) during processing to achieve the desired annealing results.

[0068] Depending on the properties of the various regions of the device, the shape

of the delivered pulse of electromagnetic radiation may be tailored to improve the

anneal process results. Referring to Figure 4B, for example, in some situations in

which various regions of a substrate to be heated during the anneal process are
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thermally isolated from other regions of the device by areas that have a low thermal
conductivity, use of a pulse having a shape similar to puise 401B may be
advantageous. A pulse having a longer duration may be advantageous, because
the more thermally conductive material regions of the substrate will have more time
to dissipate the heat by conduction, while the regions that are to be annealed are
more thermally isolated resulting in higher temperatures in those regions. In this
case the duration, peak power level and total energy output of the pulse can be
appropriately selected, so that the areas that are not intended to be annealed will
remain cooler. The process of tailoring the shape of the pulse may also be
advantageous when surfaces of varying emissivity are used to create a melting
point contrast.

[0068] Referring to Figure 4C, in one embodiment, the slope of the segment 402,
the shape of the pulse 401, the shape of the segment 403, the time at a power level
(e.g., segment 403 at the energy level E,), the slope of the segment 404, and/or the
shape of the segment 404 are adjusted to control the annealing process. It should
be noted that it is generally not desirable to cause the material within the annealed
regions to vaporize during processing due to particle and process result variability
concerns. Mt is therefore desirable to adjust the shape of the pulse of energy to
rapidly bring the temperature of the annealed region to a target temperature without
superheating the region and causing vaporization of the material. In one
embodiment, as shown Figure 4G, the shape of the pulse 401 may adjusted so that
it has multiple segments (i.e., segments 402, 403A, 403B, 403C, and 404) are used
to rapidly bring the anneal region to a target temperature and then hold the material
at that temperature for a desired period of time (e.g., t;), while preventing
vaporization of material within the annealing region. The length of time, the shape
of the segments and the duration of each of the pulse segments may vary as the
size, melt depth, and the material contained within the annealing regions is varied.

foo70] [n another aspect, multiple wavelengths of radiant energy may be combined
to improve the energy transfer to the desired regions of the substrate to achieve an
improved thermal contrast, and/or improve the anneal process results. In one
aspect, the amount of energy delivered by each of the combined wavelengths is

varied to improve the thermal contrast, and improve the anneal process results.
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Figure 4D illustrates one example in which a pulse 401 contains two wavelengths
that may deliver differing amounts of energy per unit time to a substrate 10 in order
to improve the thermal contrast and/or improve the anneal process results. In this
example, a frequency F1 is applied to the substrate at a constant level over the
period of the pulse and another frequency F2 is applied to the substrate 10 at a
constant level for most of the period except for a portion that peaks for a period of

time during the period of the pulse.

foo71} Figure 4E graphically illustrates a plot of a pulse 401 that has two sequential
segments that deliver energy at two different frequencies F3 and F4. Therefore,
since various regions of the substrate may absorb energy at different rates at
different wavelengths, the use of pulse that contains multiple wavelengths that can
deliver variable amounts of energy, as shown in Figure 4D and 4E, may be

advantageous to achieve desirable annealing process results.

[0072] In one embodiment, two or more pulses of electromagnetic radiation are
delivered to a region of the substrate at differing times so that the temperature of
regions on the substrate surface can be easily conirolled. Figure 4F graphically
illustrates a plot of two pulses 401A and 401B that are delivered a varying distance
in time apart, or period (t), to selectively heat certain regions on the surface of a
substrate. In this configuration, by adjusting the period (t) between the subsequent
pulses, the peak temperature reached by regions on the substrate surface can be
easily controlled. For example, by reducing the period (1), or frequency, between
pulses the heat delivered in the first pulse 401A has less time to dissipate before
the second pulse 401B is delivered, which will cause the peak temperature
achieved in the substrate to be higher than when the period between pulses is
increased. By adjusting the period in this way, the energy and temperature can be
easily controlled. In one aspect, it may desirable to assure that each puise by itself
does not contain enough energy to cause the substrate to reach the target
temperature, but the combination of the pulses causes the regions 202 to reach the
target temperature. This process of delivering multiple pulses, such as two or more
pulses, will tend to reduce the thermal shock experienced by the substrate material

versus delivering a single pulse of energy. Thermal shock can lead to damage of
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the substrate and generate particles that will create defects in subsequent
processing steps performed on the substrate.

[0073] Referring to Figure 4F, in one embodiment, two or more energy sources,
such as lasers, are operated in sequence so as to shape the thermal profile of the
surface of a substrate as a function of time. For example, one laser or an array of
lasers may deliver a pulse 401A that elevates the surface of the substrate to a
temperature T, for a time t1. Prior to or at the end of t;, a second pulse 401B is
delivered from a second laser, or from multiple lasers operating in tandem, that
brings the substrate temperature to a temperature Ty for a time t,. The thermal
profile can thus be shaped by controlling the sequencing pulses of energy delivered
from the multiple lasers. This process may have thermal processing benefits, such
as, but not limited to, the application of controlling dopant diffusion and the direction
of the dopant diffusion.

Electromagnetic Radiation Pulses

[0074] For the purpose of delivering sufficient electromagnetic radiation to the
surface of a silicon containing substrate, or substrate comprised of another material
requiring thermal processing, the following process controls may be used.

[0075] In one embodiment, two or more electromagnetic energy sources, such as
lasers, are operated in sequence so as to shape the thermal profile of the surface
being thermally processed and where the lasers are operated in such a manner as
to correct for pulse-to-puise energy variations. In one aspect, the energy source
20, schematically illustrated in Figure 1A, contains two or more electromagnetic
energy sources, such as, but not limited to, an optical radiation source (e.g., laser
or flash lamp}, an electron beam source, an ion beam source, and/or a microwave
energy source. The pulse-to-pulse energy from a device such as a pulsed laser
may have a percent variation of each pulse. The variation in pulse energy may be
unacceptabie for the substrate thermal process. To correct for this pulse variation,
one or more laser(s) deliver a pulse that elevates the substrate temperature. Then
an electronic controller {(e.g., controller 21 in Figure 1), which is adapted to monitor
the pulses delivered and the energy, or rise time, of the pulse that is in delivery, is

used to calculate the amount of energy required to "trim" or adjust the thermal
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profile (e.g., temperature of a region of the substrate as a function of time) so that it
is within process targets and command a second smaller laser or series of smaller
lasers to deliver the final energy to complete the thermal processing. The
electronic controller generally uses one or more conventional radiation detectors to
monitor the energy and/or wavelength of pulses delivered to the substrate. The
smaller lasers may also have peak-to-peak variation in pulse output energy, but
because they deliver substantially less energy per pulse than the initial pulse (or
pulses) at the start of the surface treatment this error will generally be within
process limits. The electronic controller is thus adapted to compensate for the
variation in energy delivered by a pulse, and thus assure that a desired energy

level is delivered during the thermal process.

[0076] In one aspect, the two or more energy sources, discussed above, may also
be implemented using a single color (wavelength) of laser light with a bandwidth of
color frequency, multiple wavelengths, single or multiple temporal and spatial laser

modes, and polarization states.

[0077] The output of the laser or lasers will likely not have the correct spatial and
temporal energy profile for delivery to the substrate surface. Therefore, a system
using microlenses to shape the output of the lasers is used to create a uniform
spatial energy distribution at the substrate surface. Selection of glass types and
geometry of the microlenses may compensate for thermal lensing effects in the
optical train necessary for delivering the pulsed laser energy to the substrate

surface,

foo78) High frequency variations in pulse energy at the substrate surface, known as
speckle, is created by neighboring regions of constructive and destructive phase
interference of the incident energy. Speckle compensation may include the
following: a surface acoustic wave device for rapidly varying the phase at the
substrate such that this rapid variation is substantially faster than the thermal
processing time of the laser pulse or pulses; pulse addition of laser pulses;
alternating polarization of laser pulses for example, delivery of multiple
simultaneous or delayed pulses that are linearly polarized but have their

polarization states (e-vectors) in a honparallel condition.
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Electromagnetic Radiation Delivery

[0079] Figure 5 is a cross-sectional view of a region of a processing chamber that
ilustrates one embodiment in which an energy source 20 is adapted to deliver an
amount of energy to an anneal region 12 of the substrate 10 from the backside
surface 501 to preferentially melt certain desired regions within the anneal region
12. In one aspect, one or more defined regions of the substrate, such as anneal
region 12, are exposed to the radiation from the energy source 20 at any given
time. In one aspect, multiple areas of the substrate 10 are sequentially exposed to
a desired amount of energy delivered through the backside surface 501 from the
energy source 20 to cause the preferentiai melting of desired regions of the
substrate. in one aspect, the anneal region 12 is sized to match the size of the die
(e.g., item # 13 in Figure 1A), or semiconductor devices, that are formed on the top
surface 502 of the substrate 10. In one aspect, the boundary of the anneal region
12 is aligned and sized to fit within the “kerf” or "scribe” lines that define the
boundary of each die. Therefore, the amount of process variation due to the
varying amount of exposure to the energy from the energy source 20 is minimized,
since any overlap befween the sequentially placed anneal regions 12 can be
minimized. In one example, the anneal region 12 is a rectangular region that is
about 22 mm by about 33 mm in size.

[0080] In one embodiment, the substrate 10 is positioned in a substrate supporting
region 511 formed on a substrate support 510 that has an opening 512 that allows
the backside surface 501 of the substrate 10 to receive energy delivered from the
energy source 20. The need to direct radiation to the backside of substrate 10
makes an opening in support 510 necessary. Other embodiments of the present
invention do not require the ring-type substrate support. Referring to Figure 5, the
radiation “B” emitted from the energy source 20 heats regions 503 that are adapted
to absorb a portion of the emitted energy. The energy source 20 may be adapted
to deliver electromagnetic energy to preferentially melt certain desired regions of
the substrate surface. For this embodiment, typical sources of electromagnetic
energy include, but are not limited to, an optical radiation source (e.g., laser) and/or
a microwave, infrared or near-infrared, or UV energy source. In one aspect, the
substrate 10 is exposed to a pulse of energy from a laser that emits radiation at one

or more appropriate wavelengths for a desired period of time. In one aspect, pulse
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of energy from the energy source 20 is tailored so that the amount of energy
delivered across the anneal region 12 and/or the amount of energy delivered over
the period of the pulse is optimized to achieve a desired thermal treatment of
certain areas. In one aspect, the wavelength of the laser is tuned so that a
significant portion of the radiation is absorbed by a silicon layer disposed on the
substrate 10. For laser anneal processes performed on a silicon containing
substrate, the wavelength of the radiation is typically greater than about 900 nm,
but may be delivered at deep ultraviolet (UV), infrared (IR) or other desirable
wavelengths. In either case, the anneal process generally takes place on a given
region of the substrate for a relatively short time, such as on the order of about one

second or less.

[oog1] In one aspect, the wavelength of the emitted radiation from the energy
source 20 is selected so that the bulk material from which the substrate is formed is
more transparent to the incident radiation than the areas near the top surface 502
that are to be heated by the exposure of the incident emitted radiation. In one
aspect, the regions that are to be heated contain a material that absorbs an amount
of the energy delivered through the backside of the substrate, such as a dopant
material or material having crystal damage (e.g., crystal defects, Frenkel defects,
vacancies) created during the implantation process. In general the dopant
materials may be boron, phosphorous, or other commonly used dopant material
used in semiconductor processing. In one embodiment, the bulk material from
which the substrate is formed is a silicon containing material and the wavelength of
the emitted radiation is greater than about 1 micrometer. |In another aspect, the
energy source 20 contains a CO; laser that is adapted to emit principal wavelength
bands centering around 9.4 and 10.6 micrometers. In yet another aspect, the
energy source 20 is adapted to deliver wavelengths in the infrared region, which is

generally between about 750 nm and about 1 mm.

[0082] In one embodiment, an absorbing coating (not shown) is disposed over the
anneal region 12 on the substrate 10 so that the incident radiation delivered
through the back of the substrate can be absorbed before it passes through the
substrate. In one aspect, the absorbing coating is a metal, such as titanium,

titanium nitride, tantalum, or other suitable metal material. In another aspect, the
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absorbing coating is a silicon carbide material, a carbon-containing material such
as an amorphous carbon material or doped diamond-like ¢arbon, or other suitable
material that is commoniy used in semiconductor device manufacturing.

{0083} n one embodiment, two wavelengths of light are delivered to the desired
regions of the substrate, so that the first wavelength of light is used to generate free
carriers (e.g., electrons or holes) in the substrate from dopants or other ionizing
crystal damage found in the desired annealing regions, so that the generated free
carriers will absorb the energy delivered through the back of the substrate at a
second wavelength. In one aspect, the first wavelength is the wavelength of “green
light” (e.g., about 490 nm to about 570nm) and/or shorter wavelengths. In one
embodiment, the first wavelength is delivered at a desirable power density (W/cm?)
to the desired region of the substrate from a second source 520 that is on the
opposite side of the substrate from the energy source 20, shown in Figure 5. In
another embodiment, the two wavelengths (e.g., first and second wavelengths) are
delivered through the backside of the substrate from the energy source 20. In yet
another embodiment, the two wavelengths (e.g., first and second wavelengths) at
desirable power densities (W/cm?) are delivered through the backside of the
substrate from two separate sources of electromagnetic energy (not shown).

PULSE TRAIN ANNEALING

[0084] To address the challenges of next-generation device fabrication, an
annealing process that uses a plurality of pulses of electromagnetic radiation, or
Pulse Train Annealing, is useful in some processes. A plurality of identical pulses
of electroragnetic radiation are delivered to a substrate, each pulse accomplishing
a single micro-anneal process that heats a few atomic layers of a substrate surface
to a submelt temperature, such as about 1300°C for a silicon substrate, in 1
millisecond (msec) or less and then allowing the imparted energy to completely
dissipate within the crystal lattice such that the temperature of the affected lattice
layers returns to a lower femperature near a controlled preheat temperature. The
preheat temperature is the temperature at which the substrate is maintained just
prior to the delivery of the first pulse, and may be between about 400 °C and about
800 °C. In each micro-anneal cycle, silicon and dopant atoms not bound to the
crystal lattice are moved fractions of an atomic radius. Those bound to the lattice
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will generally not move because they do not receive enough energy from the
delivered pulse. In this way, each micro-anneal cycle moves individual interstitial
atoms and dopant atoms into desired lattice positions. As the interstitial atoms or
dopants fill lattice positions, other interstitial atoms or dopants that are not so
located diffuse through the substrate until they find a desirable position within the
crystal lattice. In this way, Pulse Train Annealing (hereinafter “PTA") can be used
to control the atomic positions of interstitial atoms or dopants within a crystal lattice
and controllably repair lattice defects formed during prior processing steps (e.g.,
implant processes) without driving over-diffusion. PTA is thus a process that can
be used to control the movement of atoms within the semiconductor device at

atomic length scales.

(0o8s5] Figure 6A is a flow chart illustrating a process according to one embodiment
of the invention. Figures 6B — 6D illustrate properties of a target substrate at
various stages of the process 600. In one embodiment, a substirate may be
annealed by delivering a plurality of electromagnetic energy pulses to the substrate
surface, each pulse configured to perform a micro-anneal process on at least a
portion of the substrate. The energy emissions may be generated by any collection
of the foregoing sources, including lasers, flash lamps, and UV and microwave
sources. In some embodiments, the energy emissions take the form of short-
duration pulses as described above, each pulse ranging in duration from about 1
nsec to about 10 msec. Each pulse will generally deliver an energy density of
about 0.2 J/cm? to about 100 J/cm? at a power level of at least 10 milliwatts (mW),
such as between about 10 mW and 10 W. In one embodiment, for example, the
energy density delivered by each pulse is about 0.5 J/cm?. The wavelength of light
used for the pulses is selected to cause an optimum movement of atoms in the
crystal lattice of the substrate. In some embodiments of the invention pulses of
energy are delivered at wavelengths that are within the infrared spectrum. Other
embodiments use pulses of light that are within the UV spectrum or combine

wavelengths from different spectra.

[oogs} Intending not to be bound by theory, it is believed that PTA allows atomic
level control of movement of atoms within the substrate by delivering a plurality of

pulses of electromagnetic radiation, wherein each pulse executes a complete
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micro-anneal cycle. Each pulse of electromagnetic radiation delivered to or
absorbed by a surface of a substrate provides energy to atoms that are at or near
the substrate surface. The delivered energy induces movement of the atoms, some
of which change position within the lattice. Whether it causes atoms to relocate or
not, the incident energy is transmitted through the substrate material in all
directions, such as laterally across the surface of the substrate, and vertically into
the substrate. The energy delivered in each pulse generally creates an acoustic
wave which can be detected by a detector, such as an acoustic (e.g., sound)
detector or by a photoacoustic detector that is configured to detect properties of the
waves of energy propagating through the substrate. The detected properties may
include amplitude, frequency, and phase. Fourier analysis of the signal may yield a
monitoring process analogous to pyrometry that may be used for feedback control.
The raw signal may be provided to a controller, such as the controller 21 of figures
1A and 1B, which may be configured fo generate a control signal to adjust the
energy delivered to the substrate. The controller may adjust the power input to

each pulse, or the frequency or duration of pulses.

[(0087] Embodiments of the present invention provide methods for preferentially
causing slight movements of individual atoms within a crystal lattice by imparting
pulses of electromagnetic radiation to a surface of a substrate, As discussed
above, the radiation may be delivered to regions of the substrate surface, or to the
entire surface of the substrate at once. The wavelength and intensity of the
radiation may be selected to target individual atoms within the crystal lattice. For
example, a doped single crystal silicon substrate will have a crystal lattice of mostly
silicon atoms with some dopant atoms positioned in interstial sites or at crystal
lattice sites. In some cases, the concentration of dopants, as well as the
concentration of crystalline damage from the process of implanting the dopants
may be excessive. In one embodiment, a pulse of electromagnetic radiation may
be designed to cause the incremental movement of dopant atoms from one plane
of the lattice to another to correct local concentration variations of dopants and
crystal damage. The intensity and wavelength may be tuned depending on the
depth of the dopant atoms and the amount of movement desired. Waveiengths of
energy used may range generally from the microwave, for example about 3 cm,

through visible wavelengths, into the deep ultraviolet, for example about 150
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nanometers {nm). Wavelengths ranging from about 300 nm to about 1100 nm, for
example, may be used in laser applications, such as wavelengths less than about
800 nm. Effect of the longer wavelengths may be enhanced by providing carrier
radiation comprising green light that illuminates the surface of the substrate. A
pulse of electromagnetic radiation may also be designed to cause incremental
movement of silicon atoms within the silicon lattice formed on the substrate surface
in a similar fashion. Delivering multiple pulses of such radiation results in the
controllable movement of atoms to a degree dependent on the number of pulses
delivered. Thus, it is possible to selectively repair crystal iattice damage from
implant processes, such as surface damage and end-of-range damage, and to
selectively adjust local concentration and distribution of dopant atoms within the

[attice.

{0088] in step 602, pulses of electromagnetic radiation, such as laser or flash {amp
emissions, may be used to irradiate a substrate. The pulses may have duration
between 10 nsec and about 20 msec. Each pulse that strikes the substrate surface
will produce a vibration in the crystal lattice that propagates through the substrate.
If the interval between pulses is long enough, the vibration energy is dissipated
within the crystal lattice and radiates away as heat. The vibration energy imparted
to the crystal lattice by a pulse delivering between about 0.2 J/cm? and about 100
Jiem? of energy to the surface of a substrate may dissipate as heat and radiate
away within about 1 microsecond (usec) following the end of the pulse. If the
interval between pulses is shorter than the time required to dissipate the heat
delivered by the individual pulses, heat builds up in the lattice, and the temperature
of the lattice rises. This condition approximates standard rapid thermal annealing
or spike annealing, in which the substrate is heated to a temperature below its
melting point but high enough to allow diffusion and rearrangement of lattice atoms.
Conventional thermal annealing processes struggle to control the average diffusion
length of the atoms when the desired diffusion length is very small, such as only a
few nanometers. Current conventional rapid thermal annealing (RTA) systems use
lamps and supporting circuitry that can only deliver energies over periods that are
greater than about 0.25 seconds. The thermal communication time, or time it takes
heat to diffuse from the front surface to the back surface of the substrate, is on the
order of 20 msecs. Therefore, conventional RTA chambers are not able to
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adequately control the diffusion processes for 45 nm or 32 nm node devices and
smaller, because the delivered energy heats the whoie substrate causing unwanted
diffusion of dopants and other atoms within all areas of the subsfrate. Also, it is
believed that if the interval between delivered pulses is long enough, the additive
effects of each pulse will not cause temperature to rise in the substrate, and thus
the thermal effects of each pulse will be localized to areas just below the surface of
the substrate, for example up to about 100 Angstroms or more below the surface
depending on pulse duration and intensity. Although it is preferred for each pulse
to deliver the same energy, in some embodiments it may be advantageous to
deliver pulses with energy that varies according to a predetermined recipe, such as,
for example, ramping up or down in desired patterns.

o089} In some embodiments, pulses of 10 nsec may be followed by intervals of 1
msec or more where no energy is delivered to the substrate surface (e.g., “rest’
period). As shown in Figure 10, in one embodiment it is desirable to deliver a
series of pulses 1000 in which a single pulse of electromagnetic energy, or pulse
1001, having a magnitude E4 and duration ty, is delivered to the substrate surface,
followed by a “rest” period 1002 having a duration tz in which no energy is delivered
to the surface of the substrate before the next pulse 1001 is received. In one
embodiment, the duration t; is between about 1 msec and about 10 msecs and the
duration t; is between about 1 ms to 20 ms. In one embodiment, each pulse 1001
that is delivered during the annealing process delivers the same amount of total
energy over the same pulse duration. Referring to Figure 10, while the single
pulses of energy 1001 are shown as square wave pulses, this shape is not
intended to be limiting as to the scope of the invention described herein, because
the shape of the delivered energy couid be triangular in shape, Gaussian in shape,
or any other desirable shape.

[oo90] It should be noted that the traditional definition of temperature, or
temperature gradients, lose their meaning at the desired annealing depths for the
45 nm and 32 nm device nodes, due to small number of lattice planes or atoms
affected by short pulses of energy. It is believed that the local temperature near the
surface of a substrate subjected to pulses of electromagnetic radiation in

accordance with the invention can be momentarily elevated to 300-1400°C, as

36



El ectroni c device 706 Step 201 Doped regions 708 Step 201A Doped
region 710 Step

embodied by vibration of a small number of atoms in the crystal lattice. [n other
embodiments, pulses of light from flash lamps may be used in which pulses of
energy between about 0.2 J/cm? and about 100 J/cm® may be delivered over a

period between about 10 nsecs and about 10 msecs.

[0091] Figure 6B illustrates a substrate having a doped region 113. Doped region
113, immediately following implantation and prior to annealing, has an implanted
tayer of dopant atoms or ions 650. This layer is produce by the process of
implanting the ions, which generally creates a distribution of atoms within the
crystal lattice with the highest concentration of atoms being near the substrate
surface, and lower concentration deeper into the substrate. Layer 650 represents
the locality of highest dopant concentration within region 113. If region 113 was
amarphized prior to implantation, the layers of region 113 immediately above and
below implantation fayer 650 may stili be amorphous. If region 113 was not
amorphized prior to implantation, the layer of region 113 immediately below
implantation layer 650 will be a substantially ordered crystal lattice, whereas the
layer of region 113 immediately above the implantation layer 650 will exhibit
numerous crystal defects generated by the forcible passage of dopant atoms
through the crystal lattice structure. In either case, the object of annealing is to
reorder the crystal structure of region 113, distribute the dopant atoms throughout
region 113 at regular locations in the crystal lattice, and recrystailize or order the
lattice structure of region 113. Such annealing activates the dopant atoms,
supplying region 113 with electrons or holes as appropriate, and reduces resistivity

of region 113 from lattice defects.

[0092] In some embodiments, a plurality of pulses are used to achieve desired
effects within the crystal lattice. A plurality of pulses numbering from 10 to 100,000
may be used to generate movement of atoms ranging from about a single lattice
plane, or about one atomic distance, to a number of lattice planes, or a number of
atomic distances. In one embodiment, at least 30 pulses, such as between about
30 and about 100,000 pulses, are used to anneal a substrate. In another
embodiment, at least 50 pulses, such as between about 50 and about 100,000
pulses, are used to anneal a substrate. In another embodiment, at least 70 pulses,
such as between about 70 and about 100,000 pulses, are used to anneal a
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substrate. In ancther embodiment, at least 100 pulses, such as between about 100
and about 100,000 pulses, are used to anneal a substrate. In another embodiment,
between about 10,000 and about 70,000 pulses, such as about 50,000 pulses, are
used to anneal a substrate. The number of pulses will generally be less than about
100,000 because the anneal process will reach an end point, beyond which no
further annealing is accomplished. As discussed above, each pulse accomplishes
a complete micro-anneal cycle. Each puise may only be energetic enough to
cause movement of some dopants or silicon atoms a distance less than the
separation distance of individual lattice planes, resulting in slight incremental
activation or crystal repair. Allowing the pulse energy to dissipate completely within
the substrate freezes the movement prior to application of the next pulse. Adjusting
the number of pulses in this way allows control of diffusion and rearrangement of
atoms within the crystal lattice.

[0a93] The effect of incident electromagnetic radiation on the surface of the
substrate is to impart kinetic energy to the atoms in the lattice, which is transmitted
through the substrate. Another embodiment of the invention provides for
monitoring the effect of the radiation on the substrate by detecting the acoustic
result of the lattice vibration. Figure 6C and step 604 in Figure 8A illustrate
monitoring the acoustic response of the substrate, represented by sound waves
652 radiating from substrate 100. The acoustic response indicates the degree to
which vibration energy is being absorbed in the substrate, which provides some
information regarding the movement of dopant and interstitially positioned atoms.
As lattice order increases, lattice defects decrease, and redistribution of atoms
decreases, the acoustic response of the substrate may change from tending to
absorb the incident energy to fransmitting more of the energy. [n this way, an
endpoint may be detected, as in step 608, beyond which little annealing occurs. In
one embodiment, an acoustic detector 654 is disposed within the process chamber
to measure the sound of the acoustic response of the substrate as electromagnetic
radiation pulses creates acoustic waves in the lattice. In this case, the acoustic
detector 654 may be positioned adjacent to a surface of the substrate so that it can
detect the acoustic waves creaied by the delivery of the electromagnetic pulse of
energy.
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[0094] In another embodiment, a photoacoustic detector may be disposed within
the chamber to measure the acoustic waves induced by the incident
electromagnetic pulses on a reflected beam of light from a surface of the substrate,
as illustrated schematically in Figure 6E. In some embodiments, the acoustic
response may be measured from the same surface of the substrate to which the
pulses are delivered, and in some embodiments it may be measured on a different
surface of the substrate, such as the opposite side if the substrate is a wafer.
Figure 6E illustrates a photoacoustic detector used to detect the acoustic response
on substrate 100 as pulses of electromagnetic energy are delivered to the substrate
surface according to one embodiment. Source 656 directs low-power
electromagnetic energy 660A toward the device side of substrate 100, and detector
658 receives the reflected radiation 660B. The electromagnetic pulses received by
substrate 100 will result in short-duration displacements of the surface of substrate
100, which in turn will affect the reflecied energy 660B. This reflected light is then
detected by detector 658, and may be analyzed to monitor the amount of change in
the substrate 100's response to the received energy as the anneal progresses. As
the crystal structure changes, the acoustic response of the substrate will change,
and an end point may be detected as in step 606 of Figure 6A. Figure 6F illustrates
an alternate embodiment of a photoacoustic detector monitoring acoustic effects
from the back side of the substrate. Detectors may similarly be deployed to detect
changes in reflectivity, transmissivity, or absorptivity of a substrate from any surface

or side and any convenient angie.

[0095] In other embodiments, low energy pulses may be used in a pre-treatment
process step to help decide how much energy is required to accomplish the desired
lattice repair and dopant reconfiguration. This process sequence is illustrated in
Figures 7A-7E. In step 702, low energy puises are directed onto a surface of the
substrate, as illustrated in Figure 7B. Pulses 750 may be of intensity well below
what is needed to anneal doped region 113 of substrate 100. Pulses 750 generate
an acoustic response in the substrate which may be monitored and recorded, as in
step 704. Acoustic detector 752 may be disposed to record the acoustic response
from the substrate, as illustrate in Figure 7C. Analysis of the acoustic response,
step 706, may be performed by an analyzer, schematically represented in Figure
7C by item 754. Analyzer 754 may comprise a computer configured to receive the
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acoustic signals, review and analyze the signal (i.e., highlight meaningful patterns
in the signals), and provide some output, such as control the energy of future
pulses or warn the operafor if the received energy is not within a desired range.
Although pulses 750 do not anneal substrate 100, the acoustic response will have
detectable features that indicate the exact character of energy pulses required for
annealing. As discussed above, a substrate with more crystal disorder, or a
disordered region of greater depth, will absorb and dissipate more incident energy,
and a substrate with more crystal order wil! transmit more incident energy, yielding
a different acoustic response. Analysis can reveal an optimal intensity and number
of pulses 756 (Figure 7D) to be delivered in step 708 to achieve the desired results,
Delivery of the second group of puises may be monitored, 710, and may optionally
be accompanied by endpoint detection 712. After the endpoint is reached in
figures 6A and 7A, region 113 will be optimally annealed, and implantation layer
650 will have disappeared as dopants will have been incorporated into the crystal
lattice.

FLASH LAMP APPARATUS

[oo96} Figure 8A illusirates an apparatus according to one embodiment of the
invention. A body portion 800 is provided having an octagonal outer wall 802. A
first end 810 of body portion 800 is coupled to substrate holder 804. Substrate
holder 804 may be fitted with a hinged lid configured to allow loading and unloading
of substrates, or with a side opening for exchanging substrates, neither of which is
shown in Figures 8A or 8B. Substrates may be held in place using substrate holder
804, which may operate by electrostatic means, vacuum means, clamps, Bernoulli
chucking, air flotation, pin support, or acoustic means, none of which are shown.
Referring to Figure 8B, a reflective liner 806 may be disposed on an inner surface
of outer wall 802 of body portion 800. Substrate holder 804 is preferably configured
to hold substrate 808 in a position of substantia! radial alignment with body portion
800, in order to promote maximum uniform irradiation of substrate 808. Substrate
holder 804 may be configured to hold substrate 808 in any orientation or condition,
including substantially planar orientations or deformed orientations, such as convex
or concave curvature. Substrate holder 804 may also be configured to deliver

thermal energy to the substrate 808 during processing in order to control bulk
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temperature of substrate 808. Such thermal energy may be delivered by heating or
cooling the surface of the substrate holder 804 contacting the backside of the
substrate. The heating or cooling may be accomplished according to means well
known to the art, such as circulating heating or cooling fluids through the substrate
holder. Background or bulk thermal energy may also be delivered by any
convenient non-contact means, such as heat l[amps, cooling gases, and the like.
For example, substrate 808 may be held in place through electrostatic forces or air
pressure or vacuum, with cooling gas providing a cushion for substrate 808, such
that there is no contact between substrate 808 and substrate holder 804. Substrate
808, individually or in combination with substrate holder 804, may be subjected to

rotational energy, such as through magnetic coupling or mechanical rotation.

[0097] Referring again to Figure BA, a radiation assembly 812 is coupled fo a
second end 814 of body portion 800. Radiation assembly 812 is configured to
house a plurality of flash lamps in a manner to direct broad-spectrum annealing
electromagnetic energy from the flash lamps into body portion 800, which in turn
directs the energy onto substrate 808. Referring to Figure 8C, radiation assembly
812 is illustrated in side-view, showing the plurality of flash lamps 816 housed in
trough reflectors 818. Trough reflectors 818 are arranged along a rear surface 820
of radiation assembly 812. Rear surface 820 is configured to approximate an arc of
a circle centered at a point 822 where lines extended from side walls 824 of
radiation assembly 812 would meet. Radiation assembly 812 may have a reflective
liner 826 covering the side walls 824, rear surface 820, and trough reflectors 818.
Radiation assembly 812 may also have a lens 828 disposed in a lens opening 830
to direct electromagnetic energy from radiation assembly 812 through body portion
800 onto substrate 808. Lens 828 may be simple or compound, with planar,
convex, or concave surfaces. Lens 828 may also be a Fresnel lens, and may be
reticulated, stipled, or faceted. Lens 828 occupies the junction between lens
opening 830 of radiation assembly 812 and second end 814 of body portion 800.
In some embodiments, more than one lens may be used. In other embodiments,
the radiation assembly 812 may be a flash box.

[0098] Figure 8D illustrates radiation assembly 812 viewed through lens opening
830 (Figure 8C). Flash lamps 816 and trough reflectors 818 can be seen on the
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rear surface 820 of radiation assembly 812. This perspective view also illustrates
the circular arc shape of rear surface 820. Figure 8E is an isometric view of one
trough reflector and flash iamp assembly according to one embodiment of the
invention. Flash lamps 816 may be cylindrical in shape, and may be disposed
within trough reflectors 818. Trough reflectors 818 may be parabolic in cross-
section to minimize energy loss through scattering. Flash lamps 816 are powered
by electrodes 832, and are spaced apart from trough reflectors by supports 850.
Each flash lamp may be powered by a separate power supply, or banks of flash
lamps may be grouped and powered by single power supplies. Refiective liner 826
facilitates reflection of light emitted into trough reflector 818 back into radiation
assembly 812 toward lens 828. Figure 8F is an isometric view of a trough reflector
852 according to another embodiment of the invention. The trough reflector 852
features generally the same components as the frough reflectors 818 of Figure 8E,
with the exception of a ridge 854 down the center of the trough. The ridge serves
to send light emanating from the flash lamp 816 reflecting away from the lamp, so
that any reflected light does not travel back through the lamp 816. in one
embodiment, the ridge 854 forms an involute, resulting in a trough reflector 852 with
an involuted parabolic profile. In other embodiments, the trough 852 may have an
involuted irregular profile configured to direct reflected light in specific ways.

[0100] Referring again to Figure 8C, a power system is shown coupled to radiation
assembly 812 for powering flash lamps 816. A capacitor 834 is shown coupled to a
charging circuit 836 and a firing circuit 838. The capacitor can thus be charged and
discharged using the switches 840. A power supply 842 is shown for charging the
capacitor 834, and a controller 844 is shown for operating the switches. Switches-
840 may be operated by controlier 844 to charge and discharge capacitor 834.
Flash lamps 816 are energized by firing leads 848. Because the differing lengths of
firing leads 848 may result in non-uniform power delivery to flash lamps 816 and
non-optimum flash timing, it may be advantageous to discharge capacitor 834
through power distributor 846. Power distributor 848 equalizes power delivered fo
flash lamps 816 through firing leads 848, if desired. For simplicity, a single set of
charging and firing circuits is illustrated, aithough, as discussed above, multiple
such circuits may be used to discharge one or more flash lamps 816. Using more

circuits facilitates optimization of the firing pattern for the flash lamps 816, and
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profongs the useful life of flash lamps by allowing operation of the apparatus
without firing every lamp every time. Likewise, multiple capacitors may be used in
paralle! to aflow charging and discharging of larger electric charges, and muitiple
circuits may additionally be employed to generate pulse trains using flash lamps.
Finally, inductors (not shown) may also be selectively included in the firing circuit to
tune the shape of the power puise discharged through the flash lamps 816.
Circuits (not shown) for pre-ionizing the flash lamps at low current may be used to

synchronize the output of the flash lamps in the radiation assembly.

[0101] In one embodiment, a plurality of flash lamps is disposed in a radiation
assembly such as radiation assembly 812. In some embodiments, the plurality of
flash lamps comprises two banks of flash lamps, each bank configured similar to
the embodiment shown in Figure 8D. In one embodiment, the plurality of flash
lamps comprises two banks of flash lamps, wherein each bank of flash lamps
comprises 18 flash lamps. In some embodiments, the plurality of flash lamps may
be arranged in banks with a staggered configuration, such that a line drawn from
one lamp to the lens 828 of Figure 8C does not impinge another lamp. In other
embodiments, the flash lamps may comprise a close-packed planar linear array.
The flash lamps may be disposed in parabolic reflector troughs, involuted parabolic
reflector troughs, involuted irregular reflector troughs, or any combination thereof.
In other embodiments, more than two banks of flash lamps may be used.

[o102] Figure 9A illustrates an alternative embodiment of a flash lamp apparatus
800. A body portion 902 is provided with a substrate holder 904 at one end and a
radiance region at the other end. Radiance region 906 features flash lamps 908
disposed across the internal area of body portion 902. Each flash lamp 908 is
configured to pierce at least one side (e.g., two are shown) of body portion 902.
Body portion 802 may be hexagonal in cross-section, octagonal, square, or any
advantageous shape. Flash lamps may be disposed one for each pair of sides of
body portion 802, or more than one flash lamp may be disposed for each pair of
sides. Flash lamps 908 may be longitudinally spaced along the length of body
portion 902 to avoid spacing confiicts within the body portion. Alternately, flash
famps 208 may be configured to span only a portion of radiance region 906 so as to
avoid spacing conflicts. Backing plate 910 and substrate holder 904 are sealably
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coupled to body portion 802 to prevent intrusion of atmospheric gases that may
provoke arcing or unwanted reactions with substrate or apparatus materials when
exposed to energy from flash lamps 908. Similar power circuits and substrate
holders may be provided with this alternative embodiment as illustrated in Figures
8A-8F. Figure 9B shows a perspective drawing of apparatus 200. The sealing
portion of substrate holder 904 is removed to illustrate the internal arrangement of
flash lamps 908. As with the embodiment discussed above, the inside surface of
body portion 802, backing plate 910, and exposed surfaces of substrate hoider 904
are lined with a reflective material. It should be noted that any arrangement of flash

lamps 908 may be used to deliver energy to body portion 902,

[0103] Flash lamp apparatuses illustrated in figures 8A-9B may be constructed of
any advantageous material that can be fitted with a reflective liner. For example,
the outer surfaces of body portions 800 and 902, and the outer surfaces of radiation
assembly 812 (including trough reflectors 818) and backing plate 810 may be
constructed of metal, such as nickel. The reflective lining disposed on the internal
surfaces of those elements may be a reflective metal, such as silver, or a reflective
polymer, such as a chlorofluorocarbon polymer or similar material. The walls may
be fluid cooled, with forced flow or natural convection, and with or without cooling
fins. Furthermore, the flash lamps may also be fluid cooled by forced flow through
an annular region between a jacket and the flash lamp. Flash lamp tubes may be
doped to remove unwanted portions of the spectrum radiated by the lamps. For
example, tubes may be doped with cerium ions, such as Ce® or Ce* to remove
UV components from the emitted radiation.

[0104] In operation, it may be advantageous to control the composition of space
through which the electromagnetic energy travels. High vacuum is advantageous,
but may be difficult to maintain, and may result in leakage of atmospheric gases
into the apparatus. [n embodiments featuring a silver internal lining, trace amounts
of sulphur compounds in atmospheric gases would degrade the reflective silver
lining. Alternately, the apparatus may be filled with a non-reactive gas, such as
nitrogen or argon. Such gas must be selected to avoid absorbing energy from the
fight source as much as possible. Additionally, the gas should not react with
materials on the substrate, and it should not ionize readily, to minimize the
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possibility of arcing inside the apparatus. In embodiments featuring gas delivery to

the apparatus, a gas delivery system is provided, although not shown in the figures.

[0105] In some embodiments, it may be advantageous to deliver different
wavelengths of light to motivate more or less massive atoms in a crystal Iattice.
Electromagnetic pulses from the two lasers may be interwoven in any pattern which
may be advantageous for accomplishing particular adjustments to a substrate
lattice. For example, pulses may be alternated, or alternated in groups. Pulses
from the twao different lasers may also be applied simultaneously to different zones
of the substrate. Lasers may also be combined with flash lamps in any
advantageous arrangement. Wavelengths of radiation from microwave, through

infrared and visible, into UV may be used.

[0106] In some embodiments, it may be advantageous to deliver electromagnetic
radiation using multiple banks of sources. In one embodiment, fwo banks of flash
lamps may be used. The multiple banks of sources may be energized at the same
time to generate a single pulse from all sources at once, or they may be energized
in any advantageous pattern. For example, an embediment featuring two sources,
or two banks of sources, may comprise energizing the two sources, or the two
banks of sources, in an alternating pattern. Such a configuration may simplify

charging and discharging of power delivery circuits,
EXAMPLES

[0107] PTA treatment of a 200 Angstrom junction layer would be expected to yield
useful results. After implanting with a dose of 10" dopant atoms at an energy of
250 eV, 1000 pulses of 532 nm laser light may be delivered in a train of pulses.
With each pulse delivering an energy density of .3 J/cm?, duration of about 1 msee,
and separated by a rest duration of 30 msec, sheet resistivity of the junction after
annealing is expected to be less than about 400 Q/cm?® The same instance with
implant energy of 500 eV is expected to achieve sheet resistivity after annealing
generally less than 200 Q/cm?.

[0108] For example, after implanting with a dose of 2x10" boron atoms from an
octadecaborane precursor at an energy of 250 eV, PTA treatment was performed

with 30 20-nsec. pulses of 532 nm laser light delivered to a substrate at 5 pulses
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Rest period Cainms: 1. An apparatus for treating a substrate,
conprising: a body portion; a substrate support coupled to the body
portion; a source of electromagnetic radiation disposed in a
radi ati on assenbly, the radiation assenbly coupled to the body
portion; one or nore power supplies coupled to the radiation

G rees ui Rhaseonsh esfn Al Pairfiha ERURBfabR 19 hlElesiHRR of cheray at 2
substrat e demgippof 23dafbmpuksaitingin registiogy of/ 582 0BEHY fallbwilg PTAtteaiment.
J/cn2. 2. The &Rgar at us o

f.claim1l, wherein the sougce, of
ol ect r omadHis 1 090 aNEES ciSistHbF HoBRed e 42F NIGie Facarer 38,100 puises, 401
Q/cm?. A similar anneal process using pulses that each delivered approximately
165 mJ of energy at a density of .258 J/em? achieved resistitivity of 461 Q/cm? after

30 pulses, 391 Q/cm? after 1,000 pulses, and 333 Q/cm? after 100,000 pulses.

0109] While the foregoing is directed to embodiments of the present invention,
other and further embodiments of the invention may be devised without departing
from the basic scope thereof. For example, although the foregoing description
generally involves semiconductor substrates, other types of substrates may be

processed using these apparatus and methods, such as photonic substrates.
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3. The apparatus of claim1, wherein the controller is configured to
generate pul ses of power fromthe power supply to the source of

el ectromagnetic radiation. 4. The apparatus of claim1l, wherein the
controller directs at |east 100 pul ses of el ectronagnetic energy
toward the substrate support. 5. The apparatus of claim1l1l, wherein
the controller is configured to operate an optical sw tch di sposed
between the radiati on assenbly and the body portion. 6. A nethod of
anneal ing a substrate, conprising: disposing the substrate on a
substrate support; and directing at |east 30 pul ses of

el ectromagnetic energy toward the substrate, each pul se having energy
density at least 0.2 J/cn2. 7. The nethod of claim®6, wherein each
pul se is between 1 nsec and 10 nsec in duration.

A Step 20IB Doped region

B, “B” Radiation 202  Region ’
Ci Curve 203 Path

C,; Curve 205  Surface

D, Junction depth 210 Modified area

D, Depth 211 Unmodified areas
E; Energy 215  QGate

El Magnitude 216 Gate oxide layer
Fl Frequency 221 - Substrate bulk material
F2 Frequency 225  Coating

F3 Frequency 226 Coating

F4 Frequency 401  Pulse

Q Heat flow 401A Pulse

Q: Energy absorbed 401B Pulse

o)) Heat loss 402  Segment

Q4 Heat lost 402ZB Pulse

t Period 403  Segment

Ty Temperature 403A Segment

Iy Duration 403B Segment

ta Time 403C Segment

Tq Temperature 404  Segment

10 Substrate 501  Backside surface
10A  Lines 502  Top surface

12 Anneal region 303 Regions

13 Die 510 Support

15 Heat exchanging device 511 Substrate supporting region
I5A  Resistive heating elements 512 Opening

15B  Fluid channels 520  Source

15C  Temperature controller 600  Process

15D Cryogenic chilier 602  Step

16 Substrate supporting surface 604  Step

17 Conventional electrical actuators 606  Step

20 Energy source 650 Layer

21 Controller 652  Sound waves

100 Substrate 654  Acoustic detector
102 Power source 656  Source

104  Energy generator 658  Detector

106  Switch 660A Low-power electromagnetic energy
108  Optical assembly 660B Reflected radiation
110 Capacitor 702 Step

113 Region 704 Step

200  Electronic device 706  Step

201 Doped regions 708  Step

201A Doped region 710  Step
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8. The method of claim®6, wherein each pul se has the sane ener gy and
duration. 9. The nethod of claim9, wherein the pul ses: of

el ectromagnetic energy are generated by one or nore |asers. 10. The
met hod of claim6, wherein the pul ses are generated by interrupting a
conti nuous beam of el ectronmagnetic radiation using an optical swtch.
11. The apparatus of claim1, wherein the controller conprises a
swtch. 12. The apparatus of claim1l, wherein the switch is an

opti cal switch disposed between the radiati on assenbly and the
substrate support. 13. The nethod of claim®6, wherein at |east 100

pul ses of el ectronmagnetic

712 Step 832  Electrodes
750  Pulses 834  Capacitor
752 Acoustic Detector 836 Charging circuit
754  Analyzer 838  Fining circuit
756  Pulses 840  Switches
800  Body portion 842 " Power supply
802  Quter wall 844  Controller
804  Substrate holder 846  Power distributor
806  Reflective liner 848  Leads
808  Substrate 850  Supports
810  Firstend 852  Trough reflector
812  Radiation assembly 854 Ridge
814  Second end 900  Apparatus

" 816  Flash lamps 902  Body porticn
818  Trough reflectors 904  Substrate holder
820  Rear surface 906 Radiance region
822  Point 908  Flash lamps
824  Side walls 9i0  Backing plate
826  Reflective liner 1000 Series of pulses
828 Lens 1001  Pulse
830 Lens opening 1002 Rest period
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energy are directed toward the substrate. 14. The method of claim6,
wherein the substrate conprises a plurality of portions, and at | east
100 pul ses of el ectronagnetic energy are delivered to each portion,
each pul se having energy density at |east 0.2 J/cn®.

Claims:
1. An apparatus for treating a substrate, comprising:
a body portion;

a substrate support coupled to the body portion;

a source of electromagnetic radiation disposed in a radiation assembly, the
radiation assembly coupled to the body portion;

one or more power supplies coupled to the radiation assembly; and

a controller coupled to the power supply to direct at least 30 pulses of
electromagnetic energy toward the substrate support, each pulse having energy
density of at least 0.2 J/cm?.

2. The apparatus of claim 1, wherein the source of electromagnetic radiation

comprises one or more lasers.

3. The apparatus of claim 1, wherein the controller is configured to generate

pulses of power from the power supply to the source of electromagnetic radiation.

4, The apparatus of claim 1, wherein the controller directs at least 100 pulses

of electromagnetic energy toward the substrate support.

5. The apparatus of claim 1, wherein the controller is configured to operate an
optical switch disposed between the radiation assembly and the body portion.

8. A method of annealing a substrate, comprising:
disposing the substrate on a substrate support; and
directing at least 30 pulses of electromagnetic energy toward the substrate,

each pulse having energy density at least 0.2 J/cm?.

7. The method of claim 6, wherein each pulse is between 1 nsec and 10 msec

in duration.

8. The method of claim 6, wherein each pulse has the same energy and

duration.
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9. The method of claim 9, wherein the pulses of electromagnetic energy are

generated by one or mare lasers.

10. The method of claim 6, wherein the pulses are generated by interrupting a
continuous beam of electromagnetic radiation using an optical switch.

11.  The apparatus of claim 1, wherein the controller comprises a switch.

12. The apparatus of claim 11, wherein the switch is an optical switch disposed

between the radiation assembly and the substrate support.

13. The method of claim 6, wherein at least 100 pulses of electromagnetic

energy are directed toward the substrate,
14.  The method of claim 6, wherein the substrate comprises a plurality of

portions, and at least 100 pulses of electromagnetic energy are delivered to each

portion, each pulse having energy density at least 0.2 Jicm?.
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