ULTRAFAST LASER ANNEALI NG W TH REDUCED PATTERN DENSI TY EFFECTS I N

| NTEGRATED Cl RCU T FABRI CATI ON FI ELD [0001] The present disclosure relates
generally to annealing as used in sem conductor manufacturing to fabricate
integrated circuits, and in particular relates to ultrafast |aser annealing
that reduces pattern density effects in integrated circuit fabrication.
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[ 0004] For exanmple, FIG 1 shows a schematic cross-sectional view of a
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pl ot ofeffedte.”’maxi mum surface tenperature Tsm (K) of patterned wafer surface
12 at poly gates GL and & as cal culated by a conputer sinulation of the
convent{0@34l Paredrt déraite cffactsead bamitigaogissusitg 45 atRodleolagehsw Hase-swpgted pol y
gate ovle eats due to poor fhermal conducti viat y of t hF under | yi ng
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process window is still limited by the pattern density effects from inhomogeneous thermal

properties. In particular, the short heat diffusion length (~1um) associated with the

nanosecond pulse duration is not sufficient to average out spatial variations in the material

properties of an IC chip during manufacturing.

[0004] For example, FIG. 1 shows a schematic cross-sectional view of a portion of a silicon
substrate (wafer) 10 with a surface 11 that supports a patterned substrate surface 12, with the
patterned surface being subjected to conventional melt laser annealing. Patterned substrate
surface 12 includes a first poly gate G1 atop substrate surface 11 and a second poly gate G2
atop a field-oxide region 16 formed in substrate surface 11. An absorber capping layer 20
caps the two poly gates G1 and G2. A conventional laser annealing beam 30 scans across the

wafer 10 in the direction of arrow 31 and heats the two poly gates G1 and G2.

[0005] FIG. 2 is a bar-graph plot of the maximum surface temperature Tgy (K) of patterned
wafer surface 12 at poly gates G1 and G2 as calculated by a computer simulation of the
conventional melt laser annealing process. FIG. 2 shows how the capped poly gate G2

overheats due to poor thermal conductivity of the underlying field-oxide region 16, as
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conpared to the poly gate G that resides directly on the silicon wafer.
The bar-graph plot of FIG 2 shows that such overheating due to pattern
density effects can be nore than 200C for the conventional nelt |aser

anneal i ng process. The addition of a phase-switch layer can mtigate the

pattern density effects to sone extent by self-regulati ng the |ight
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descr i B%‘Hllaﬁléf‘rdetf’ﬁ%ea‘i thE PTG SECEIBOm tﬁeaméér@étrtpﬁpﬁrawgw i B8 ar ws, the

cl ai Mgl as the appended drawi ngs. The clains constitute part of
this specification, and are hereby incorporated into the detailed

descri gl b t: | t he
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understandi ng the nature and character of_the disc]osure as it js clained.
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di scl osure, and tgget her with the description serve to explain the
principles angr hmat i s faof he disclosure. The clainms set forth bel ow

constitute part af 7t hi-sf speci f'f'cation and in particular are incorporated
into the detail ed description set forth bel ow
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BRI EF DESCRI PTION OF THE DRAWNGS [0011] FIG 1 is a schematic
cross-sectional view of an exanple silicon wafer in the process of formng
an | C chip, wherein conventional nelt |aser annealing is used to anneal the
wafer; [0012] FIG 2 is a bar-graph plot of the maxi mum surface tenperature
TSM (K) for the first and second poly gates Gl and & of the silicon wafer
of FI G WhereidTiwds pReitsrgechaiiasatansncretderigrigioredycde pattera dsasipyilestsdb#id pol y
gate i.ad: I 0 e fi gate
&0 aneniRAaBsS sk AhicRlont B el B RSARBNRY, ol ikl ghndlpt

schenat ofathelbwtgtraw) afd &), iesaimitia subdtiasf asfacd aaperammse dhe agtisdsdleninaladey di ng
mati c view of idealized

to the disclosure; [0014] FIG . 4A is a plan sch

mel t an@rﬁ&ﬁlw@%er |a%%p&§§é%arla@gf%#q?ékpr@rf3§%s R teprerhsabthepatteraed at i ng
an exa i i i i : > I FIG 4C
are cr g§§1 gﬁgggﬁ fggg:’téﬁvl% égarlsﬁegp ﬂtéé)}girr%% E}SI%F?HE%? u%géém}aﬁeg t%%ée%%u?r@ag"é’”smdés t aken
al ong tdndiatempspant abait 567G belsw(th¢ @elt48)paranira hothby staaningrat fqastodrieve wi dt hs

FIG 40); 0 FIG 4D is a plan view of an exanple fer, alopg with a
Gl ose- ctimsbtsaihest brase e 0 it 56 B e doba o abtslaithe no! udes
an arr ayibsitaté facRhémperatagt BHoW ng exanpl e melt and non-melt |ine images,
which are sized to accormodate the size of the IC chi ps so that stitching

bet ween o§HN S\ RFEIHAP Mt AAda0CaHARS o PRI WBETbshRErt St GhiR sy thh APh7ibga FI G 5
K) éag% tion or

plots the tenperature T versus positi a tenperature curve TCl
of the deadrigntionuhdtdcléows ape imapant wilpbaofehdity spamat tit thdsevkilledso amnarnffothe

non-nelt | aser beam and also shows i.n proper spatial .relati.on the,

Cor r oo JOHTRG R ShreDeR 5T GRS T AT LAl 3 e bR Brint Hngon- el
line i mRgRethildt dSE@RfonOVIEED FRwWRTHRIcl8ME fAGRII 4sARd Blpehli&a daidr queh 6D are
simlar to FIG 1 but show the uitrafast |aser annealing process according

t 0 t he ogigsicoritete pert ohthis sngcidigation, ahd aredierghlyanemsperpisttinto dbedetpitedm and a
single ] aser am(FIG 6A), with two non-nelt | aser beans and a
single dr%‘l[ripnlogs rretggeélﬁ?’( FIG 6B), with an anti-reflectance |ayer (FIG 60,

and w t[%)ﬂh Y toi l?et Enrd\éres?(i)orziqhgﬁa%itﬁj {He(fgrlegbing I:g))er;leral description and the following
detailed description presented below are intended to provide an overview or framework for
understanding the nature and character of the disclosure as it is claimed. The accompanying
drawings are included to provide a further understanding of the disclosure, and are
incorporated into and constitute a part of this specification. The drawings illustrate various
embodiments of the disclosure, and together with the description serve to explain the
principles and operations of the disclosure. The claims set forth below constitute part of this

specification and in particular are incorporated into the detailed description set forth below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 is a schematic cross-sectional view of an example silicon wafer in the process

of forming an IC chip, wherein conventional melt laser annealing is used to anneal the wafer;

[0012] FIG. 2 is a bar-graph plot of the maximum surface temperature Tsy (K) for the first
and second poly gates G1 and G2 of the silicon wafer of FIG. 1, illustrating how pattern
density effects cause the second poly gate G2 to be substantially overheated as compared to

the first poly gate G1 when using conventional melt laser annealing;

[0013] FIG. 3 is a schematic diagram of an example ultrafast laser annealing system

according to the disclosure;
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[0019] FIG 7 is a plot of tenperature T(K) as a function of position
(mcrons) on the wafer surface, and shows a typical wafer surface
tenperature profile fromthe non-nelt |aser along the scanning direction;
[0020] FIG 8A and FIG 8B are plots of tenperature T(K) versus tine (ns)
and tenperature T(K) versus depth, respectively, the plots illustrating

si mul a'[@@l‘!]erfﬁﬁr igmplagsphamaiisiveew efiidealized meakradatonrmaelpling innaggs a¢  a poi nt

on the walef s Hhaas: {l‘]ﬁﬁg& gﬁ@]sgr@tel}{‘% %@ng)ﬁa&qﬁé ?%ISH &%regfohrfglf f?lg tligle i;‘rlﬁg‘%elsan neal i ng

net hod carri ed out w eam an e nelt

| h ' ted in FIG, 6A. [0021] FI i | 1lustrat
exanml ST IIai 164 fad EIC s Efos Brpiohah ks pf gerie meland abueti il the
ul t r af asdagbagankaies thol repbhRad 168 @36 UMERIdialong théi Zdpedtivewidspl ot s

the wafer surface tenperature Ts(K) versus tine (ns) and 1llustrates an
exanpl MG evol ution of the wafer surface tenperature for the |aser
anneal i ng nethod that uses two non-nelt |aser beans and a single nelt
| aser HOAN]s Fib ey isaplan asw of anstxanmipbdwalar, RldBg véiB) a clo8G 2B [nskl ifustiatings a

bar-graph plot simlar to FLLG 2, .and,illustra how t ul.t raf ast | aser
oonesl ARiBogle Rt valsf pirte g it o R A e Bt atind Sl o

ef f ect snély and@sh-mglt 1ide anfdis hwhidRkieizddaoRedoat b GatélinkisBe@meR: Ioethigedd t he two
poly gates GL and & as conpared to conventional nelt |aser annealing (see

FI G 2)that[sgphig Rt@enisea eecarstwithinriergage petveemiie [¢schipsor nal i zed | aser
fluence for the ultrafast |aser annealing nethod disclosed herein as
appl i ed00B7]aF§G] 3 plots the fearpehawielfK3 @ersns positiquhinzepior anahpayatere ¢urveisCi at i ng

the | arger process wi ndow PW shed:lipe.arro for the ultrafast |aser
anneal id F E6 SR Fad BER e ton G Sl St sl R gt b ow Pva
(sol i d 238 aRWShoW®in frBferGpatyL Mélhi@hiAdhe BBréspoAGIAL nBANRM lirtdinagt MighltyFl G 13
is a schematic side view of a portion of the ultrafast | aser annealing

syst emps#filEi(EOP) fori the pemr-tustiiling immeethahisiaas evasdkf walt swifisee t he systemii s
configured to performultrafast |aser annealing in conjunction with gas
i mrer si[8M 8] aE K. Gopirengh AFETRIsiibaDBSORI PHuiGNow the ultrafast laser annealing

process according to the disclosure as carried out with a single non-melt laser beam and a
single melt laser beam (FIG. 6A), with two non-melt laser beams and a single melt laser
beam (FIG. 6B), with an anti-reflectance layer (FIG. 6C), and without any intervening
medium (FIG. 6D);

[0019] FIG. 7 is a plot of temperature T(K) as a function of position (microns) on the wafer
surface, and shows a typical wafer surface temperature profile from the non-melt laser along

the scanning direction;

[0020] FIG. 8A and FIG. 8B are plots of temperature T(K) versus time (ms) and temperature
T(K) versus depth, respectively, the plots illustrating simulated temporal and depth wafer
surface temperature profiles at a point on the wafer surface associated with an example
ultrafast laser annealing method carried out with a single non-melt laser beam and a single

melt laser beam, such as illustrated in FIG. 6A;

[0021] FIG. 9 illustrates an example idealized wafer surface temperature profile associated

with the ultrafast laser annealing method disclosed herein;

[0022] FIG. 10 plots the wafer surface temperature Ts(K) versus time (ms) and illustrates an

example time evolution of the wafer surface temperature for the laser annealing method that
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[ 0026] Reference is now nade in detail to various enbodi nents of the

di scl osure, exanples of which are illustrated in the acconpanyi ng draw ngs.
Whenever possible, the sanme or |ike reference nunbers and synbols are used
t hroughout the drawings to refer to the same or |ike parts. The draw ngs
are not necessariIY to scale, and one skilled in the art will recognize
wher et ¥8s Brappmgsitiesee besaesrandiagingle mslf lasst beany sistea.suelhas Mlagtrdiebict s of

t he dis§kp%gte. In sone of the Figures, Cartesian coordinates are provided
for the sake’of reference and are not intended as providing limtations on

speci fi g ions and orientatiqgns the t nd t hods, descri bed
or e n (0954 dits PR AR ePinncito @i itin e ond SRR B R bUERe BSRSt i (ot e
part of adnBilfngd§ttdins @Hd R8s RiscRRed DRGIA Fhitibste pherflideRdSSdfROtsIS! 10MMind e term
"sem conductor substrate"” and "wafer" are synonynous and used

i nt er chamyeapngller tgrRpaaptges diffisneebetweensiibéve apky satasi@lcend GRAds compased to

surface" . s and. used 4 .changeably, with "substrate surface"
bei ng sCET%ﬁgh§ﬂ$§¥ﬂg%ﬁ%ﬁ%ﬁﬁ@i@?&?e%g%strate surface.” The term"wafer" is

shorth or_. . sem.c uct or fer® such as ed .n the fabrjcation of

it eqr DB PEBURE B daPe Ryt a1 hien o B Wi Boee
letter ankealing H&R6U Higtlov¥darrebin Bs Afifich @ sBIRoRVafR BEYIAARY nhiPimoPRBEES
Kelvin". [0028] FIG 3 is a schematic diagram of an exanple ultrafast

| aser ana@wnp.rijusisasing the(lagge progess Wiodova 8864 Glashedtlinetdaewvaiforthgsiliradast Syst em
100 in . .S h er . [ a,ch 30 ‘having a
chuck UpsortadiE L a5 She oG alold B RSh Mk BREE Sy ReS TR0 L I R 3
pl ane ambwaptirahaddnyentivlahmek1gbef &tlehlinp; Chuck upper surface 132 is
configured to operably support a wafer 10 having a planar surface 11 that
oper abl[gozB]PPRG! B i8 aRehduRitiReMNAER of 8 PoftRmf Hie (IR8fa81 A& bffealiny@ifEmsur f ace
12" or "substrate surface 12"). Exanple wafer surfaces 12 are 1llustrated
in FI GOt ¥l Fliltustigfing An exapplFE@bodimenHahere thagystens isrdfoafgued teperfdiave any

pat et BRI IRA M S G650 iRl aospc ated D fhe
heated so that wafer 10 can be pre-heated. Wafer stage 120 is operably
connected to wafer stage co I 130 is operably connected
to a chuck controller 134. q?%ﬁékﬁﬁgﬁéﬁﬁﬁpﬁsﬁhg so includes a first |aser
system cgnfigured to nerate at least one first. |aser beam 168 used to
o o- o0 s BRecdli Kond Do & 6 fieriiS smpRF et lipRra raniss
whi ch ol wiithepr@ TRIsBated it thelab&riHdg el dr@RingboWtheaber PBSMIE thE siad 6 il t

C

tenperature Tneltl to about 40 elow the wafer nmelt tenperature Tneit.
Accor dirgfgrepce pimbers pad smbnsaremsabbrughpel the flrasyvingsdpaelenty the same phiske

non- nel and the.at le ne.fif. er.,heam. s referred
on- o® phs. 2P ad¥ it S Ml 80P 1 Pteal 834 o R0t Bhma ARSI REBTAE ¢+
syst emwibf: thedldavdegs lave ®eerEhiplilias & illhisoata i l@ynepectEdfitth©pistiogire St em 166

that defines a first optical axis Al. The non-nelt |aser 160 can include a
di ode Pe8ep! the Hguep Gagtewan caqidmalgs are pravided s dle spko of raferenes: andiage noted 10. 6

m cron; - AXI . i e - am 168
51 ot eeiaS flovidiy fufle G806 B Sk Berd dpl AR BTy WARTs POTT &
| ar ge ofzthogs descnibedibarcinariidleeldims ab petdortle kelopl aze erbgabiratediinto And ednstifitd cal
axis A hag an angle 0l . that is substantially equal to the Brewster's angle
for waP¥t oLty dduledslesaPptioRat af or ementi oned pattern density effects from
non-uniform optical absorptions are reduced or mnimzed. [0032] Non-nelt
opt i calV®&yktlarihe gigcyssiondsiavy dheigrm oseaicandpstos substiatq” and nyialfarppie | aser beam
162 an g = | A : < - o 168
L avel 2 B e R o B el O MR 7 ot
( non- medrface? aresyhomgeouk 40d atedniaioechaspgabic evith? 'sub{tAOE]Ir fabt’ Goeidgdshiosthang| an
schemati ¢ view of an exanpl e idegalized non-nelt |line imge 170 as formed on
vt or By PERIEORGICHQE SEbSIIAS SyiaosI ol ederma r WASE s ke angI BF SERCORAUERE | e
NON- wafer” such as used in the fabrication of integrated circuit devices. An exemplary wafer is a

silicon wafer. The letter “K” is used below and in the Figures as shorthand for “degrees

Kelvin™.
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melt |aser beamintensity profile 170P for non-nelt line imge 170 as taken
inthe Y-direction (FIG 4B) and X-direction (FIG 4C). The non-nelt |aser
beamintensity profile 170P corresponds to that of non-nelt | aser beam 168
at wafer surface 12 and defines non-nelt |line inmage 170, e.g., by the

i ntensi [t}% bei n% above a certain threshold intensity ITH Non-nelt i ne

i mage 1928k HRowis aschrapiingiagrastef sy gsane! %mtraiaﬁtsla@r anpeating sy (i . Y)

directi tHeS Non mel t

e i rage g0 sSeREhREH Helhesybel, e E bl o pdlr BLEEE20 80 702

by the émrahdy arppows amhlEde3O4Avu{gODc3141]:k éppefpm(f@de 13an-Wisfei sth@EZO jpeam 168 has
intensity profile in the scanni direction, and a relatively

? | S? uts 3%9%&5%% mope itk the Xy Ygplagg Yonsienalhy 1213516 rdiesgtionnChygk @J@awr@%eam
wi dt h Whx(;d %I)ﬂﬁ@gec?ﬁ) Jp’égalé) g)r’\éuggg&;[n Q%\éageﬂéﬁg))r?&c?%us Wuﬁgcet lheth%atﬁﬁ

profile) for non-melt non- el t mage 170)
is i n tﬂn@p@@ngpatferrmdnmfenﬂurﬁc@& (her¢inatedpotwat® sumfaceA ”emai‘tmbs&ratneamﬁabengt h Li

for 6 n s, f.or n- Line i 1 is

typi cald i FeRer e e At Ry 196 fhtiHE el . ¢ he
scanni rlgelefwﬂef\smcé mwerla@%mp&@&n%@?oﬁd s'im‘fogfa[ ﬁaqﬁmk BGHERRN 1 TRAdtis | | ne

i mage 170 has an associ ated heat diffusion length (depth) into wafer 10 in

t he r arf§éocisteshvith thet vasousbtegesred fatyicatiogifC sps.ni crons.  [0035] Wth
reference again to FIG 3, system 100 al so includes a second | aser system
250 corP02r dalan exag;xmiercau& 830 isdasted smthas eafendO lcars be p@elmateﬂﬁSNafEhﬂagd | east

one se eam is.used to a h re- he ortion of
warer - capisnaH iy R dn vy S aPuR fon o oo (i da b GRS beliRrieds ( and
opt i onab hyhh@addtonbuciy. 130) so that the wafer surface tenperature Ts
locally rises up to the wafer nelt tenperature T nelt, thereby causing the

waf er qﬂﬂj(ﬁ}cgyétgmtl@Ola%q}lél dc@%l [Tlrst lA%‘é\'ggrgérﬂqlSM ’coﬁ‘ﬁS%RdegJ ?e?}l@fatesé{%a%%géo I's

hereafter referred to as system 2 | east one
second ﬂrstsieser b%[mléisasadsto rpea‘ -beat e\dfdr(sulefscet Nebyataidirgatht voufier soethee | aser beam

268. 036 |t .1 t 260
that oot Z iR e exinpls uRe GREHBEb PO BT gNee HabsrIeds of
melt | |t&ﬁ}t)er9&i¥esﬁ,i , &Put MRIC Heﬁﬁz@fhes&yﬁ@:ﬁﬁb@wnﬁlrﬁﬁre‘ 6”@@&)1‘&n§@' firs@pt ' cal

system 266 opera y arranged relative to nelt | aser al ong a second
(el t) laspr system &30 & hAQeaftﬂmreé@tmdﬁb és thelnongpeli laa¢r ss'ytsmelrﬁOmd thewat|leasbenea

beam s i tical fol d-mrror adj ust abl e aperture
267 anz?a ‘%%5?62% %Sorﬁfeop i Qegﬁno%ggn %‘i]?se(sg%%gggsyjstem 266 |g

confi rec e nt nelt | aser bea mnelt |aser 260 and
Corm P - Sah et 'lgfea'éételbgéﬂm%@emﬁoﬁ Ppea o0 aas seamyel REfel | aae:

beam 2§§stérﬁr16§tl?att du@deara ﬁ?rb'tr(f{ﬁﬁﬁl akds A1 S@ﬁ@ﬁ@n (T8R! 1hder h 60 8arl HBRGe 4 dibdee! ati ve
to the non-nelt line inmage 170 so that that the aforenmentioned | ocal wafer

sur f acéasyy @4 CQelas¢mguchas aroontinupuanvaygr éﬁi\i\t’ Jep-potbogidnit migren 6i6H ldseel t)

cur 1 ace T e G Brdeflast SR Tes s SR RE RN 2l or

secondnegtnogahl iaxitentAdgle® ob gt LRRleHEidué ﬁeﬁieﬁi sngl&a). flﬁranlesas;rhglent angl e 02)
[0037] FI G, 4A also includes a plan schematic view of an exangl e idealized
®

mel t | PRECYiFegE fstoptsel peisrbhamngagle b dhatingbstantially eaualte the Browstersd t | i ne
i mage gﬂe%e £dr fer‘@ @lefls@‘theﬁf GraL Qntlidl’?llt(ég #gt?%rédgﬁglﬁfcetffegg A oS5 Bl | on

Cross-secti ona an exanp
optical absorptlons are reduced or m1n1m1zed.

[0032] Non-melt optical system 166 is configured to receive an initial non-melt laser beam
162 and form therefrom non-melt laser beam 168. Non-melt laser beam 168 travels generally
along first (non-melt) optical axis Al and forms a first (non-melt) line image 170 at wafer

surface 12.

[0033] FIG. 4A is a plan schematic view of an example idealized non-melt line image 170

as formed on wafer surface 12. FIG. 4B and FIG. 4C are schematic plots of an example non-
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profile 270P for nelt |aser beam 268, which intensity profile defines nelt
line image 270, e.g., by the intensity being above a threshold intensity
"ITH Melt line inmage 270 has a length L2 in the Y-direction and a width W
in the X-direction. [0038] FIG 4D is a plan view of an exanple wafer 10
that includes a close-up inset illustrating an exanple region R wafer

s u r f acemg!? laspihgiapninRupitc pigdids! WPriannen-mett ling iwngpk/ 015 télﬁétcle dheapatitectign gaps

a f i 0 e LS r dicing
the | C GRS XHAARIC. {CR I 158t R Pelteb i o855 8 be't ne
sane aSco@ﬂ’es;ﬁﬂﬂdts tpihat 6 ioRsSmelp @& t?e@rrplf68tdﬂ evarﬁarstnf@w 1@ andrde€ige st @tmeit ligyi t
(1C chips 15 being | aser anneal ed so that the stitching between adj acent

scans J0Rgahd0.se. B the pratendiy-beimetabaneia paitain fhresholdiateesity ro. MNea-paldlinecur s
t hi t
\émcanlsn anéagéggg“?gg??‘.ﬁg%hegﬁ %8:98?)5 nglalﬁlaeéxlgﬂ%ﬁgef”eg)twfb%hg qg}h@?%t? t he

non- el perﬂ»dnde:ularrragélelswg(uh X) damectidr eNorehieltllina émbga ) ik aceginbd Irethgtxhs L2 can
be selected to confine the nelt process to a s ct region R on wafer
sur f acalsg & HELoGHAYs Handiead Bytheéatgﬁ.aﬁ@vvfs%@e%cu ve melting in the
scanni n di rection can be achi eved by contraolling the tim n%ﬁof melt |ight
pul ses [98&H. A typical prarwglt faserbaapnt 08 fas afiassian intensiy peqfilp én the seanmng n t he
proces I C

Ot hor - vrgite B8 ARG ENROBRE Pk AERSRATKS: odohiBh) WRESIHEABRNAT ) e
way i n Heammwidgh Wdr(piéﬁarteel at _ﬁﬂtmq]h half hﬁﬁ#ﬁt]lml(ﬁtm{i\ﬂ) bﬁ/thpr(hfusélm ﬁr?)(ﬁfé)asr taken

anngthesa |\rh%d|r%ct| n be ert er. sub ntially or

cur ved, "8 Iaet 1o rfnarlrﬂlelt QPAg ﬁ@lém thtéa%e FAmAROBE rel ¢
line i np@emare db%utd?fn!n[‘eﬂn Q)(arﬁﬁ!@ bEWM 2n B1 %Hﬁ)%'—tﬁélt i‘ésg‘ He%ﬁ“é%r(and thus
cross-section of the intensity profile 270P. A typical wd for a flat
t op nelfor haseeltlige imagehls/Op aﬁgelcalﬂy inCtherrango fiont abdsi0 6 i ¢o @lm;lt 2() mran [exanpl e,
| ength L2 of ne | i S subst nti,a | engt h Li
of " She Taneely st aJaRE A0 s e i At Pop IR P B TR 0E o rel ¢
l'ine i ngge PAOhBRnkYclaediiay iidRSiol e (dépmﬁnt@walfal 1®nfYhe rangdfR4hl FIG 5
plots the tenperature T(K) versus position (nmm and shows a tenperature
curve Tbautci0 misransdprpbaut REP aricrons.f ace t enperature profile created by
scanning non-nelt |aser beam 168 and its corresponding non-nelt |ine inmage
170 ovd003mdf Bithengfefrerse again tTRHEG nbrsystehthD aberindiedana sat@niclasey spstehi25@ 170P
is overlaid t he in the r rel a e i al reIatr ship. The
oi ot - SRoLeeeD s e i 1t i shel Rerbernash” tRE Aot ens RebPdtRE haxi mum
i nt ensibkyim RYEINBe@to ARThdaeld the @&eﬁea@iﬂe}fﬂdléﬁ enwhey sitfRE 1D Qs 42Bd 8pd t he
position of the nmaxinum surface tenperature Tsm denoted by peak tenperature

| i ne odrrgdigtionpyith nawineltdesst beasm 468 thAnfloptiermlly tmteds;hucét 1¥0 se H@t gesivateonal

l ag, a e di.rection.
{00421 Tk BpRARERY SRt ) DR SR i Rl h B el e LS

t enper gieuwsfetisiirfaoé M2 tylochliemeRNAREIIdNIEIY rsec&?ﬁdﬁlas@ﬂsﬂfenﬁ D80 fHcteafiene | mage
270 substantially resides along_the eak tenperature line (axis) PTL

associ Ee o ek éﬂtﬁhﬁ-ﬂstenhg%t he aileqss ong pesopd kseibam F4tas reforred
DEpe”dhpﬁnﬂ@af%?ﬂ%nXﬁkﬁq&k¥b¥&1Q the width WL of non-nelt |aser beam 168,
t he p05|t|ona a can range froma few microns to several hundreds of
mcron 03@ Gn%E@h l nglwﬂtllerts%%ls m2g(? le ¥ Geltﬁaser%&?'t léar{erz;t(e)saltitl G 1, but
iIIust an exang erel %e ur tr aser annea ng process is
carri edn@attmalsllam baanal%g ltlgat nwnudéehtseﬂlmﬁrméleﬁghqgﬁ&eam@m Slehgdser el t | aser
beam 268. The normal |ine to wafer surface 12 is indicated by dashed |ine

N. TheSXSFFé’il dehilse mgludep 2 malt eptical ystery 269ensrabbpaiganges gl ﬁfé\é?rtomltrar ( as
shown) 19L&, 2Bl

ci rcul ar oail ari z eh&%@?&l )gg{el?ﬁ%% /%%nABg§%g@8%§@3&gg Sé/s%:rﬁ1 m n| m ze t he
af or ennmtudemeﬂeqmtshzqmig otital tysteed 2&@A s foldamiitner Fenar aigttstabla gpature 267 ai n

types of advanced in rate t he pat ned i ne features. are
gener af142 m&ttl%ﬁml@? gﬁfﬂrﬁ%%ﬁ% &rféfeqp Wﬁt@ﬁtﬁﬁ? i3 Rk gﬂérct togeredtt Witidns are
uni di r&%ft'la%@laﬂ)earﬂ P63 Bb (fAE fiser60 aBQ'fé’x‘iﬁ aeftfmﬁt tnett rb@a@mgg&tﬁ %htbe used
at a relatively large incident angle g., range from about 50
degr eepulses %BB)JtMEB labegbees 268Marins ahwafen smrdi@ndé arﬂeamrel (lnmlu) @npem@geritﬁ%ul ar
to the ed lines. In an ampl e,. the i.nci dent for non- el t

| aser st ToREgH BT fa B0 anpe b DAt LG NGRS Rt dont
to close to 90 degrees, with the afgggenentioned Brewster's angle being a
good choice. [0044] FIG 6B is simlar to FIG 6A and illustrates an

exanpl e ultrafast annealing nmethod that utilizes two non-nelt |aser beans

168. In this case, one non-nelt |aser beam 168 can be used to heat the
waf er surface 12 to an |nt er medi at e terrperature and the ot her non- nel t

o o Y e o Y Y D



9/ 24 [0045] To inprove light-coupling efficiency and to further reduce the
pattern density effects associated with nelt laser 260, FIG 6C illustrates
an exanpl e enbodi nent wherein a dielectric anti-reflectance |ayer 21
deposited atop wafer surface 12 is used to enhance the absorption of nelt

| aser beam 268 at bare silicon regions while preventing overheating at

shal | owngktiagercurs olngan examplagrabpdimengiconthenelpropsite euisl A isrsubsipriialiyrig

syst ens i sgl i i junction with
ot her xRl B R T BTy PR B e B "o
exi st i ngcidestunipessdcond vptecal ais a2aapbe chiptoydd €scofFlans Allsionbidentcaplei )9

| ayer 20 (either partial transparent or opaque; see FIG 6A and 6B)) or

anti - r efpbs7t FNGE4A A¥Blindlirddsa 50 schembti¢ VBRI oflaNRk M BletifdliREReRYind Mnhgy M ty
(see FIGS. 6A and 6B). Alternatively, ultrafast |aser annealing systens and
met hods2 i asdparsslomwesier surtian 1Beclagpys toeg@ndigleling inage 178 EIG.stl b BIGLAC as

shown i | Y y.addi tional  technigues or intervening medi um
0047 g Aot IR baf BARREbY NG BEII A B Sk MR 0 T e

par ti cyrafilel 279 foamele &lsértgamys] aichdntendtof profilel RfiGEAMED N URgdd TN,
formation for advanced transistor fabrication, the nelt depth is typically
in t he S&nethsantgnsitypeingadese a thyeshwldimieasity le el ding imagred K has adength
short - wayg| ! : | Ll optical absorption coefficient
may t hus @Bﬁﬂgi Nggb%?ﬁ??%§ﬂéﬁgéﬁ%?@§?9gﬁgg€bth into wafer 10. Exanpl es

| asers [B{%SJ n%;[(t} A3%e] E}%r@ gielwn&l alﬁdeg(a@%&eev)\(/&'er thlafJl §eludt€a Frose fp 388 nm XeCl
exci mer- l'aser) and "a di ode punpe nm~ For Taser annea |%g applications
t hat r diustraging eh akdnvslk yegi@eR watbt sirfagd12. RRE@SER intlublesan muthisdrafical opti cal
penetration depth can be used as the nelt |aser, 260, such as_a 1064 nm

Nd: YAG Dasdy sgreed apasp by gapy 17, epgoauar! 1egiogpr @xasipn gsed tadomg pathetlingn iqrat e of

melt | I S dean t AN i 1 \J t he
ccan- dirans PR 0ER oF IR KR PR AR Bey QR b A hBES B dac
poi nt omultipfeemmesuhd sieeoflthe phiculas iepaatné dirciec@Cy elsipal 5 baagfasernenealed | i ght
pul se 268P fromnelt |aser 260 (i.e. dj t It Tine i . 270 at

| east jS04R{RAANCEREOLUNEE aeens(aéfaa&%ﬁgﬁéf SCoaf %m—m&f&n BEl Pt | aser
260 i s jthaliddz1 70randR98 b6 urs i ghpdM9! TRE IHRAMLE DISInFIGE BB ih@BgEs Rhert kHz toO
100 kHz. Tn an exanple, the tenporal width Atm of the pulses 268P in nelt

| aser ldiaeEeansSGlandidY agitchedbm about 5 ns to about I[ts (see FIG 3).

Exanpl e velocities for wafer stage 120 range from 10 mmis to 1000 nm's, and
a typi ¢é039\ bt dn dBnipde, atiehdt onk nEthemagend@iOné snagp dertgtl DO and dreandt likér an

exampl e, nelt ser, 260 nerates a nelt | aser beam 268 havin n anount of
pover BEESEEReDES fefﬁ[d? @%ngﬁecr%é%?n%the Pl aremcbiogyisiart fagon [Gong,
syst emyh@l satEQ EPbdsRRStHaY dbMEdUAaT ify TR Bl &live #R1tdpah (HeiGRkitg @ ‘é’_?_f er

surface tenperature and generates in response a tenperature signal

r epr esdhteitanaanbf athieveddaseomedllingftbe timing alovelt Bggeuiscs 26SPrslt if ©0&DherSyst em
100 furth jncludes a system controller 300.elgetrically connected to

waf er - SEAGE R Y P Broves cESALHE ik oot §ereine ot pd pORRCER 0. el ¢

| aser Z@RlizeadCUSIRDIIR oftREWoISCICBifips 85 thcR)e QURhEY fedBos that A fRmadRlofg
system control | er 300 conprises a conputer or |ike machine, that is adapted
(e. g., thevay ndpruiagicemplesutChehips.sof t war e enbodi ed in a conput er-readabl e or

machi ne-readabl e nmedi un) to cause the controller to control the operation
of t hel[0040] olmsensibyrproridn? ZPods tekeat adongliBe scBysigatinecton cal beegith®00 i ncl udes a

processqr.. uni "processort) 302 and menory unit ("nmenmory’) 304 n
bxanpt SHiBp by PaPoBGE SiSd e ¢ i fich O bThdirey gt s o Sacbu il v
i ncl udesman liap ehadd 170 is WS SUGE FRFFHM 6 DS HiskiaMYNDEMBioBlcrédsNebtion df0051] I'n
an exanpl e enbodi nent, processor 302 is or includes any processor or device

capabl thedntepsibaueiilsg 74P s é iypisabividilb W 2nknr @ flap aprmelt lasersis amtheiradedd$,
w t hout .l im InQD: ral - or ci al ~pur.nose. mc rocessar .. finite
State. MRG0 Rer B PES gl SPREEL AT B IRl R AP AR Bty e

fiel d- pmegisaherbpbth gabethaho@andAeAmagen 70l giflakosingmsity proddeSHP for | N an
exanpl e enbodi nent theaﬁrocessor is an Intel XEON or PENTIUM processor, or
an AVDTEbRmemage H0genciafly prevideststier pavisthiviens¥ssor s made by AMD Corp. |
Intel Corp. or other sem conductor processor nmanufacturer.
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[ 0052] Menory 304 is operably connected to processor 302. As used herein,
the term"nenory"” refers to any processor-readabl e nmedi um i ncl udi ng but
not limted to RAM ROM EPROV PROM EEPROM disk, floppy disk, hard disk,
CD-ROM DVD, or the like, on which may be stored a series of instructions

execut abl e by 8r ocessor 302. In an exanpl e enbodi ment, systemcontroller
300 i ncl004Hs F&Gdb slotsathe mm@u@da@éarsv@p%wﬁmhm@ Hhowe mtezlamréture
processor.r a \V/ r i ke
stor age rrr‘éed?élij PJ}T 8%%3’]1 er S'I“tf?cgﬁgnsl o tu Y nn%)a ¢ gFErC%P f\:m Eﬁség{, bed
her ei n Jagy bbgn lwphﬁdmm@dsspdmdz@g n@uﬁle&me@kha@nm dWRr vafrehitae-12eadabl e
medi um (e.g., nenory 302) %m ng machine readahle instructi onmééj
conput éronprﬂ@}@}aaersbeamdp@rmgvow WORgsavekyd epthepieldn Hiy MoRYptrtivninagel er
300 to t r of he
oper at "o o I AR A A R ool OF Hehadilad T2
run on 1ptens1eysMAX§Q25f aoh-nedlt lassmbegn &ﬁénsﬂy[p@ﬁﬂé]lﬂﬂl’lenctmﬁmosmbn pf tgr ans

and/ or softvvare dul es ris i pl e nodul.es or c to perform
t he varPEUSUHet %teﬁpef%‘gyf fégp%?ﬂteff 'PK/B itePeTaiiEe igmer s fﬁe ig’ér ation and
functi ofysRlonhINB4RhLOMS 1sQ:‘3HP(Pﬂ1% "ﬂ)to§1t1|oﬂalslé/g'S LEMt50%suhBE nEMRRat Fhe SARPUL €T
programm ng | anguages used for the code nay vary between procedural

code- t yiecliemigulag¥sliteotiabj ect - ori ent ed | anguages. The files or objects need
not have a one-to-one correspondence to the nodul es or nethod steps

descri [je@42]Fln mheramplélﬁlang&demwamhhampgmai wsferra;rface mnpesﬂummnfonatty ons of
softvvar harﬂgehre ane%fl rmaar e, i nt o, processor

r an
302 fort ?ﬁﬂteé P54 vhet vﬁwﬁh@%ﬁ&%ﬁégéwmﬁﬁ%m@ i Pgélaeop%rel n.

Syst emi9p r@ﬁlké)lnne{ (%Qéﬂ’TL 'ass%'ala?éﬂw ﬁleq{onlrﬁﬁt H&%ﬁ?t 45981 REstr %S LML G0,

system contro 00" sends a first control Si to non-nelt |aser

160, wHraphnding pes@gméoclne?’eaml thervadtt We of mpmnmlt lnmbnahtl68;ﬂ;e positeamal 162.

Thi s mi t%a non- nﬁr ﬁser . bea:rglGZ i }grgcgi %zlfd' bg/ -nelt .optical system
166, WEN* FEHREeE FPet IF8HPIfERsHR STV ora Jwpdisda il i nsm‘/Hu TEPHVRI s general ly
al ong fdgiestomoptical axis Al and forns non-nmelt line image 170 at wafer
surface 12. [0056] System controller 300 al so sends as second control

si gnal (%3} OF Il da 1s3afflard6 HON LR Bk S ROBAMAID BLEL M GERAFALE Rkl L1

mel t Iaser beam 262. This initial nelt laser beam 262 1s received by nelt
opt i calansgpéing m@@ﬁ is whirieth ofrousieg 4 fieglefnoomelulapurtbeam| t68land ersirgésame268 t hat
forms nelt, lin 270re|at|vetoth nan-.nel i, A 0 so that
that t HEBbGRLaght T samebi Ol ogare 22 B HEFReLLy 8eter TR o/} syet em

cont r olidcgdend Q%l@b?@f REN lliﬁzexaoehﬂi 168 @A Mehr rBAR(aS sKAVA)Qr WBligle. SFAER
controller 124" to nove (scan) wafer 10 relative to non-nelt and nelt line

i mages nemRlAng, ?3@ from narmalx sripré amiesplarly hebdkized oefirlaser 6 cagalpeaysed to
pre- he%du er B}%ﬁtﬁon ereonlq‘%n(?{o g@gﬁp@( d r{sﬁ ?fg&g.e G LR cRIS %aqf S4 t 0

chuck Cont i ni |ng process

exanpl eerteﬁly s}tpesrbﬂmhcédl iBfegdl @lcalls rtﬂ@pattee@edtlﬁfmeatates e gdngradly n&Ehf r om
pyroneter 280 and uses this tenperature signal to control the intensity of
one or SHater than the faspiavavalepesh anskthair feentampw pnidiegiongl Jimthig gasesy 8t em

Con”%bﬁﬁz&fjﬁﬂ% oy &% Saca‘h'betlﬂ QL”J Raltw%l'[ngl%lz a%?d flﬁﬁ{: Hskablif yaperture

267 to optiona set | 'eng th L I e ’mage 270.
[ 0058] rahige ﬁ(dm;edtbout B@rﬂegrpesa'b ahmﬂ-%ﬁe;legrdes neith ﬁﬁgmld&@elphnglb‘ftmg by the ratio

of line-image width WL to cannn vel oci In a e dwel |
Ol e ¢ PEPPRTS Rahs BsERdieD I o ompin e ieidsiting e I Btinel iReSond

(M) . BonEN68iESH B@één@faﬂ&@h?@ﬁ&% Iffdh WdEQe&O(fﬁoHﬁéltmélHé}ﬁ? ior@&% tdh 6@ deffReén
exanpl e the travel”di stance between two successive nelt |ight pulses 268P

i s smamitbrthe farentdnéiosedoSteavster slanglelheirfeor gnodedfpaeat ur e regi on heat ed by
non-nelt | aser beam 168
[0044] FIG. 6B is similar to FIG. 6A and illustrates an example ultrafast annealing method

that utilizes two non-melt laser beams 168. In this case, one non-melt laser beam 168 can be
used to heat the wafer surface 12 to an intermediate temperature and the other non-melt laser
beam can bring the surface temperature up closer to the wafer melt temperature 7. This

approach provides extra flexibility in tuning the ultrafast annealing process.
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[0059] FIG 7 is a plot of the wafer surface tenperature Ts (K) as a
function of position on wafer surface 12 and shows a typical wafer surface
tenperature profile associated with scanning non-nelt | aser beam 168 al ong
t he scanning direction. The substantially uniformportion of the non-nelt
heating is denoted u and is the region near the maxi num surface tenperature
Tsm whel0848lh d'o immpevedight-sovping-cofi¢icnay andde furkgn redupe beepiteradlensi: effdctsor mity

t ol . I = i .- 209 1h -nmel t
| aser - nsodisied Ryt B RE M 68 Mty 4 bR AN AR RN HE Vet er
sur f aceditleopie aatiueecldct yev 2 8étsitéd@of WBJer sadigtet IQnp asalt tile@hakie (he) ver sus

dept h, respectivyel é In FIG 8A, the _non-ngelt gprti on of the tenperature
prof i | e2bserPERBRAMSY laserbearpdod atharg Higonjegivas while peevaMeRyctheaingal at ur e

maxi wr%hgﬂg‘grﬁ% &hfsglaﬁln?regﬁ%’. the nelt part of the curve is shown as a

dotted Tine and non-nelt “part of the curve is a solid line. [0061] The two
pl ots Gr.8A |G 8B illustrate.sinmnulated,t oral _an ept.h, waf er
B urt acd P IE PR Rt griae 3k Bl Rk RAER oo g 1B T 0

exanpl ein@bnjuletidnl Witlabasi edigtigrecmi@Rb usl b esitigts phesadehsty@iffects) Thehe
exanple, .the non-nelt laser 160 was a CO2 laser and had a dwell tine tp of
0.8 ns.SXTHIBLtechniayss Wekude fangxample the Hyretan Absorpersagamelaxes 40 ksithsee aattirhg t he

non- nel i i 7 r r : = O. Mlt
ooer b dfBESL RO XIORIHr AfTefecils iATICLBE00 hdder D O
30 ns, iwiprdvettheherting uhdemmith@act RE8 draamd@Bla AltemateclpfuliZiist/lawe? and a

wavel ength .of 532 nm . The i.nget. of, FIG 8A shows .in re detail .the_nelt
t enper AMFANgSHFPE 2ad wsthods digclppedhergincan he applisd direoBato F%fﬂlfiaéﬁgér ature

prof i | egisBowh MWIC. 5D WRhOMRIaly BiAtioRd t&hh@ﬁ&%ﬁhf&@enﬁfgi k&dithat peaks at
about 1685K (i.e., about 141}éC). [0062] FIG 9 plots an exanple wafer

surfac E{g@zggp efldhbRe bF w%@le@lzl Zodj 1’\1/{\1%1? Iajs%eg{xl ééSr@gEncfs%rnbché gﬁ{i}fulgﬂaéeﬂ and

illustr an exanpl e idea er surface tenperature pro or an
exanpl enotalingepplidatiaf.abor tlasehallowgakiiogfomebtiadfosadvemesd irbhsigdr at ed in Fi g.

6A. FI 10 .plots the f.er surface tenperature T s(K) versus tine (nms) and
i 11 ust AapEgt ﬁéﬁwﬁgds R S gty f?wglaf @%S&E’ﬁ?\éerﬁs‘léer};ﬁ(’fvvaf er

sur f acgad@mbigisN o shAURhvAQRIEl 1ARE 860 RARMHEANGAQUT #sbQfon EDERRAr Mel t
preheat tenperature of wafer 10 is held constant by nmonitoring the thernal

emi ssi omayf thonbe ired e Himgldhe petctration Hepthvarfte wagarrila dixamplagdasery foymeltdaser 280

and feeding,back tenperature si | o system contraller 300, e data
Sl a0 AR EMRS R b I X I T SR e Rt Saart “neaks
(see Finta. Bor IRk e@alYo ARIlicatid@hhatRed 8RS RAEGRy A6 Mdks, kA ER UANSF With aeM ssi on
fromnmelt heating will not interfere wwth the control of non-nelt |aser

beans BeBtantigbopiwal prneatian daptihcane upedes thegeadklgsqrg6Pheich gy ed8ed o t he
repeti tN i.ght pul ses 268P. | nproved surface tenperature

t
uni f or mc{?gAt[a%geé%]La%elﬁéeeﬁ t of using the ultrafast |aser annealing systens
and ne i scl ose erein.is inprov te tature uniformty of. the
vafer SUPPLCE S50 ARGSbMishrnERL AT Ok eP O et R L R e finne ¢ y
ef f ect selodRy HRRIivyShe VadQlirectiBiewi®@RMET 8f thE enctAfricdhia@® 270.. Bhis ensures
non-uni formty) AT associated with performng the | aser annealing process

can be thas eadhetodnt opywalpesuriare biiheisesgarned gpeelvay atleast one melt light pulse 268P

from melt laser 260 (i.e., adjacent melt line images 270 at least just touch one another). An
example repetition rate for melt laser 260 is 1 kHz or greater, and in another example is in the
range of 1 kHz to 100 kHz. In an example, the temporal width Aty of the pulses 268P in melt
laser beam 268 is in the range from about 5 ns to about 1us (see FIG. 3). Example velocities
for wafer stage 120 range from 10 mm/s to 1000 mm/s, and a typical width W2 for melt line
image 270 is about 100 microns. In an example, melt laser 260 generates a melt laser beam

268 having an amount of power between 20 W and 500 W.
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T1 1" nelt -nonnelt T, -T nmeaub / ATnefi + ATnonnot where dTneit is
the tenperature variation due to pattern density effects from conventi onal
melt anneal w thout non-nelt preheating, ATnonneh is the tenperature
variation due to pattern density effects fromnon-nelt annealing, Tsub is
an initial wafer surface tenperature (which may be el evated by the use of
heat ed W42k Wabycferpnemaasin todflr. Tneistermat @ alsreopmarllnimebinles agytoatgisr80ur es

fromt ht%aﬁ@e@e_c@ai ;[)va%e’?‘%l?rrfac%‘%&ﬁbgfgt%reaepn% gteggrape% lixtl relssgnesre at%ee Ir)rérgt%% siér%ﬁ Rget! vely.
representative of the measured wafer surface temperature 7.

[0050] System 100 further includes a system controller 300 electrically connected to wafer
stage controller 124, chuck controller 134, non-melt laser 160, melt laser 260, adjustable
aperture 267, and pyrometer 280. In an example, system controller 300 comprises a
computer or like machine, that is adapted (e.g., via instructions such as software embodied in
a computer-readable or machine-readable medium) to cause the controller to control the
operation of the various components of system 100. System controller 300 includes a
processor unit (“processor”) 302 and a memory unit (“memory”) 304. An example
controller 300 is or includes a computer with a processor and includes an operating system

such as Microsoft WINDOWS or LINUX.

[0051] In an example embodiment, processor 302 is or includes any processor or device
capable of executing a series of software instructions and includes, without limitation, a
general- or special-purpose microprocessor, finite state machine, controller, computer,
central-processing unit (CPU), field-programmable gate array (FPGA), or digital signal
processor. In an example embodiment, the processor is an Intel XEON or PENTIUM
processor, or an AMD TURION or other in the line of such processors made by AMD Corp.,

Intel Corp. or other semiconductor processor manufacturer.

[0052] Memory 304 is operably connected to processor 302. As used herein, the term
"memory" refers to any processor-readable medium, including but not limited to RAM,
ROM, EPROM, PROM, EEPROM, disk, floppy disk, hard disk, CD-ROM, DVD, or the like,
on which may be stored a series of instructions executable by processor 302. In an example
embodiment, system controller 300 includes a disk drive 306 adapted to accommodate a

removable processor-readable medium 308, such as CD-ROM, DVE, memory stick or like

storage medium.

[0053] The ultrafast laser annealing methods described herein may be implemented in
various embodiments in a machine-readable medium (e.g., memory 302) comprising machine
readable instructions (e.g., computer programs and/or software modules) for causing system
controller 300 to perform the annealing methods described herein by controlling the operation
of system 100. In an example embodiment, the computer programs run on processor 302 out

of memory 304.
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[0064] Typically, dTtionneit is much smaller than ATneit due to an
orders-of -magni tude difference in the heat diffusion |length, and the use of
a |l ong-wavel ength non-nelt |aser 160 such as a CO2 | aser (e.g., 10.6

m crons) operating at Brewster's angle of incidence 01. The former reduces
pattern density effects frominhonogeneous thermal properties while the

| atter 88tk edicpampaton priwnans §ndédrfsetiveremeddes mayreppiissanulsipkonpdulesor

non- uni ] sul e ve ession for A GONES:. 0065]
Aot ho PR erfOEnTnd Rtk et B BeTu SR R R oo R Ry fon and

t enper afut@onlefthe varidie com@omdnts Maktemn 0de Mk typeadiiceaipates proge@mmeatuced
dramatically. In practice, the maxi num non-nelt tenperature Tnonnelt is

li mi t eclaBguagpeussd dor the cede manya s hgtacs prosedwakeodedyiphlagguages i objedter at i on
or gate ' . L t J 1= Lonel i
can’r argerpeRaRilyBe frae s f Al IR deRond thiobidiey it

I AT", , "m68tles kO6thpDR6HH dedsiilreg. tHuethady theaméthodrudgppaleusthay campriken- nel t
(nons urfoRGRRA; O e dapiiars ol Rimyeis, SUABHEE 6 b dovsbsicainge o o
cal cul ?ﬁr@&%ssd:r@rm?&ai'iﬂﬁ&neﬂtfn]gttﬂ@va[rﬁﬂl%' bﬁﬁg%%%ﬁ%@ﬂﬂéﬁ'ﬁ@dik@bgegrh@}eﬁﬂ I's 20C or
less (i.e., AT < 20C) and if ATnelt = 100C, Tsui, = 400C and Tnelt = 1412C,
t hen:

System operation

[0055] In an example of the operation of system 100, system controller 300 sends a first
control signal S1 to non-melt laser 160, which in response thereto generates initial non-melt
laser beam 162. This initial non-melt laser beam 162 is received by non-melt optical system
166, which forms therefrom non-melt laser beam 168, which travels generally along first

optical axis Al and forms non-melt line image 170 at wafer surface 12.

[0056] System controller 300 also sends as second control signal S2 to melt laser 260, which
in response thereto generates initial melt laser beam 262. This initial melt laser beam 262 is
received by melt optical system 266, which forms therefrom output melt laser beam 268 that
forms melt line image 270 relative to the non-melt line image 170 so that that the

aforementioned local wafer surface melting occurs.

[0057] System controller 300 also sends a third control signals S3 to wafer stage controller
124 to move (scan) wafer 10 relative to non-melt and melt line images 170 and 270. In an
example where chuck 130 provides wafer pre-heating, system controller 300 may also send a
control signal S4 to chuck controller 134 to initiate the wafer pre-heating process. In an
example, system controller 300 also receives temperature signal ST from pyrometer 280 and
uses this temperature signal to control the intensity of one or both of non-melt laser beam 168
and melt laser beam 268. System controller 300 also sends a fifth control signal S5 to

adjustable aperture 267 to optionally set the length L2 and width W2 of melt line image 270.

[0058] The dwell time tp of non-melt line image 170 is given by the ratio of line-image
width W1 to scanning velocity Vg. In an example, the dwell time tp is in the range 0f100
microseconds (us) <tp <20 millisecond (ms). To ensure uniform preheating with non-melt

line image 170, in an example the travel distance between two successive melt light pulses
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AT <20C = [(1412C Tnonnek)/ (1012 C)] (100C) [0067] Solving for Tnonnelt
yi el ds: Tnonnel t> 1412 C - ((20C /100C) * 1012C) = 1210C

268P is smaller than the substantially uniform temperature region heated by non-melt laser

beam 168

[0059] FIG. 7 is a plot of the wafer surface temperature 75(K) as a fimction of position on
wafer surface 12 and shows a typical wafer surface temperature profile associated with
scanning non-melt laser beam 168 along the scanning direction. The substantially uniform
portion of the non-melt heating is denoted u and is the region near the maximum surface
temperature Ty where the temperature roll-off is less than a predefined non-uniformity

tolerance €. As an example, for £ = 10°C, u is roughly ~20% of the non-melt laser beam

width W1.

[0060] FIG. 8A and FIG. 8B are plots of the wafer surface temperature 75 (K) versus
time (ms), and temperature 75 (K) versus depth, respectively. In FIG. 8A, the non-melt
portion of the temperature profile is shown as a dashed line that peaks at the non-melt
temperature maximum 7,onme;. In FIG. 8B, the melt part of the curve is shown as a dotted

line and non-melt part of the curve is a solid line.

[0061] The two plots of FIG. 8A and FIG. 8B illustrate simulated temporal and depth wafer
surface temperature profiles at a point on wafer surface 12 subjected to an example of the
ultrafast laser anneal method disclosed herein. In the example, the non-melt laser 160 was a
CO; laser and had a dwell time tp of 0.8 ms. The maximum wafer surface temperature Ty,
generated by scanning the non-melt line image 170 over wafer surface 12 was Ty, = 1500K
(1227°C). Melt laser 260 generated melt light pulses 268P having a pulse duration Aty of
30 ns, with the melt laser beam 268 having a fluence of 75mJ/cm2 and a wavelength of

532 nm. The inset of FIG. 8 A shows in more detail the melt temperature profile associated
with melt laser beam 268, which temperature profile is shown in the main plot as a

temperature spike that peaks at about 1685K (i.c., about 1412°C).

[0062] FIG. 9 plots an example wafer surface temperature 75 (K) as a function of time t
(arbitrary units) and illustrates an example idealized wafer surface temperature profile for an
example of the ultrafast laser annealing method such as illustrated in Fig. 6A. FIG. 10
plots the wafer surface temperature 75(K) versus time (ms) and illustrates the time evolution
of the annealing temperature T at wafer surface 12 using a dual non-melt laser beam
configuration. The non-melt preheat temperature of wafer 10 is held constant by monitoring
the thermal emission from the heated spot on the wafer surface 12 using pyrometer 280 and

feeding back temperature signal ST to system controller 300. The data sampling for the non-
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[0068] This indicates that 1210C is the m ni num non-nelt tenperature
Tnonnelt required to achieve the desired goal of 20C non-uniformty.

Hi gher non-nelt tenperatures Tnonnell will reduce the total tenperature
non-uniformty AT. [0069] FIG 11 is simlar to FIG 2, and illustrates how
the | aser anneal i ng systens and net hods di sclosed herein can nitigate

pat t er nmgk fesdbgekepnael eccus bebusadhe he Peaks ésesthlPe auset hwelt ightwidsest he
. 1 | .
;mr 832@? %éﬂ@ﬂ@%g?ﬁal%%ﬁne%%&gn% Oeﬁﬁﬁ%@(@h@tﬁrgﬁkfe@f& k}%fcgﬁggﬁ}ﬁg ing

non- mel don-aske tasbietamkd88. The pbliaePbetween) ther Eyepdake it theldvetsa®€the260 can be
| oner ed siqnifica tl¥ aimgonpared to that for conventional nelt |aser

anneal i 1§BStMegrate 04 msilidighhRrelses 208P500K non-nelt preheating is provided by
non-nelt | aser beam 168, it is estinmated that the fluence requirenent for

mel t | a5eprodb@ setfc AR A Aued ulBbimitgser beam 268 is about 17%that of the

conventional nelt |aser annealing process. [0071] The | aser annealing

syst engy TELARA AL ; e@é SiflrdPRd Bl eﬁﬁ@alﬁ'lgisgftjfﬁp LR Felis 'dfsﬁﬁ%ecﬁl‘%i‘@ﬁ' i ng

process W ndow as conpa to conventiona aser anneal 1 ng systens and
met hodsis itkptGved nplecitsre tulhefomeityt ofttap tWafdrsmifacesl.2 byomitpjatizg thel aisemehfiaredce f or

a silicaon wafer havin nm_anor phi zed junctions for . conventional | aser
melt arf¥se RYiqR g?‘?S&gle?fg%tf-nha&lP st gpqer, NEJEMRETBHrD Y yeRio8 (Wfntt P and

the ulty ﬁﬁftyﬂgfﬁggsoagtgs%{%;%gi%gf@%mnﬁmﬁ%é&gwd BR%siiffitkagvl ng an

associ at ed process w ndow P e anorphization is intro ed to

| ower tthefallemwingeguagomer at ure of wafer 10. This allows the nelt depth to
stay constant within a certain range of fluence (as defined as the process
wi ndow) when the junction tenperature is higher than anorphized silicon but
| ower than c&as_t ar),)AE sil g%n ramatic inprovenent in the process

wi ndow PW2 i‘s” obisefvedyWi th mofmehtneat 1300K (dashed |ine and dashed
arrow) as conpared "o ptodess wi ndow PW associated with the conventi onal
melt |aser annealing (solid line and solid arrows). Note that for this

appl i cafHepN AT, D NWEkdmsstuteNRriBOS R do PNl dehdiffFeflpukdn REnRRLbAIZE SO
that the thermal budget does not fully crystalli'ze the anorphous silicon
bef or e nideaincagyitivet net-imcltgrgeadng ., J gl the temperature variation due to pattern
density effects from non-melt annealing, T, is an initial wafer surface temperature (which
may be elevated by the use of heated chuck 130), Tyonmer and Ty are the peak annealing

temperatures from the non-melt laser beam 168 and the melt laser beam 268, respectively.

[0064] Typically, AT onmerr is much smaller than AT, due to an orders-of-magnitude
difference in the heat diffusion length, and the use of a long-wavelength non-melt laser 160
such as a CO; laser (e.g., 10.6 microns) operating at Brewster’s angle of incidence 0;. The
former reduces pattern density effects from inhomogeneous thermal properties while the
latter reduces pattern density effects based from optical absorption non-uniformity. As a

result, the above expression for AT becomes:

mell

AT ~ (Tmelt — nonmeltj AT

melt — L sub

[0065] As the non-melt temperature T ,onmer 18 raised closer to the melt temperature 7., the
overall pattern density effects can be reduced dramatically. In practice, the maximum non-

melt temperature 7,,nme is limited by the particular semiconductor process, such as slip
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[0073] Another benefit of the |aser annealing systens and nethods discl osed
herein is the inproved curing of defects and the precise dopant diffusion
tuning as conpared to conventional nelt |aser annealing systens and

nmet hods. The conventional nelt | aser annealing process cannot recover

i npl ant damage outside the nelt region due to its extrenely |ow thernal
budget . geThiagos oupaie peislaidefects. oni gilicpmsidsiran 10ebkagd 4EUCradt Lokhecanl t r af ast
| aser eal | t d t hods-di s in, on the other hand,
providgggg%¢Q§88§M? Z?%gﬁ'ﬁgyﬁe’“%%ﬂ’hg@g%ggé%&%g%%hstrated to inprove the
junction | eakage current at long non-nelt dwell times tp (e.g., several to
a few tens ofrmiA# i sepgndg), For optinmal transistor performance, it is also
desirable to have"the flexibility to tune the dopant profile even slightly
(e.g., by a few nanoneters). Wile this is difficult to achieve with
conventméﬂdl Usinig the abesie farpdad theygrinipjung gop-peltiempadee Leimgettieed taser

anneal i . i d I: i t | east one of
The. nortehu i aeaspieSl B ARTE s A E RS RS, AN F o 3 & 713

IS a scheimhdgetst stocask ein b cacaed.l Mdr ofansplstiethekOfdred tshpdrh@ike t 0 t hat of
FIG 1 and illustrating an exanpl e enbodi nent where system 1004-0 is

conf i guindiarmisy e e omiass (e rHf a20°Opadif difpeat 1HYCi RucoAPUkcandon with gas
innerstn Ligﬁﬁcdgging. In FIG 13, wafer 10 is enclosed within a chamber

i nteri ore401" 6f ~a Chanber 400. Chanber 400 incl udes a top side 402 that

i ncludes a wi ndow 408 that is substantially transparent to the wavel engt hs
of |ight usedArs x80-ngl412°@ser,, heanoe8Ccandomwl)t | aser beam 268. System
100 includes a gas source 420 that provides a gaseous dopant precursor 424
via a gas line 430 tg chanber interior 401 and thus adjacent wafer surface
12. chdB¥il Sabvéng feF Taes: Yisldshus configured to operably support gaseous
dopant precursor 424 adjacent wafer surface 12. [0075]1n an exanple,
systen1controyiﬁihgqgliquﬁg@gghg«Q?nnﬁﬁgqugpggﬁé source 420 and controls
its operation 1 n coordination mﬁt% he ot her | aser anneal i ng operations
described above. In this enbodinment, the | aser energy within the chanber
serves [008i $hisdnditatcsyhsteldl @ ophamipneoungomeli2amperatned Thoas: tequitehto waf er

surface ,L2. Thi,s .allo g~dopants from.t he gaseo dopant ecursqr 424
Co ot Peiuevq e gSuifr Een A FOR3RY RS ks AEBRRHTRBRR s cewtl
Exanpl eedirs g@ustad Fate@oHBAOEMHAY 471 Nncl ude AsH3 to provide for As
dopi ng, and BF3, BCl3 and B(CH3)3 to provide for B doping. [0076] For this

gas- i mygyedi| ORIt a38% siRNREd FIRY 22 1163k AO hovR RNk ‘aﬁﬁ‘éﬁhg E',\%Tté?né”fﬁldt | aser
260, such as a XeCl excinmer |aser operating at a wavel engt’h of 308nmor a

f r equemyhadsidpichded/ideinawe mit gae paiteryg dansity efiieve|te raglube tke t@8Beraturd s
desirahle to provide hj gh-photon r for effective dissoci.ation of
qascondifupaleRiat iebit uBnt Bd R e aubmitis B sk erap P stoy ot ens
and meLhRASn2bfprdagckédE.R) U. S. Patents No. 5,908, 307; 5,888, 888;
5849043; and 5316969, which are all incorporated by reference herein.

[0077] [dd70M BY cRBIARRAE ek %sEﬂSl‘Egea%Kg Wi ChdnlmE R Ras@ Beah1FE8, MR MLRUSe |

nodi fi cations” and vartiations can nmade to the present disclosure wthout
depar t raygirement arheeld piser 260amad bs doperedfighifwanli s ad asupased ®Hhat for i s i nt ended

that the present di.sclosure covers th di fi ions and variations of this
i ool oSTM BB SR B BRGNP TEtgh B DI Fre A BT R e e and
thei r gepvidedl s Hon-melV8ér BeSmCl6RI TRflestiBiatekt thék tAE NSt QbqiarnRat forend

sem conduct or substrate having a patterned surface and a nelt tenperature,
conpr i Hsergd60 and associated melt laser beam 268 is about 17% that of the conventional melt laser

annealing process.

[0071] The laser annealing systems and methods disclosed herein can also improve the laser
annealing process window as compared to conventional melt laser annealing systems and
methods. FIG. 12 plots the melt depth (nm) vs. normalized laser fluence for a silicon wafer

having 30 nm amorphized junctions for conventional laser melt annealing (solid line) having
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scanning at |east one first |aser beam over the patterned surface, the at
| east one first |aser beamconfigured to heat the patterned surface to a
non-nelt tenperature Tnonnelt that is within about 400C of the nelt
tenperature; and scanni ng at | east one second | aser beam over the
patterned surface and relative to the first |aser beam the at |east one

second dwgseeciffed mdsessrigingen P! amdithe aiifalent laser anmeslan disdhesed eredr (sashedlur f ace
fromthg | ratuyre up. to th It tenperature. 2. The nethod of
claim 1&“&%@@@?‘%&%‘2%% (r:l%ﬁe PATE Sﬁlélgﬂlwﬁ)e\g?s the patterned surface to a
non- el rature .that .is between abouit 50C and about 400C bel ow t he
ol t A EE e Byl o GG G e e BeGsedrmpos i ararie 10 his "C, e

at | easfliRiand ifefildep@s6 ktah @8MARIWiINES 2 BLrtdif Bloe BN AUARR(ARIdfinkdl REHeMBE at
t he patterned surface; the at | east one second | aser beam defines at

| east dprecesemindawevhardhejuarctiohempatatere ield gbarrthacamorghided silicon buftloveast t he

at | east _one It Line i e partiall verlaps with th .| east qne
non- el f P Tink Ul WEUBRE moryederm Sl TrGeeYvthodinla 8%l o
wher ei Nwith Tpnme; MMB00K (Hihealink 8@ HasBBEaeORy d8doimpakddtoipi@@ss whdotviewat | east
one nelt line imge have a length that corresponds to a size of a region of
t he patassecided gvuhg%ﬁ‘c@nvemowh@emswnmﬂ%ﬁol& ling #1dmelid ampsligNoe thakher ei n
t he at | an ] itch
a; acerte? 2R MRG0t 18 nBhrh iRt Pe SRERRYC bAAlacl S5 B

thermal budget does not fully crystallize the amorphous silicon before reaching the melt

temperature 7.

[0073] Another benefit of the laser annealing systems and methods disclosed herein is the
improved curing of defects and the precise dopant diffusion tuning as compared to
conventional melt laser annealing systems and methods. The conventional melt laser
annealing process cannot recover implant damage outside the melt region due to its extremely
low thermal budget. This could result in a high junction leakage current. The ultrafast laser
annealing system and methods disclosed herein, on the other hand, provide a greater thermal
budget and have been demonstrated to improve the junction leakage current at long non-melt
dwell times tp (e.g., several to a few tens of milliseconds). For optimal transistor
performance, it is also desirable to have the flexibility to tune the dopant profile even slightly
(e.g., by a few nanometers). While this is difficult to achieve with conventional melt laser
annealing, it can be achieved using the laser annealing systems and methods disclosed herein

by changing at least one of the non-melt dwell time and non-melt pre-heat temperature.

[0074] FIG. 13 is a schematic side view of a portion of system 10040 similar to that of FIG.
I and illustrating an example embodiment where system 10048 is configured to performed
ultrafast laser annealing in conjunction with gas immersion laser doping. In FIG. 13, wafer
10 is enclosed within a chamber interior 401 of a chamber 400. Chamber 400 includes a top
side 402 that includes a window 408 that is substantially transparent to the wavelengths of
light used in non-melt laser beam 168 and melt laser beam 268. System 100 includes a gas
source 420 that provides a gaseous dopant precursor 424 via a gas line 430 to chamber
interior 401 and thus adjacent wafer surface 12. Chamber interior 401 is thus configured to

operably support gaseous dopant precursor 424 adjacent wafer surface 12.
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6. The nethod of claim 3, wherein: the at | east one non-nelt |ine

i mge has associated therewith a peak tenperature axis corresponding to a

maxi mnum non-nelt tenperature of the patterned surface due to the scanning

of the at |east one first |aser beam over the patterned surface; and 18/ 24
of the at |east one non-nelt and nelt |ine inmges performs so t hat

tS ﬁgnglt nn%eaglt onanpspmple; sistanpeeirodlahdqisopatably qoasgcirektogas pejrehd20 a
peak-t e Jﬂt?l%?stl%r 1oﬁ n%olorﬁﬁa{f‘én h%@?ﬁe V\gﬁﬂeei' lgs%p?lﬂ%lafxré%hﬁeef\aﬁ%%@%c}?bzd The

met hod of "any of erei at | east

one firgdovanth ﬂhi’seenaﬁodﬁrﬁaﬁ; the ntaeﬁ@fé@gydwitmﬁahe Heair pavdsad railssss@aﬁergaﬁeoaac h
point of the patterned surface scanned b he at | east one first |aser beam

recei vedopapt rrré%ﬁor&ﬁé ap wgHtas iy hens ware siaes 1a?t Taig atows thedopants fiogs®e beam
8. The &ﬁ%oﬁéntg)?%u or S A Fiersd ﬁfo%g[}ar Zurfawgqﬁﬁ'ug %ﬁﬁec}gster Lgastingne first

| aser time over t atterned sur uring scanni ng of
bet wee rprdz&ﬁs nEgampgle gasedss daspimﬂﬁrenm’sd)ns sﬁéé onvdisde AGH; tdIpeovinddt foo d\safopangy amaf

cl ai s erein. { |east one first |aser beamis generated
with a %ngi‘s%‘g és(qggl 3 IR0 %6% Qﬁpl%y of claims 1 through 9, wherein the
at least one first |laser beamis incident the patterned surface

subst anPP] Jonthingasrigyrarapn dasgipgmealingiappliqationge shstiwayelength areltdasr ns 1

throughgh0 ucﬂ‘%@ %3} 1 3x Btk THE SRR G at a WRTPEAER WF oS BFE eqhichc Rifian ned

via the relatio
YAG laser operatmg at a wavelength of 355nm, is desirable to provide high-photon energy

for effective dissociation of gaseous dopant precursor 424. Example gas immersion laser
doping systems and methods are described in U.S. Patents No. 5,908,307; 5,888,888;
5849043; and 5316969, which are all incorporated by reference herein.

[0077] It will be apparent to those skilled in the art that various modifications and variations
can be made to the present disclosure without departing from the spirit and scope of the
disclosure. Thus it is intended that the present disclosure covers the modifications and
variations of this disclosure provided they come within the scope of the appended claims and

their equivalents.

17/24



where AT is an acceptabl e anount of substrate surface tenperature
variation, ATinelt is a substrate surface tenperature variation due to
pattern density effects associated with conventional nelt |aser annealing,
Trell is a nelt tenperature of the substrate, and T sub is an initial
substrate surface tenperature. 12. The nethod of any of clains 1 through 11,
wher ei nWMhatisglailmedtt one first and at | east one second | aser beam scan with
a gaseous dopant precursor adjacent the patterned surface. 13. The met hod
of any of clainms 1 through 12, wherein the scanning is performed with two

first | aser beans_and_a sinpgle second | aser beam . 14. The net hod of any of
clainms 1 thr om‘ﬁgﬁletil?a of il ife & o ESatuci SUTTARaYisH B%PWW&FQ%@%

anti -ref | agtipRafelANe! cnfpriliigposed atop the patterned surface. 15. The
met hod of any of clains 1 through 14, wherein the patterned surface

i ncl udes a dopeamningrapidastegnedivet lagee beopamer the pétidrecd sirfadg, tlat asdedsyoredfingst i ng
at | east qne of a% t?e at, l,east one first.laser bea nd b), t at ] east
one secon aﬁeégga}m ureaI to héat tile pat?ernecf surface foa non-mré]t%emper?iturehﬁonme]t thafa
is within about 400°C of the melt temperature; and
scanning at least one second laser beam over the patterned surface and relative to
the first laser beam, the at least one second laser beam being pulsed and configured to

heat the patterned surface from the non-melt temperature up to the melt temperature.

2. The method of claim 1, wherein the first laser beam heats the patterned surface to a
non-melt temperature that is between about 50°C and about 400°C below the melt

temperature.

3. The method of claim 1 or claim 2, wherein:

the at least one first laser beam defines at least one non-melt line image at the
patterned surface;

the at least one second laser beam defines at least one melt line image at the
patterned surface; and

at least the at least one melt line image partially overlaps with the at least one non-

melt line image at the patterned surface.

4, The method of claim 3, wherein:
one of the at least one non-melt line image and the at least one melt line image have a

length that corresponds to a size of a region of the patterned surface.

5. The method of any of claims 1 through 4, wherein the at least one first and the at least

one second laser beams stitch adjacent scans within gaps between IC chips.

6. The method of claim 3, wherein:
the at least one non-melt line image has associated therewith a peak temperature
axis corresponding to a maximum non-melt temperature of the patterned surface due to the

scanning of the at least one first laser beam over the patterned surface; and
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16. A systemfor |aser annealing a sem conductor substrate having a
patterned surface and a nelt tenperature, conprising: a first |aser
system configured to generate at | east one first |aser beam and scan the at
| east one first |aser beam over the patterned surface, the at |east one
first |l aser beamconfigured to heat the patterned surface to a non-nelt

t enper at ur e TaeanRBigtofitheat least mqmﬁnﬂnab@mf mefidige dnagdsecerms sethpethaetr e; and

a seco a st em confi gur. t 0.9ene one_second l.aser beam
and saet RBE el EThEr Beu GG +JeErORIahS sl LB IR RP IR EE
rel ati vénetrdnthet find lageaser beam the at | east one second | aser beam bei ng
pul sed and configured to heat the patterned surface fromthe non-nelt

tenperature to the nelt tenperature. 17. The system of claim 16, wherein:

the at 4 east il St o £am i . t i i mge
at the '}p'at ter 2@% nIselttJ}EO aoc:fg?§t% E%llas ecoﬂg&;‘é}g%r‘ﬂ%ééé?n er ?[%g%é] gﬂhggléfsefl g;tc())ﬁg mel t
l'i ne i nfagearsittht Aidepabhesacend kerfteams parforms so that cattepdint sff thapattssabnd | aser

syst ens e configured so that the at |east .one nelt line i mage and the at
least  OHEaHOIARRAGDY Fat fept gae fst faés%teeaahlfef?lé?w lwewea}p%%épuksggo £éf ned
sur f acqeast dffe sebbfd BYSIHRAMOT ¢l aim 17, wherein: the at |east one

non-nelt line inage has associated therewith a peak tenperature axis
corresponding to a maxi num non-nelt tenperature of the patterned surface

gﬂref ;g & hgnch‘ﬂg Imre]tguo(afoftaQ}? of: }:lafn?sals%hrglpg% { Ivsyhse}eirll ARG le%gtaorge 1r§trlasterr1 Bedi tterned
has a dwell time over the patterned surface during scanning of between 100 microseconds

and 20 milliseconds.

9. The method of any of claims 1 through 8, wherein the at least one first laser beam is

generated with a CO, laser.

10. The method of any of claims 1 through 9, wherein the at least one first laser beam is

incident the patterned surface substantially at a Brewster’s angle.

11. The method of any of claims 1 through 10, wherein a minimum non-melt

temperature Tponmelt 1S determined via the relationship:

]:ne — T)'mnme
AT ~ (M] : ATmelt

melt ~ L sub

where AT is an acceptable amount of substrate surface temperature variation, A7, is a
substrate surface temperature variation due to pattern density effects associated with
conventional melt laser annealing, 7. is a melt temperature of the substrate, and 7T, is an

initial substrate surface temperature.

12.  The method of any of claims 1 through 11, wherein the at least one first and at least

one second laser beam scan with a gaseous dopant precursor adjacent the patterned surface.
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the first and second | aser systens are configured so that the at | east one
nmelt line image substantially resides along the peak-tenperature axis of
the at | east one non-nelt line inage. 19. The system of any of clainms 16
through 18, further conprising a CO2 | aser that generates the at |east one
first laser beam 20. The system of any of clains 16 through 19, wherein
the firk} | abler mgihod efpmysofcadaifrisguthendigh déhwhérain thhecagningespariasmed Withst | aser

beami s, ingcident the patterned surface substantially at a Brewster's angle.
21. ThéV§V%F€§$%Pe%H§%3£a@Pgﬁﬁgmfgl?ﬁFBﬁﬁ% 20, further conprising a chanber
configured to operably support a gaseous dopant precursor adjacent the
pattern sulface 22. A t.hoﬂpt fl r _anneal i ng a substrat aving a
ot ter nih sultaBemad o e Taipa hyBiouefa s whEr 2 (Mot Ag berbe it s

t enper adndr@ andilreBédtaite Ayl Br disgdBedabp EHefRttesll ke, determ ning a m ni mum
non-nmelt tenperature Tnonneit via the rel ationship:

15.  The method of any of claims 1 through 14, wherein the patterned surface includes a
dopant profile, and the dopant profile is adjusted by adjusting at least one of a) the at least

one first laser beam and b) the at least one second laser beam.

16. A system for laser annealing a semiconductor substrate having a patterned surface
and a melt temperature, comprising:

a first laser system configured to generate at least one first laser beam and scan the at
least one first laser beam over the patterned surface, the at least one first laser beam
configured to heat the patterned surface to a non-melt temperature Tponmert that is within about
400°C of the melt temperature; and

a second laser system configured to generate at least one second laser beam and scan
the at least one second laser beam over the patterned surface relative to the first laser beam,
the at least one second laser beam being pulsed and configured to heat the patterned surface

from the non-melt temperature to the melt temperature.

17. The system of claim 16, wherein:

the at least one first laser beam defines at least one non-melt line image at the

patterned surface;

the second laser beam defines at least one melt line image at the patterned surface;

and

the first and second laser systems are configured so that the at least one melt line
image and the at least one non-melt line image at least partially overlap at the patterned

surface.

18. The system of claim 17, wherein:
the at least one non-melt line image has associated therewith a peak temperature
axis corresponding to a maximum non-melt temperature of the patterned surface due to the

scanning of the at least one first laser beam over the patterned surface; and
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where Tine AT. i a patterned surface tenperature variation due to pattern

density effects that , would arise using conventional single-beamnelt
| aser annealing, and Tsub is an initial tenperature of the patterned
surface; perform ng | aser annealing by scanning at | east one first

| aser beamto pre-heat the patterned surface to a non-nelt tenperature in
t he range fr onthe fiest and sevond hser syslemstashperfigtuadeo Thas tinedttleashaneamelé iper at ur e

b 50C bel h | d b ' I . d
pul sed 1ea s ides AR Ttk ipptiuctapdt R s ap PR oG

surfaceintet he substrate melt tenperature Trelt. 23.The nethod of claim 22,
wherein the at | east one first |laser beamis a CO2 | aser. 24. The net hod
of claim?22 or claim?23, wherein the at | east one first |aser beamis

For ¢ hel subst 1 ey tabFExb B AERATE BiRRTe AheModRlid RRIMIRCIT |

the at depasitesaieatllédssond Aselasdrdraml S pol ari zed. 26. The nethod of any of
clainms 22 through 25, wherein the at |east one second | aser beamis
provided with a repetition rate of 1KHz or greater.

20. The system of any of claims 16 through 19, wherein the first laser system is
configured such that the at least one first laser beam is incident the patterned surface

substantially at a Brewster’s angle.

21. The system of any of claims 16 through 20, further comprising a chamber

configured to operably support a gaseous dopant precursor adjacent the patterned surface.

22. A method of laser annealing a substrate having a patterned surface and a melt
temperature Tpe, cOmprising
selecting a temperature variation AT for the patterned surface;

determining a minimum non-melt temperature T,oumer via the relationship:

T melt T;mnme
AT ~ (M] : ATvmelt

melt ~ L sub

where AT, s a patterned surface temperature variation due to pattern density effects that
would arise using conventional single-beam melt laser annealing, and 7, is an initial
temperature of the patterned surface;

performing laser annealing by scanning at least one first laser beam to pre-heat the
patterned surface to a non-melt temperature in the range from the minimum non-melt
temperature 7yonmer and a temperature about 50°C below the melt temperature, and by
scanning at least one second pulsed laser beam relative to the first laser beam to heat the

patterned surface to the substrate melt temperature 7

23. The method of claim 22, wherein the at least one first laser beam is a CO; laser.
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27. The nmethod of any of clainms 22 through 26, wherein the at |east one
second | aser beamis generated with one of an exciner |aser, a diode-punped
solid-state | aser and a g-switched |aser, and a frequency-converted | aser.
28. The nethod of any of clainms 22 through 27, wherein the at |east one
second | aser bean1is(frovyded w th an anmount of power between 20 Wand 500
W  29.24the ndihhoettiedd efrpjaimf22corailarm 282 whisredu glie gtdeasivbrs ishlas¢rdegmanni ng i s
performed with two first |aser beans and a,single se d.l aser. _beam  30.
The. ot ol i b PhucrBRE - BRR Whs S pRAPH S BERIBEE R T ot and at
| east one second | aser beam scan with a gaseous dopant precursor adjacent
the patterned surface. 31. The nethod of any of clains 22 through 30,

wher ei n25- Thgmethpd ofany of plaims 2 thaeughadd, pageein dhreatdenst o first laps | nage i s
f or med &%ﬁp%t %” gl east one first laser beamand at |east one nelt line

i mage is tor romthe at | east one second | aser beam one of the
at least one non-nelt line inage and the at |east one nelt line imge are
DYt T hE el Sy P hint o8 RBRAS, Wt hd S Rhsont SELoR0 10 1 @

beam is provided with a repetition rate of 1KHz or greater.

27. The method of any of claims 22 through 26, wherein the at least one second laser
beam is generated with one of an excimer laser, a diode-pumped solid-state laser and a g-

switched laser, and a frequency-converted laser.

28. The method of any of claims 22 through 27, wherein the at least one second laser

beam is provided with an amount of power between 20 W and 500 W.

29. The method of any of claims 22 through 28, wherein the scanning is performed

with two first laser beams and a single second laser beam.

30.  The method of any of claims 22 through 29 wherein at least one first and at least one

second laser beam scan with a gaseous dopant precursor adjacent the patterned surface.

31.  The method of any of claims 22 through 30, wherein;
at the patterned surface at least one non-melt line image is formed from the at least
one first laser beam and at least one melt line image is formed from the at least one second

laser beam;
one of the at least one non-melt line image and the at least one melt line image are

provided to have a length that corresponds to a size of a region of the patterned surface.
32. The method of claim 31, wherein the at least one non-melt line image and the at least

one melt line image stitch adjacent scans within gaps between IC chips on the patterned

surface.
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32. The nethod of claim 31, wherein the at | east one non-nelt |ine inmge
and the at |east one nelt line inmge stitch adjacent scans w thin gaps
between |1 C chips on the patterned surface. 33. The nethod of any of
clainms 22 through 32, wherein at |east one of an absorber |ayer and an

anti-reflectance |ayer is disposed atop the patterned surface. 34. The
met hod 3} anyhomedipdofanof daims?grhoegh dRevkdreintah leagame @f ae dbspubdr daser

i ncl ude dope ofihle, .and th S nt .nrofile is adjusted by adjusting
at |easlkﬁwg%§§%@ﬁ§&gF1@§gg<ﬂgﬁge fit g@l]§g§?w83%§?§hd the at | east one
second | aser beam

34.  The method of any of claims 22 through 33, wherein the patterned surface includes a

dopant profile, and the dopant profile is adjusted by adjusting at least one of the at least one

first laser beam and the at least one second laser beam.
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