CRYSTALLI ZATI ON METHODS FI ELD [ 0001] Enbodi nents descri bed herein relate to
manuf act ure of sem conductor devices. More specifically, enbodinents
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BACKGROUND

[0002] Crystalline semiconductor materials are used increasingly for numerous
applications in logic, memory, energy, and photonic devices. Generally speaking,
large-grain crystalline materials, such as microcrystalline and monocrystalline
materials, have lower optical, thermal, and electrical resistivity, than smaller-grain
or amorphous materials. Amorphous materials typically melt at lower temperatures
than corresponding crystalline materials, typically have lower electrical conductivity,

and are typically less optically transmissive and absorptive.

[0003] Many methods are commonly used to make crystalline devices, including
various forms of epitaxy, annealing, and deposition. A common theme among all
these processes is time. Slower processes allow more time for atoms deposited or

moved from their locations to find the lowest energy positions in a solid matrix.

[0004] As the size of electronic devices continues to decline, the desirable
electrical properties of crystalline semiconductors are becoming more attractive. In
particular, the future progression of Moore’s Law is driving the development of
vertically integrated monolithic 3D devices such as flash memory and DRAM that
benefit from large-scale crystallization and recrystallization. Moreover, as the
dimension of conductive components declines, resistivity of those components is
becoming an issue for manufacturers, and crystal structure of the metals and alloys
that make up those conductive components is becoming an active area of
investigation. Accordingly, there is a need in the art for high-volume, cost-effective
methods of crystallizing materials used in semiconductor processing.



[ 0004] As the size of electronic devices continues to decline, the desirable
el ectrical properties of crystalline sem conductors are becom ng nore
attracti We0 2b18/q33437i cul ar, the future progression of M@eCceEs2020W53587 dri vi ng
t he devel opnent of vertically integrated nonolithic 3D devices such as
flash nmenory and DRAM t hat benefit fromlarge-scale crystallization and
recrystallization. Mreover, as the dinension of conductive conponents
declines, resistivity of those conponents is becom ng an issue for

manuf actgyygivpARSNd crystal structure of the netals and alloys that nmake up
t hose conductrve conponents i s becom ng an active area of investigation.
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met hods of crystallizing materials used in sem conductor processing.

SUMVARY Witlo @058 meni ufe RERIGRIKIHIEIds dlay dlerdi 4 Sraigpaducier yes having sMalhg a

substr at Lih m 6N | ay, } ayer
navi ng <SPS g BRI SURIET GROCUEBte. RRatins Bra B FRHRIREe [PV
area of itéetifdbahdatmelted usiegta foregressiveneldited) psocessaopietverss) \pealgerl ti ng
process of delivering F]ul sed ene{}g to the treatnment area. The treatnent

area i s QNREQY fedhgdieatmert @re’i n1e sRHRRRS a6/ I RN B9V Satized Yt dss of
del i veri d i deliD&rihul Y ] ng
the prody S e e R R e Y Sy e e
cryst al ulsedbehengye ativgredad wrirgsthelprogedsse erystallization peacass.is BBleEred to
DESCRI PTI ON THE W N 0006] So, t hat .t he nner. in ich the
above-re‘iS%”tVEECJ‘JF“F%§[Tl?5eRC§AV%t|ﬁ'%'ts'ﬁléJ 5rS W?t??'%@éﬁft‘?W@Q@Bl@r@hgg%%od in
detail, a nore particular description of the invention, briefly sumarized

above, rBRIEFEDESCRIPTIONCOFTHEIDRAWMANGSENtS, sone of which are
illustrated rn the appended drawngs. It is to be noted, however, that the

appendedostsawi n§s thiak is¢ madreneninywhichi ihal aleoteBoitedt featifres lifsthepresénton and
are therefore not to be considered. limtin i sc%%h_ for the i.nvention
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di agr amses kA hYized BARY R8¢ Bhaa b rdferbf@Sto embodiments, some of

which are illustrated in the appended drawings. It is to be noted, however, that the

appended drawings illustrate only typical embodiments of this invention and are
therefore not to be considered limiting of its scope, for the invention may admit to

other equally effective embodiments.

[0007] Figure 1 is a flow diagram summarizing a method according to at least

one embodiment.

[0008] Figure 2 is a schematic diagram of an apparatus according to at least

one embodiment.

[0009] To facilitate understanding, identical reference numerals have been used,
where possible, to designate identical elements that are common to the figures. It
is contemplated that elements disclosed in one embodiment may be beneficially

utilized on other embodiments without specific recitation.



one enbodi nent. [Ooos]Figure 2 is a schematic diagram of an appar at us
according to at | east one enbodi nent. [0009] To facilitate understanding,
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[0010] Figure 1 is a flow diagram sunmmarizing a nmethod 100 according to at

| east onsefANYED FEScRIPRIORt hods of Figure 1 may be used to increase the
crystal Tty or crystar grain size of a sem conductor material.
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semiconductors. Examples of compound semiconductors that may benefit from the

methods described herein include, but are not limited to, CIGS materials, gallium
arsenide, indium gallium arsenide, indium phosphide, indium antimonide, indium
aluminum gallium arsenide, gallium phosphide, zinc telluride,

gallium/aluminum/indium nitrides, silicon carbide, and other similar combinations.

[0011] A substrate of any of the materials mentioned above is disposed in an
energy device operable to deliver pulsed laser energy, or other types of pulsed
energy such as flash lamp or electron beam energy, to the substrate. At 102, the
substrate is exposed to pulsed laser energy to melt a first treatment area of the
substrate. A single pulse of laser energy may suffice in some cases, but two or
more pulses may be delivered in other cases. In cases where a single pulse is
used to melt the treatment area, the ambient temperature of the substrate may be
increased to reduce thermal stresses from rapid heating of the treatment area. The
elevated ambient is typically less than about 500°C, such less than about 400°C,
for example between about 100°C and about 400°C. In some embodiments, the

ambient temperature may be room temperature or below.

[0012] Characteristics of the pulsed laser energy, such as fluence and duration

are selected to melt the treatment area. Typically, energy content delivered to melt

the treatment area is just below an amount of energy that would ablate the

substrate surface. In one embodiment, two pulses of 532 nm laser light from a

frequency-doubled Nd:YAG laser, each pulse having fluence of about 0.45 J/cm?

and duration of about 26 nsec., separated by a duration of about 31 nsec., may be
3



energy device operable to deliver pulsed | aser energy, or other types of

pul sed energy such as flash |anp or el ectron beamenergy, to the substrate.
At 102, twe2888863dte i s exposed to pul sed | aser ener gy PCo/Used12/083527 r st
treatment area of the substrate. A single pulse of |aser energy may suffice
In some cases, but two or nore pulses may be delivered in other cases. In
cases where a single pulse is used to nelt the treatnent area, the anbient
tenperature of the substrate may be increased to reduce thermal stresses
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| ess than about 500C, such |ess than about 400C, for exanple betweéen about
100C andissiddotmalo@ treatment@reabodi nents, the anbi ent tenperature nmay be
roomtenperature or below [0012] Characteristics of the pul sed |aser
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one enbodj nent, | ses of 532 nm | aser ght froma frequenCé doubl ed
Nd: YAG |iaiéiated @é(cﬁo'btﬁpéé)el’ﬁ\dee'ﬁgthﬁl mekc ehase a@ﬂﬁlta crysialinengeethd 06r & on of

fo mel ¢ §peratue ABRF Mt ) Witherlo AO8 e el ponffa e by 0,
be used rmateniel,ta fréezd freat bagits & popagate through the treatment area as a surface
that is articulated in three-dimensions. The rate at which the freeze front
propagates is typically about 10-30 m/sec, limited by rate of heat removal from the
melt phase into the bulk of the substrate, which is therefore enhanced by

maintaining the substrate at a lower ambient temperature.

[0014] The ambient temperature at which the substrate is most beneficially
maintained depends on the material being processed. Many of the temperatures
described herein are relevant to silicon, doped silicon, and alloys that are mostly
silicon, but it should be understood that other temperatures will be relevant to other
materials. Copper and germanium, for example, have similar melting points that
are lower than silicon, and compound semiconductors containing gallium may have
dramatically lower melting points than silicon. Silicon carbide, on the other hand,
has a melting point higher than silicon. Moreover, the different materials have
different thermal conductivities and thermal heat capacitites, or specific heat
capacities, that influence cooling rates. Gallium arsenide, for example, is a
relatively poor thermal conductor, so a lower ambient relative to its melting point
may be beneficial for crystallizing gallium arsenide. Thus, room temperature
substrate ambients, or ambients below room temperature, may be desired for some

embodiments, while higher ambients may be useful for others.

[0015] The process of freezing typically proceeds faster than the process of
crystal formation, a disparity that is intensified by large temperature difference
between the melt phase and the solid phase. As the freeze front progresses, a
large crystal area develops up to a first distance from the seed material, and a
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[ 0013] At 104, at least a portion of the treatnment area is resolidified to
forma large crystal portion and a small crystal portion. The

resol i di fwoanidms3esay be initiated by contact between thecwaiszophasse’ and a
crystalline seed. As the tenperature near the crystalline seed drops to
near the freezing point of the liquid material, a freeze front begins to
propagate through the treatnment area as a surface that is articulated in
t hree-di nensions. The rate at which the freeze front propagates is
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a | arge [6076}t al AhrlB8, adasarapssais deivered fasthedireatarrid areamliied asercpuise,

from t na ARy pBTY peth KL LR HRY o Yok STy SRR afyd e ke e
processeqsulsé hhay gvetdrantidly daité etnencanpeitaneen of Re Neinkll phrgsel adrdat foe asol i d

phase i s managed by maintai ning the substrate at an el evat ed anbi ent

t enper at!@rPerFure glose tonBertgmpesature f the melbPhase ot xample “{cb‘]"ﬂéﬂséboq’fhe
i nvent or&e i v, el4 j S i

durat 1 oGO FERIHEE RBordlrdS THESEP pBiSe>fEs 8 SibpeoRBHi
ener gy tduratien eleeisel haseuk omthe mass ofdihé sora)iirpdtabarea, dévietodesighanirag tinee

difference b en t | crystal .area and the nelt phase can be reduced
by, pr ef CPSAITIAAET@h PRy [P ofatan & pelesiochpuel BaPoRe FeliaydP the
crystal |d gatrh@hisandst éﬁ@iﬁhﬂg PER/C? d'éﬁ@ér‘y%hﬁ?fscé‘t?ﬂ/e &Y effRidntSohBGedMtSRer 9y

pul se with appropriate characteristics’to the freeze front, it 1s possible
t o per f gefledtiongef subgtardial pewey oal thiezsttstratenand/or daalage tarthe sobsisate.
substrate tenperature quickly.

[0017] The energy content delivered by the laser pulse is selected to increase
the temperature of the small crystal area to a temperature near the melt
temperature. The temperature may be just above or just below the melt
temperature, such that the small crystal area, or a portion thereof, melts or nearly
melts. The energy content of the laser pulse may be selected to melt a desired
fraction of the small crystal area while providing energy to convert the rest of the
small crystal area to large crystals. Depending on the ambient substrate
temperature, the small crystal area will have a temperature gradient from near the

melt temperature adjacent to the liquid area to a lower temperature far from the
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[ 0016] At 106, a laser pulse is delivered to the treatnent area. The | aser
pul se, which nmay be a freeze control pulse, may nelt the small crystal

area, or wbeolsasss37pul se nay preferentially raise the tecparsatnssef the
smal|l crystal area to a tenperature close to the tenperature of the nelt
phase, for exanple within about 10C of the nelt phase tenperature. The

| aser pul se has an energy content and duration selected based on the nass
of the small crystal area devel oped during the resolidification of 104. The
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energy content of the first freeze control pulse, and subsequent freeze
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second freeze control pul ses, dependi nggegn the mass of small crystals to be
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[0020] In some embodiments, pulses of energy may be delivered to the
substrate to maintain an interface energy of the freeze front above a nucleation
point or an epitaxy point. In such a freeze process, which may be a
crystallographic freeze process, a train of low energy pulses is delivered that limits
the rate of cooling in a boundary layer near the interface to about 500 K/usec or
less. Cooling rates much above this level result in development of low energy
locations along the freeze front interface that nucleate small crystal growth. Each
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substrate to maintain an interface energy of the freeze front above a

nucl eation point or an epitaxy point. In such a freeze process, which may
be a crysweal2bog3aphi c freeze process, a train of | ow enecyuUSpulesss2? s
delivered that limts the rate of cooling in a boundary |ayer near the
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melt and recrystallization process described above, freezing such a 1 cn?
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nonol ithi ¢ 3D substrates, rrultlp e layers of the substrate may be

cryst al |1afteg@arch one treatment. [0023]1n one enbodi ment, a substrate having
at least one crystalline silicon island formed thereon is subjected to a

vapor or[06@3 ul dreRnsibherydAEAG §&%e?étlnfrﬂé@b%“a@ﬂ%ﬁ%oét?ostﬂa#ésc81“?{1]?%%' © oo of

t her eon anor photas ~si |1 con ayer to a dniform

about 7 g sHdpe. scbetlleat/@femstdt dnéraemmthmns, 30yeim, 480 mhor 1&th. | may be
positioned on a work surface of a |aser processi n%hdew ce. The substrate i's
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shape of220fenmse2600 mm) may also be processed according to the methods given
herein. As noted above, monolithic 3D substrates may also be processed
according to the methods described herein. In processing monolithic 3D

substrates, multiple layers of the substrate may be crystallized in one treatment.

[0023] In one embodiment, a substrate having at least one crystalline silicon
island formed thereon is subjected to a vapor or liquid deposition process to form
an amorphous silicon layer thereon. The amorphous silicon layer is deposited to a
uniform thickness of about 7 uym. The substrate with the amorphous layer thus
formed is positioned on a work surface of a laser processing device. The substrate
is maintained at an ambient temperature that is near room temperature, for
example about 20°C. The substrate is aligned as necessary by rotating so that a
die pattern on the substrate is aligned with the cross-sectional shape of the laser
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beam Maintaining the substrate near roomtenperature after alignnment
reduces the possibility of alignnment drift due to thernmal expansion

ef fects. wWbterymss@lry, the substrate nay be heated to resatastée/ossser al |
energy signature of the process. In nost enbodi nents, the substrate anbi ent
will be maintained at | ess than about 200C. [0024] A first die of the

anor phous layer is identified for treatnent, and the substrate positioned
such that the first treatnent die is aligned with the | aser source, for
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The first treatnent die is an area of the anorphous | ayer “forned over a

cryst al Ithaepass|hiltyof adgament driftstud tosthermal separsiongffiectsenAtefatdy Athel/ cn

dd f d d f di e. f
e LRt iy 5 Batet 030l eE e, blera) hrierby Sir it eI the HiSedonil and

durati ommbst Eglbodrh@sts! thd Rabétratet ambfa! RN tbelingaintbifed WP 1és2S tHarPHbeEs
substantially nelt t he’ anor phous silicon material w thout nelting the

crystal 13MBCseed. [0025] The nolten silicon is allowed to freeze for a first
freeze duration of 700 nsec. A third | aser pul se having the sane fluence

and d“rﬁgérz‘%gl : SA: AR €' dfVfle egmfo?prﬁélf‘s ;/e?tuﬁa{jSﬁ‘ﬁﬂE%mfor {ﬁatnT LR fhel aser

pulset reats any Ccr sta row i1 n e nolten si ICOﬂ
driving sdh)etrate) positivaet suucH angtether ylssttaireatrffér& mel isemlignéd amith |tlsetllaeer

allowed to frefeze for a second freeze d%l on of é&200 nsec. ?urth | aser
pul se haAuieP:r O S RIe YN EWVIG E1e @Ok aGR PGORETIBG R e |I08ﬁ 281NGhe
prior pys@e. hedfist Yr%%?rﬁehtodubhi% z%rﬁ beda bF 89 BB ﬂb@s | HRHES Ve

pul se conpl et es conver si on of Irst treatnment die to large crysta
si | i con.crysieli6g THibcaulssedat A |fﬂ;sit leser nowisel ha)/lmmrf@@ncanofa@}deﬁ:elv‘nm iandf or

treat men roce5|sr ated, If the nt d es N

cont ai n iraftph b rREC ARV Eeh R HE it oo dt AHERa B5TavEtoatad (o
seed cr\fderl blsé@bh@'rtasérrp)uust@ BaViBy thd B@rn@ﬁtdern@e%'mrdmgﬂén IPyETver@Y tdthe
converted to |arge crystal silicon. [0027] The nmethod 100 is described using

freeze pisl begtmantida. aime WS laseitpuisespubstantiaynteltdhe @mogmhges giligon
crystal | aser pul ses delivered to convert
t he srralmg%?'gfﬁlﬁ%'fl%gh'@g%h%ghfsgl ngagggn crystals. In other
[0025] The molten silicon is allowed to freeze for a first freeze duration of 700
nsec. A third laser pulse having the same fluence and duration is then delivered to
the first treatment die. The third laser pulse thermally treats any small crystals that
grow in the molten silicon, driving them to convert to large crystals. The molten
silicon is then allowed to freeze for a second freeze duration of 1200 nsec. A fourth
laser pulse having reduced fluence of 0.26 J/cm? and the same duration as the
prior pulses, is delivered to the first treatment die. The fourth laser pulse completes

conversion of the first treatment die to large crystal silicon.

[0026] The substrate is then moved to target an adjacent die for treatment, and
the process is repeated. If the adjacent die does not contain a crystalline seed,
contact with the prior treated die serves to seed crystallization. In this way, the

entire amorphous layer may be converted to large crystal silicon.

[0027] The method 100 is described using freeze periods at 104 and 108 that

result in formation of large grain crystals and small grain crystals, with laser pulses

delivered to convert the small grain crystals into large grain crystals. In other
8



8 enbodi nents, |aser pulses may be delivered after freeze periods that end
before small crystals are generated. As described above, the rate of

freezi ng woaowyogsd3al | i zati on are different dependi ng onPChasasnbiossse7
tenperature of the substrate. Freeze control pul ses nay be delivered, for
exanpl e, before the interface energy of the freeze front drops to a

nucl eation point to start devel opnent of small crystals. Delivering

mul tiple freeze control pul ses after such short freeze periods nmay enable

" ecr yst alhbedhictfls, MhBOkISES MM HeNdelRBR afiey HeBkE peidal AEPERE TR
crystallization nmethods may yield crystalline materials with grain sizes of
50 pm orsmaifecrySIaB ermrggnec@hedentASjelesmebedl alhave, etheh r@tel ee ftﬁezang regiidn of

h pul ded. i
2t an orSr7 BB A T SRR T SOPR NS ar i) R ArE DL R IR nout
subst antrrabky cBhoYi Hdséd mdyIREaEIIVEREE, fof BUEMPRAGRIGH! tBE wtterfeaere%rg?,dehs

energy to the interface, raising the energy of the interface a desired
anmount db@\féeeczﬁefrWchﬂr@@ﬁlt@rﬁ B@G'ﬁ@tlom tpOilnsI terﬂtarélq@demrmmtof srealt eesf@lsal | i ze

a 7 pmthi I I nsec
havi ng f[?uﬁ}%r'ﬁaﬁ{e@g&téﬁféé r{t%g py}é% r QB};{J ggra |ong{’61)‘é ég%ut 26
nsec, Wrebrystillidzion \gutmutigemfer@turigasmellwryetalel $ucﬂep&>g‘re©swe atystallizdton

appr oachi nt% the natuyral freeze rate of about 10 msec. [0028]1n one aspect,

t he pul B P§§éf‘alér¥é‘?|§3pr]é$t§3'@§s@§t%@é§;W'tﬁeﬂraé[b(%z@sl %f Wc}lﬁ’@rﬂr mereyt iheze
energy réﬂe‘?@?%@n?e%t%‘eﬂ re@“\)éﬁhfera%ﬁ‘pfmg@%\"a SihOf [tBUIQé'é n%bg%ﬁﬁi grnergy
positions t0 malntain e process t1s be ieve pul se aser
ener gy rthewmmergye seatedto innaintein $rnmtfr1eeze>fﬂirma$ atmreramgyrﬁnme thegiumheation

tarti not ft h t t t t th t find
el s 1 3058 BRRex rees e IHBOK! SN E AlBr g MRS P2y ehe TdSer

pul se. -@b%hebgfs@%f @n%?%g%o@é éﬁé@yaid)ﬁfh@qme‘i‘l‘é'c@ﬁ r!a?s%ge'ﬂ?é Bhet§) |ofofeoes

thermal energy with solid materi al hi s ermal” energy T's propagated
t o ot herintgrface a Wesived mmeount abavte rﬂm/@untﬁatlpetpmeten Itrrmenmlzet@d that,stome

cases, additi naI ?t oI, e(corre rmrrer?tlzeﬁlb ther g %rel sed
cont i nmrﬁaryts 126 B (L) 1Bk ABIPRRHT I AYeTy AEMEHNY lageh R 3?%3

areas ofnddaensahd diuchbeNaRs i hbost @Q ﬂeWV@Ieeda Mlsba@@etuanlo‘f%ﬂodulﬂ% woul d
ordinarily not be enough to nmelt the small crystals or the anorphous areas
under stnaegamdl awaitipin erewthinfta seawsysteheezs frepbphp erAPPFAACHING the

r eor gani i the additional energy added externally
hel ps drr@%ﬂaﬁﬁggéggﬁa}glaﬁgﬁ gg?ﬁfrsggess [ 0029] Such a nodel of nonenti zi ng
atons in a reorganization is like nelting because atons in a state of |ow
ki netic [etmn gy I’ ®oki aSpextt othe parsedblraeet efhergyt precessat ededcribedhayoviel et i c
ener gy, tons, so the melt". n t tons then find an energy
wett o) artevdiioBonTis SHeBE sHESERLE Riois MOVer ey TODRe NSOy desRsans ©
Moment i 2bhgr bAERS, BRI IR naMAFINER0BeaL RS WoliBpd L Bulslsiaball e
liquid pgase mqﬁhe mat er | V\:ﬁ e@rardorr?en%dm na selgwf erég of atons may
produce energy anomeptlzeﬁ:atomeomgm smlloaypm@rcmDMMl regions; stagingl |

wh t ute to,. ) t th t ext
of o1 1A 858 st fg-coriHuSE HEFLEIE BieEro) aBEseH DS 1288 SR ng
| ow enert@b\)@%drﬁettﬁéltklrﬁeﬂ%rér‘iefgytlr'ﬁ@bfteh'b@ﬁﬂieclagéﬁbgwemhé’@new&%aé@‘d as a
ki nd of Iatent heat. [ono]On a |arge scale, it is thought that maintaining
a reor gdni each @oPhaciieVing titseeneroyrwell beagmesi therraabeae@yswﬁhlnetkwslwdve
Yt ERaE TRl RTS8 b Adh S Bl T S e Pk i LY

An incre I'Ng energy pulses when added to

t he t herrglyeeeeaymoericptized. iy Jonee eages, r@dduwamometbev@me m@ﬁemt@i?edt 0
nonenti ze new atons to nove to | ower energy positions. If such a process is
mai nt ai fydt h%/th%m@i &Pﬁl’%@ﬂ%‘?@ﬂ/ cantinHingr BWLCHS$ rcﬁrfﬁorgcﬁn'4'% the

front, V, t arn ' t al s
may be gr%ﬁnag%wgﬁoﬁ%%%g%%gtgrtﬁglsoqe Er?elﬁ‘gﬁ f fﬁ'gjlsg& a?élévérrgﬁ%?llﬁée(rj hi g
rate, f q@uisesaniphtewantditorddaniys@ot ben esidugboto rh@O3hé Temak nenyglals gouther ate

using freeze control ulses trol to
g amorphous areas nder stangg dbcon ons bu?%ecause thermal energy from the



deliver energy that will nelt small crystals or anorphous material under
standard conditi ons, neaning conditions wherein thernmal energy of

reor gani 280i2018/G3363mot avail abl e. I n ot her enbodi nents, Phe/USa@z@®y3sehput nay
be controlled to deliver energy that will not nmelt small crystals or

anor phous material under standard conditions, but will add enough energy to
the thernmal energy of reorganization to maintain a process of expl osive
grow h. WD 2013/ 033637PCT/ US2012/ 053527 [0032] I n sone enbodi nents, energy
pul ses IrRyrdmiARIoNY BfREsE N3t prBEAL AhB AddfBbAalPERSSy A @iebrh Sy Rk of
smal | crystals. In such enbodi ments, a simlar thé&f mal phenonenon is

t hought drivedbeueoiganigation préeessher nal energy rel eased on freezing, the

| atent heat, is propagated into the nelt phase and the solid phase. The

t her mal gy Br i pt aj ni the liquid_ s f_.the nelt e,

al'ong. witDiESbier 5y SRl Abef b Gaolrte’s 3b8/Gr ManbCy T, nBIRRE:

ef fi ci erddcausgrnomissinaa sefte WM IBwPKinEES enerjiersdlid steprndse daokhrl Ints 2l

energy bal ance at the crystallization front. Engr[r%,, of material on both
n

si des ofSteleeoTthigher KigetiePREraYenisikidl pioMmeasel theyymednd i¥enihe aloss Hen
d L | e of
the: subdTichi ncrdf Wl Brdl SHBLGR 16 ovEReimE! hel kel Ehdiy. HEYEdd Y

over si IMomentizinddargeheusibers ohatoomsluedysptduecesdr rapgtay a detectadé Yiquiel | |
while the silj C@]% oxide is relatively. insul ﬁtﬂlqﬂrﬁta The silicon oxide reduces

the rat PESCWR ¢ Maeal WaHergomMesdivieg sma! i, ChAPHhiNRE PrIFe
SUPPT €SSnty &Gk f4dc,%l§?’e@?@;"aﬁiztal%ﬁ 6%@658%’[&%6&%?% Sﬁ’?(atll,eféq%n reih 1 nput

to maintalnh an Iclent,” or expl 0S| ve, regrovvt h process 1 s eSss or
silicon aoms ard a&hi reitg tohiowleererexgyepdsiionms, florthexamiexd abdweltngdwEnd2. 5 pm

thi ck, than for relatively thinner oxide,layer, .for exanple |ess . .than
sbout | 1. Beproni e Titinal areraw relkesed: DoAY Tiding JpGueneigy Wels shets
energy fdemedrie tséil kinefle ehBRBAAYHeeRbugresf 4t0a Rindt bratmbabaat e al so

affects the rate of energy input that effectively pronotes the regrowh

process. Wth anbi ent energy being added to the substrate, energy |oss at
t he regrlB®¥0h f r@ﬁ‘tai@fg@l&m%,,lt isdhaugkigthehmpiptestes & NeRyIFUZaHAMPRASR wit h

I t - i ' . which .
freoros 1arTeEHal RS Sroleidt RISyl rhsttlcnle’ S ERLE FORRER
al | owi ngvhible lae@r onkstalpigpowsguiokiy e An recremeant afegradrgy rhap de] uded ukingence,

pul se duration, and pulse timng all affect the rate of ,
energy pulses that, when added to the thermal energy released by the ongoing

reorganization, is enough to momentize new atoms to move to lower energy
positions. If such a process is maintained by maintaining energy at the regrowth
front, or the freeze front, in a window that is above but near an epitaxy point, large
crystals may be grown from amorphous material or small crystals at a relatively

high rate, for example about 10 m/sec. in silicon.

[0031] The energy input rate using freeze control pulses may be controlled to
deliver energy that will melt small crystals or amorphous material under standard
conditions, meaning conditions wherein thermal energy of reorganization is not
available. In other embodiments, the energy input may be controlled to deliver
energy that will not melt small crystals or amorphous material under standard
conditions, but will add enough energy to the thermal energy of reorganization to

maintain a process of explosive growth.
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energy input to the treatnent area. Wth thicker oxide, for exanple 2-3 pm
and little anbient heating, the conditions descri bed above pronote a
regrowt h woaesgs3d3nat may yield crystals 8 pmin di nensipom/useolasifer .
Timng of the freeze control pul ses described above nay be varied within a
wi ndow of about 100 nsec w thout significant effect on the process.

I ncreasing the rest duration between the pulses will have little physical

i npact on the process, other than increasing the overall duration of the

process,pppgause %Bﬁevér’nbeélﬁnéméteﬁ&@% |88 & At B o@nvé#&i MR GeSiRtein @e2€
into small crystals that are re-ener(i zed by each pulse to pronote an

i ncr errennekbfphaegram\dt avoitkdoundtian ohemad srysialisat Inoerudb\eembedlnnébrﬁSpalméarrmr e

t han ab H e&sec |ncreas%s tﬁEFtrate of h ab 'nqﬁt éyond an Iover@ I
equilibr ﬁrrﬁ‘? ARG 'S higd %RE?L&y'”b"M Jb' SR TRE'EY "8CA3RY %Y ower
crystal |fréeﬁkﬁhg3rthe3'alférit91€%lﬂt isl propagared MteUhs enéldiphasBYarkt tHe 86lid prasse
crystallization. [0036]Wth thinner oxide, for exanple between 500 nmand 1

pm and The thesmahgneray nar@amqtﬁg majetaining ke iliguidasiate of e @edrrfiasenplandr at e
for ar e faster as well. In such an enbodi ment, a
freeze glgﬂf%%gg q%sr,d;e% gllg'el ivered every 300 nsec to drive a regr owt h
process w thout signifi cant thermal energy buil dup. Fluence nay al so be

i ncr easqoig33yp t E)Thee@te tdfeepengyt inplt shiatl efficiexttlyasupports ar ragrawtﬂ erogedso

about 0.6 J/c ure is a schematic dia a ratus 200
Fhort oS albater e e L Lokeh enp BTGBt B sy aialestion el DERaI: ua
200 has iy SREEONTRHY SRIcENA 1 0K € bt Ribved BAARAY BPEondRdon e K

surface 208. The ener source 202 nm ener
gener at dhs, s%tratevbplh ftheorabe/ of rverigly |sg@®e1tratleni sb}thmﬁmll sbodnctlwtyFofgthlee 2.

Al t t 20 t

mor e or SUESLAl DT B L Ag Ty Cdit SUParR AR ek oo B es
Ml ti pl exgder nge%m@haidhaﬁc@mehﬂalb@ﬁ@by%@hvew vidIl, ilsahealilicsarokidd isener gy
pul ses having different power, duration, and tim ng in some embodi ments. A

singl e erﬁhatlgwyg@ﬁ@iaﬁngr nevsilicont exideIreduees thefrieggt whisheliermalieaeiayn, and

200n D 180 By Slcphy Ene Budker IR SuBERigaef AN 8L obSE 0%, Fard A L een
about 1QxiddV andsabrigindEhdy indlA I8 Inbiaten emgyfiieient, t@tedlodite, rgesgth
source 202 is generally controllable with regard to duration, energ

y
cont ent ,Pragess isni%@ for silison: en & relatively dhikar ©xideslayer, for example above
about 2.5 pm thick, than for a relatively thinner oxide layer, for example less than

about 1.0 um thick, because the thicker oxide layer slows the escape of energy

from the silicon.

[0034] Ambient heating of the substrate also affects the rate of energy input that
effectively promotes the regrowth process. With ambient energy being added to
the substrate, energy loss at the regrowth front is slower, so a regrowth process
may be maintained with a lower rate of laser energy input. The rate at which the
melt phase freezes into small crystals is reduced by the presence of ambient heat,
allowing the regrowth process more time to propagate.

[0035] Pulse fluence, pulse duration, and pulse timing all affect the rate of
energy input to the treatment area. With thicker oxide, for example 2-3 um, and
little ambient heating, the conditions described above promote a regrowth process
that may yield crystals 8 um in dimension or larger. Timing of the freeze control
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wi th each of the energy generators 202A-D of the energy source 202. In the
enbodi nent of Figure 2, each of the energy generators 202A-D is a punped
g- swi t chesol2asen3363and t he controll er has an el ectroni ¢ PCRES201RA3527
comuni cates electrically with the g-switch of each laser to control pul se
delivery. Fluence may be controlled by coupling the controller 212 to the
punpi ng devi ce of each energy generator 202A-D. The controller 212 can be
programmed to generated pul ses of energy 214A-D fromthe four energy

gener at %Lﬁs@soaésﬁbe‘ﬂ' é%\%ﬁ a/péé §§rl€@\’/\ht'ﬁ91 dilih@bRNGf %d!ﬁ”l% REKE Withalt on,

and each pul se being rel eased at specific times in relation to each other
[ 0039] ngrpﬁd:aﬁseMAnDhErmeess nﬂrmcreaemg dhegesioduration beiwean dhé gngseashe

| 214A D | t tical axis 216 f |
Cuibst r art el RGeRie A Haat iR e B35 B, 988, bPfetb I Dl 1«
of i nputqpationat tw;%cégé HeReBbY it vARGuS ARIDhREE SRPePdie Ay the Pibediss

energy source 202. The col | ector 204 general l'y has various optical devices,
such as freazeeitonsmabrarystpls dhal, aendefanergized thateaghi Rglsentd Qﬁ@mQ&tanenergy

o e MR BB, R ind i el AP BB b o

| enses, gbout BG .nseti Bieteasardtie Irater of theat inpuv eeyord red ldwereﬂlnequbﬁudnse
from the ener gy. generators 202A-D into a shaped pul se having a desi.red

spati al "BOWEPI dins{herAiA! i eeraydbyilhio il th@hmﬁéerla*h@nghalsmerz@uswavaee%. ne
two or %ﬁc%ﬁp%?éza%gﬂHﬁ@s%pﬁa‘?eWﬁtBE%r?Qv@’s@%?%%ﬂh%a &id}pvi ng a conposite

shape. aper roduc energy f ving a shape that
mat ches a treatnment area of the substrate and a uniformdistribution of

power t dogaepces¥Vitthéninnerabridet far esample beiwsen pO04ihTard sthapedarehéittpy 218

rocesses supst r at iti.oned on the work wor k s rface
D05 1 5 bl Peati AsRE PsuS iet douctiasgy i PELEF AoV BESTs M ng
vari ous He Ratdredy wall &8 sO&h theeribbgihietitea %aeélcbﬁtrbhsmeéeﬁgy beniliger@ from
t he shaper 206. [0042] The apparatus 200 may include an optional acoustic

sensor 2@rnpc¥Id neeedopddye maregronth spressumithodt zimificant dbermal goegn i c
signals 6Jn8[]b.a Fluence may also be increased, up to near the point of surface ablation,

for example up to about 0.6 J/cm?.

[0037] Figure 2 is a schematic diagram of an apparatus 200 that may be used to
practice the methods described herein. The apparatus 200 has an energy source
202, a collector 204, a shaper 206, and a work surface 208. The energy source
202 may have a plurality of energy generators, as exemplified by energy
generators 202A-D shown in Figure 2. Alternately, the energy source 202 may
have a single energy generator, or more or less than the four energy generators
202A-D shown in Figure 2. Multiple energy generators may be beneficial in
allowing delivery of energy pulses having different power, duration, and timing in
some embodiments. A single energy generator that is tunable as to energy
content, duration, and timing may also suffice. In one embodiment, each of the
energy generators 202A-D is a solid state laser, such as a Nd:YAG laser, having
power between about 100 MW and about 500 MW.

[0038] The energy emitted by the energy source 202 is generally controllable
with regard to duration, energy content, and timing. A controller 212 communicates
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13 substrate being processed on the work surface 208. Recrystallization
changes the specific volune of a material very quickly, and can generate a
char act erwet2o/@s@ast i ¢ si gnal dependi ng on the type of pemltsdoosised. Thi s
acoustic signal can be detected and sent to the controller 212 to confirm
formation of a large crystal solid. Qther sensors, such as reflectoneters,
pyroneters, and radi oneters nmay be used alone or with other sensors to
observe phase changes in the substrate, and to observe the propagation of

phase chgRgeachhbOuE ehﬁggeyfggﬁéfa%t%- 209R 431 nthemBRst y‘?%ureé S0 ARPHAL us

200 that may be used to orm et hods described héfein is described in
commonl yerabedigresd dirffigew 2t asels dPdherandPgyidenarators 2024/D03 26 pamped g-

[ 00441 Wi l.e the faoregoing is directed to enbodi nents of, the inventiopn,

bt her - armVICTERRASSEnARH: en 2o lspfer B55.aa. 0 PERo ey Ie! dobl Soip DRt
depart i ngedtfieanyt Wrhpei¢swREPOf ttaehagder toditrdl puidaatielebry S Fldéndehizgd of
treati ngb a substrate, conprising: . .

e controlled by coupling the controller 212 to the pumping device of each energy
generator 202A-D. The controller 212 can be programmed to generated pulses of
energy 214A-D from the four energy generators 202A-D, with each pulse having
different fluence and duration, and each pulse being released at specific times in

relation to each other.

[0039] The pulses 214A-D travel into the collector 204, which aligns the pulses
214A-D along a single output optical axis 216 for relaying to a substrate positioned
on the work surface. The collector 204 has a plurality of input optical axes for
receiving the energy pulses 214A-D from the energy source 202. The collector 204
generally has various optical devices, such as lenses, mirrors, prisms, and filters

that bring the incident energy pulses 214A-D to the optical axis 216.

[0040] Energy aligned on the optical axis 216 enters the shaper 206. The
shaper has optical devices such as lenses, mirrors, prisms, and filters that convert
a native energy pulse from the energy generators 202A-D into a shaped pulse
having a desired spatial power distribution and temporal shape. The shaper 206
may combine two or more separate pulses to form one combined pulse having a
composite shape. The shaper 206 thus produces an energy field having a shape
that matches a treatment area of the substrate and a uniform distribution of power
to process the treatment area uniformly.

[0041] The shaped energy 218 processes a substrate positioned on the work
surface 208. The work surface 208 is typically movable, as indicated by arrow 210,
to allow positioning various treatment areas of the substrate opposite the energy
emerging from the shaper 206.

[0042] The apparatus 200 may include an optional acoustic sensor 220
positioned proximate the work surface 208 to receive acoustic signals from a
13



delivering a first nelt energy pulse to the substrate froma first energy
gener at or; delivering a second nelt energy pulse to the substrate
from a sewondi3diasgy generator; after a first freeze/yseri2oss27
delivering a first freeze control energy pulse to the substrate froma
third energy generator; after a second freeze period, delivering a
second freeze control energy pulse to the substrate froma fourth energy
generator. 2. The nmethod of claim1, wherein the first freeze period has a
durat i oruRfid BafgbrbbeBsdddsn thd GRPESAHES 208, IFISTRBHSBIEH Bfahded fd

bel ow a nucl eat 1 on™poi nt . The method of claim1; wherein the first
freeze specifiol velrmmeg;pfpalmeterm \ary egeickly, et ean gemratenca chaeacteristic

t enperat ure t he ten are eat 0i nt 4. . Th hod of
ol m 1. 3tsP e e BBpe Qo8 ELBAME of st iMde TRB MLt sial B PR 5 o o
sel ect edydtectb@rdRdesdrititd ehé chtrellera? ERtRESh RN SfoRMatien Yo alardgd e§stal Bolidhe
nmet hod of claim4, wherein the first and second freeze control energy

pul ses daikier isgneors, ﬁ@f:falaSer@ﬂegtprT@iﬂItSemrqrnaitermar&ram@ngtﬁis|mey p@u&ﬁedar ea.

6. The I rei 0 for uri ng
the fi r;$6$ér)g)é§&'t%§?b%?d%engg(}g 8 Qtr)ﬁa;e ture o%%@%f !%r g{é SQP% gh ap Gonis
not nor edseare theopropafaiombephaseechangs thragpethemubstrbtesner gy pul se i s
delivered. 7. The nethod of claim®6, wherein a second refrozen porti on is

f or med durlngt e second freeze period,  an nper at ur e of cond

Fof r oredsl Ui oA STRIOTASHGOf AR HeATEtBogeD lHEh THE Becsd 16 G5Brdont r ol

energy F?Héﬁl%db%é%%ﬁbé{@hﬁpem is described in commonly assigned United States Patent
Publication 2009/0032511.

[0044] While the foregoing is directed to embodiments of the invention, other
and further embodiments of the invention may be devised without departing from
the basic scope thereof.
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WO 2013/ 033637PCT/ US2012/ 053527 8. A nethod of thermally treating a
substrate, conprising: identifying a first treatnent area of the substrate;
mel ti ng twe 2hixwsse3vr eat nent area of the substrate by delpcramseeng/ossspul sed
energy to the first treatnent area; resolidifying a first portion of
the first treatnent area to forma large crystal area and a small crystal
ar ea,; reorgani zing the small crystal area by delivering a pul se of
energy to the first treatnent area; repeating the resolidifying and
the reongplt 7d BRimelijs:the first treatment area is a crystalline solid
having | arge crystals of dinension at |east about 8 pm I dentifying a
subsequent treatnent area substantially adjacent to the first treatnent
area; and repeating the nelting, resolidifying, reorganizing,
repeating, arfimeieed of feanaiatsubstiple, §e8INFENY r eat nent areas of the

substrate havoeeliggﬁﬁ'g > Qf?&sﬁ?eﬁir energy pulse to the substrate from a first energy

generator;

delivering a second melt energy pulse to the substrate from a second energy
generator;

after a first freeze period, delivering a first freeze control energy pulse to the
substrate from a third energy generator;

after a second freeze period, delivering a second freeze control energy pulse
to the substrate from a fourth energy generator.

2. The method of claim 1, wherein the first freeze period has a duration less

than a time for a temperature of the molten area to fall below a nucleation point.

3. The method of claim 1, wherein the first freeze control energy pulse has an
energy content that increases a temperature of the molten area above a nucleation

point.

4. The method of claim 1, wherein the first freeze period and the second freeze

period are selected to form a large crystal area and a small crystal area.

5. The method of claim 4, wherein the first and second freeze control energy

pulses each have a total energy content that melts the small crystal area.

6. The method of claim 1, wherein a first refrozen portion is formed during the
first freeze period, and a temperature of the first refrozen portion is not more than
about 200°C when the first freeze control energy pulse is delivered.

7. The method of claim 6, wherein a second refrozen portion is formed during
the second freeze period, and a temperature of the second refrozen portion is not
more than about 200°C when the second freeze control energy pulse is delivered.
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9. The nmethod of claim8, wherein each treatnent area is treated in about 5
psec or less. 10. The nethod of claim9, further conprising maintaining an
anbi ent twoperasse of the substrate bel ow about 100C. PCT/USTHR/0ABRhOd Of
claim8, wherein the reorganizing the small crystal area conprises nelting
the small crystal area. 12. A nethod of crystallizing a sem conductor
material, conprising: delivering a first plurality of energy pulses to nelt
t he sem conductor material; and delivering a second plurality of

energy gl Se%%tﬁ&@bfﬁerﬁaﬁ?%ﬂe‘éﬂng% SUMBtraRT copst Hﬁi’ﬁgf material, wherein
the second plurality of energy pulSes maintain a cooling rate in a boundary

| ayer adj acendemtn:fylagp?rfnr]sagaaim@tfareepéthe supsttdiat i s no nore than about 500

Kti 0 3637PCT/ US2012/ 0 A d .of I
Sent conduct o REa e TSt dTEE| A5 GHRG ubras SHodRErBhe bUidrab o
the subspripé Grdt@eathBanaiaout 100C, identifying a treatment area of a

sem conduct or substrate; performng a ressive nmelt process using
pul sed ener gyeselidifying ﬁé‘ﬁﬁtrmiﬁloar@dheefﬁﬂt treatmerg@reartmfﬁgnaa large crystal

crystal Iaqggaa% aCStIn ﬁ%ﬁestglré}%gss usi ng pul sed energy on the treatnent area.

reorganizing the small crystal area by delivering a pulse of energy to the first
treatment area;

repeating the resolidifying and the reorganizing until the first treatment area
is a crystalline solid having large crystals of dimension at least about 8 um;

identifying a subsequent treatment area substantially adjacent to the first
treatment area; and

repeating the melting, resolidifying, reorganizing, repeating, and identifying

until all desired treatment areas of the substrate have been processed.

9. The method of claim 8, wherein each treatment area is treated in about 5

Jsec or less.

10. The method of claim 9, further comprising maintaining an ambient

temperature of the substrate below about 100°C.

11. The method of claim 8, wherein the reorganizing the small crystal area

comprises melting the small crystal area.

12. A method of crystallizing a semiconductor material, comprising:

delivering a first plurality of energy pulses to melt the semiconductor
material; and

delivering a second plurality of energy pulses to control freezing of the
semiconductor material, wherein the second plurality of energy pulses maintain a
cooling rate in a boundary layer adjacent to a propagating freeze front that is no
more than about 500 K/usec.

16



14. The method of claim 13, wherein the crystallographic freeze process
conprises directing energy pulses at a freeze front of the treatnent area
and mai ntworensg3a637i nt er f ace energy of the freeze front pabmwseoiansapit axy
point. 15. A nethod of processing a treatnent area of a sem conductor
substrate, the treatnment area having large crystals and small crystals, the
nmet hod conpri si ng: directing a first pul sed energy onto the treatnent
area, the first pul sed energy having energy content selected to initiate

transforqmti ; ; : aina- directing a
13t o0 nRthSdet bqy’éféﬂﬁﬁﬁé 8 dePhibGRARLST M%E%eﬂ" Ccﬁ‘ﬁ'ﬂ'lsw&%l ce g

second pul'sed energy onto the Yreatnent area, e second d energy
havi ng ener gymsiomaieing ah &fmbrent terhperatttecoffthe subpidteddse treamggbauid 098Cect ed

to maintain the transformation of small crystals to.large crystals. 16.
The et hodofSently B e dudiancs AL Saemiftn it Bl i it o ne
expl osi ve req:fé?’ﬁﬁrﬁirj[iq]atd'ﬂégr%@@ivb REN pradesstiBingpdeedrentrdy 8n thd freafriéntTet hod

of claim15, where e second pul sed energy conprises a plurality of energy
pul ses taigd; @@ timed to support the transformation by energy rel eased from

acond pui sed BRI g A BlrsptCyretl, FBRRE ind AU el BR e, ™

st andar drgmiienbgreener gy of the small crystals.

14. The method of claim 13, wherein the crystallographic freeze process
comprises directing energy pulses at a freeze front of the treatment area and
maintaining an interface energy of the freeze front above an epitaxy point.

15. A method of processing a treatment area of a semiconductor substrate, the
treatment area having large crystals and small crystals, the method comprising:
directing a first pulsed energy onto the treatment area, the first pulsed
energy having energy content selected to initiate transformation of small crystals to
large crystals; and
directing a second pulsed energy onto the treatment area, the second
pulsed energy having energy content different from the first pulsed energy and

selected to maintain the transformation of small crystals to large crystals.

16. The method of claim 15, wherein the second pulsed energy maintains

explosive regrowth of the small crystals to large crystals.

17. The method of claim 15, where the second pulsed energy comprises a
plurality of energy pulses that are timed to support the transformation by energy
released from latent heat of crystallization.

18. The method of claim 15, wherein the second pulsed energy delivers energy
to the treatment area less than a standard melting energy of the small crystals.
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