MAGNETI C ANNEALI NG TOOL HEAT EXCHANGE SYSTEM AND PROCESSES BACKGROUND
OF THE INVENTION 1. Field of the Invention [0001] The present
invention w®l@éA%7$:19 a magnetic annealing tool heat exghafngg)sdskem
whi ch reduces the manufacturing cycle for the workpi eces processed
therein. The system provides an efficient heating and cooling cycle,
as well as flexibility, as various conponents of the system can be

i ndependently controll ed, depending on the process perfornmed. 2.
Description of Related Art MNASNEIIGHAHNEARINGNEAPE ng
processes that are reqEEREJEXEGHNEERSRESTHE MIDVEROSESSRESI stive Random
Access Menory (MRAM chip on a standard Conpl enentary Metal Oxide

Sem conductor (CMOS). To successfully anneal an MRAM wafer, the
ferromagnetic | ayer nust FERAGEROUAD QFpIEHeINVENNEANt enperature in a
magnetic field for a period of tine |ong enough for the crystals to
orient thenstlvesFigid woien Tdiveettibon upon cool i ng. The process,
which is als rre 0 "soak! | ri out .in _an_inert
reduci ng or g%%ﬁ%ﬁ]enéﬁ%%ﬁ%%ﬁ?i?oggyéégﬁ &%ﬁ%&?%ﬂ%%) ﬂE@EFé}bmhile
they are hel ahmdatheg preedeherti nedhtegpesadine. widhgnetddtcaaneaki ng
tool s generarlnll)‘(uf erat.e bat ch- wi.se ggd ﬁerfo.rm a nunber of. steps.
They i ncl ude™HEATT Ay SRk g Sahdtc 60T i HY S e SR ressé%arri ed out
in a magnetithdreln, e eabkymbprieded. 2 < AdhtTesbdinghengost

of MRAM chi ufactur.ing is linked to the magneti c anneal I ng tool s,
where t he pg% qq”qxfle,gas well as flexibilié%, as various g

components of the system can be independently

controlied, depending on the process performed.

2. Description of Related Art

[ao02] Magnetic annealing is one of three processes
that are required to manufacture a Magneto Resistive
Random Access Memory (MRAM) chip on a standard
Complementary Metal Oxide Semiconductor (CMOS). To
successfully anneal an MRAM wafer, the ferromagnetic
layer must be held at a predetermined temperature in a
magnetic field for a period of time long enough for the
crystals to orient themselves in a common direction
upon cooling. The process, which is also referred to
as “soak” is carried out in an inert, reducing or
vacuum environment to prevent oxidation of wafers,
while they are held at the predetermined temperature.
Magnetic annealing tools generally operate batch-wise
and perform a number of steps. They include heating,
soaking and cooling steps which are carried out in a
magnetic field, typically between 0.02 and 7.0 Tesla.
The cost of MRAM chip manufacturing is linked to the

magnetic annealing tools, where the productivity



WO 2007/ 067312PCT/ US2006/ 044380 2 (acceptabl e devices produced per
hour) is the product of density (nunber of devices per wafer),

t hr oughput wiogmah-Ris531per hour) and yield (ratio of acceptgblesHfVissRs
to total nunber of devices processed) jas dictated by the overall

t hermal / anneal cycle. [0003] Several magnetic anneal i ng systens have
been proposed in the related art. Sone of the systens either reduce
the heating time or the cooling tine associated with the magnetic
anneal i ng pr GBESEPtRpbR 771 g SFosuGedsBehchP Al B dtid AIasRost eps
are in direcgec ' i or r.iously
affect the anﬁegl&%\%@%ygﬁe&%?%%%%?aﬁgg. &’%’g%@fn't tﬁbr%%%g’ 908 to
Yamaga et al (dpSerssesr didwat andeatigsdt (appaeavlisacdemtalger f orms a

heat treat megL. gnetic fi8ld _Fhe_apparat us has heat er whi ch
is arranged @J%ﬁ%ﬁ 1g@vacualulmn\}ll[e“g)sﬁegfl Ogngeggg sgr%f?%esﬁee d ag:;ener at or.
The el ectri cdhebterdilsy diraanyedasd aketrmasanoesd dheleout er

peri pheral s of the vacuum vessel, and.a fluid coqling, section
i s arranged gg{)%]:n t He e éc Wgnﬁgéfe?hﬁ‘ﬁ%ﬁ% Ty glafvleefb&en

generator. [006dd4dd. iPattantrelasel, d4t. 80d4oh2 40 dVackaltells concerns
t he processi n%t of el ecﬁ_{ roni.c device, and nethaods for rapidly heating
substrates. ThUpar tT e M Peabanant 108 cofethe Fadisses ige

cylindrical Aesfciitay wStdniehar @aggéﬁggngﬁﬁ@apir%lﬁmeisgal process
tube. The Iangs are positioned with respect to the cylindrical
process tube’SHEYHa tESEFesesr fretiadgpynd warlingftedferge in the

direction ofgihe-d engfwicte 38Rt bak aXbShed NEHSURSL RS N the
cylindrical aqEl)rocess tube have a | engthw se central axis. The

substrates at®lVrseiuEd Ywiadhientt hiecynnerinalcysloves Forubsasplehat
t he maj or \QPQOQYJ%YCS%PCE/,9§§99§é0éé3§69n§ga et al discloses a

heat treatment apparatus which performs a heat
treatment in a magnetic field. The apparatus has a
heater which is arranged between a vacuum vessel and a
magnetic field generator. The electric heater is
arranged so as to surround the outer peripheral surface
of the vacuum vessel, and a fluid cooling section is
arranged between the electric heater and the magnetic
field generator.

[0004] U.S. Patent No. 6,741,804 B2 to Mack et al
concerng the processing of electronic device, and
methods for rapidly heating substrates. In particular,
this patent document discloses a cylindrical lamp array
structure surrounding a cylindrical process tube. The
lamps are positioned with respect to the cylindrical
process tube so that the sides of the lamps focus light
enexrgy in the direction of the lengthwise central axis.
The substrates in the cylindrical process tube have a
lengthwise central axis. The substrates are oriented

within the cylindrical process tube so that the major



surfaces of the substrates are substantially normal to the | engthw se
central axis. [0005]U.S. Patent No. 6,769,908 B2 to Kawase relates to

a waf er heglgdhRryient system and nore particularly top@rys2006/044380
| anp- heati ng singl e-waf er processing Reat-treatnent nethod that

processes a single wafer by a filmform ng process. This patent
docunent di scl oses an apparatus having a hol |l ow space between the
heaters and the _wafer._During heating the holl ow space is evacuated,
thereby prevERFEATEReaf GhenrihstnaFeconda ctont aat vakly Hormmaleto

chanmber to tbgeexdbtnh:sdPWdiid-00@kiag the holl ow spaceis rapidly
filled with causing a drop in tenperature and subsequent

cool i ng. [0088?91515 Pai{ ent ER%SINtc ¥oi- oA - PEDI PedtBdn-NKawazg04/ 0218913
A to Ml gadr e difod qldn H.2n0eaLLNg,OVER. IOl BENGH.e and

non- magneti ¢ heat processing o pI €Ces, fansf er

t echni ques. Fhetbomemihclhwes l@n@hebbtnngosmmmf@mmimesnagk is
pl aced. The at I eas late_which ma eate cool ed
by a plate ffl%%% tt(}:gn 5 r(’:%lr?tgzggaﬁn PROYFEFT 4 e‘s E‘t Hf &&hbﬁlm ch
a heating oracbilm rﬁp:frﬁamgj mancle . pa$sed patentvaidiresas dikenekasare
primarily heated and .cool d y CO tive and radi ant heat transfer.

b
[ 0007] Sorre of ™t HPHi Tatf At ages aag‘ggg?‘ﬁt%%a‘iﬁ tIETIRET dihg Sga&rrs

systens is taad tHeywoler .nopusihbi abenthy fhexidl B Gt ral and
vary the heatin and co%@\gp steps independently and efficiently.
[ 0008] To oveFEd AnPEGEENENY edle| WP Tt PYit is an

obj ect of th@oﬁtﬁ:ﬂﬁﬂin iRl eRet Ra880T Liepdie dhenml.gxchange cycle

of the magnetic, anneal_ tool by efficient heating and rapid cooling of
During cooling the hollow.gpace is rapidly filled with
gas, causing a drop in temperature and subseguent
cooling.
{ooose] U.8. Patent Application Publicaticn No.
2004/0218913 Al to Melgaard is directed to an annealing
oven for magnetic and non-magnetic heat processing of
work pieces, and to heat transfer techniques. The oven
includes a shell into which a removable rack is placed.
The rack has at least one plate which may be heated or
cooled by a plate fluid conduit in contact with the
plate and through which a heating or cooling fluid can
be passed. The workpieces therein are primarily heated
and cooled by conductive and radiant heat transfer.
[oo007] Some of the disadvantages associated with the
related art systems is that they are not sufficiently
flexible to control and vary the heating and cooling
steps independently and efficiently.
{0008] To overcome the disadvantages of the related
art, it is an object of the present invention to
shorten the thermal exchange cycle of the magnetic

anneal tool by efficient heating and rapid cooling of



WD 2007/ 067312PCT/ US2006/ 044380 4 the process chanber disposed in the
magneti c anneal tool. [0009]1t is another object of the present

i nvention g RiMAKyAe a separate and independent contr olp@fyd06/044380
process paraneters affecting the procgss chanber of the magnetic

anneal tool. [0010]I1t is a further object of the invention to provide
a system and process w th independent control of the flow rate,
tenperature, pressure and cqonposjtion of the gas supplied to_the

el enent char’rﬁg‘F BFOTHE® ritpets e darmresrdt 481 the omgyet Heratgliddct s and
aspects of thgopresent invention will beconme apparent to one of

ordinary skill in the art on a review of the specification, the
drawi ngs and LBP&Phs apberide Rrisdiero OPIEMVARY e THER S SMENTIVER L 1on

to provide a separate and independent control of the
process paraweters affecting the process chamber of the
magnetic anneal toocl.

[0010] It is a further object of the invention to
provide a system and process with independent control
of the flow rate, temperature, pressure and composition
of the gas supplied to the element chamber of the
magnetic anneal tool.

[0011] Other objects and aspects of the present
invention will become apparent to one of ordinary skill
in the art on a review of the specification, the

drawings and claims appended hereto.

SUMMARY OF THE TINVENTION

[o012] The foregoing objectives are met by the
system and process of the present invention. According
to a first aspect of the invention, a heat exchange
gystem for a magnetic annealing tool is provided. The
system includes:

{a) & process chamber to house workpieces to
be processed;

(b) an element chamber at least partially
surrounding the workpieces, the element chamber
including one or more electrical resistance heating
elements;

(c) means for drawing a vacuum in fluid

communication with the element chamber in order to



[0012] The foregoing objectives are net by the system and process of
the present invention. According to a first aspect of the invention,

a heat exciignggyiysstem for a magnetic annealing tool i spdf@khsiadszsdhe
system i ncl udes: (a) a pgocess chanber to house
wor kpi eces to be processed; (b) an el ement chanber at

| east partially surrounding the workpieces, the el ement chanber
I ncl udi ng one oy nore electrical resistance heating el enents;

(c) neans fofPRrAW ntEFVaduhtien SEPERRE cORAIRE T GIF Wt Kieckease
el ement chanhgs édn@idtelod Qi tWOR2RBE/ Q64RdRPCIHAIRR006/ 044380 5 apply

a vacuumto the elenent chanber so as to decrease gas cqnduction
within the el enent chaffber one or more gas(gyurgrs o fioreidgas sources

in fluid conpypheatdon 'tdle%h%ﬁg'@ﬂ@ﬂénﬁh@ﬂiﬁﬁef‘%d'¥Hé¥¥§%e9%§s

conduction within the el enent chanber;
conduction within the element chamber;

(e) a cooling chamber disposed to at least

partially surround the element chamber; and

(E) weans for generating a magnetic field

disposed on the outer periphery of the cooling chamber.

[0013] According to another aspect of the invention,

a process of annealing a predetermined number of wafers

in a magnetic annealing tool is provided.

includes:

The process

(a) 1loading the workpieces into a process

chamber of the magnetic annealing tool;

(b} sealing the process chamber and

separately sealing an element chamber at least

partially surrounding the periphery of the process

chamber and optionally pulling a vacuum from one or

both chambers;

(c} energizing one or more arrays of

electrical resistance heating elements before, during

or following step (b} to rapidly heat the workpieces

from ambient temperature to the annealing temperature;

{d) maintaining the annealing temperature

for a predetermined period of time;

(e} raising the pressure in the element

chamber to a soft or rough vacuum upon the expiration

of the predetermined period of time in step (d) so as

to facilitate cooling of the workpieces by heat

transfer to the cooling fluid; and



(e) a cooling chamber disposed to at |east partially surround the
el ement chanber; and (f) neans for generating a magnetic
field di spaepsloiszdipe outer periphery of the cooling chamBedzeesmaasso
[0013] According to another aspect of %he invention, a process of
anneal ing a predeterm ned number of wafers in a magnetic annealing
tool is provided. The process includes: (a) loading the

wor kpi eces into a process chanber of the magnetic annealing tool;
(b) sealing the process-'chdifér SEftT48HaT at et PRI hFrailerembait

chanber at |easbadaid idld worpiewadi ReohhenPesihhaly Bfaqdfae process
chanber and optionally pulling a vacuumfrom'one or both chanbers;
(c) energizing one or nore arrays of electrical resistance heating

el enents before, during or following step (b) to rapidly heat the

wor kpi eces from anbi entBRIEFHAESCRISTION t B8 B 2RAHAGSenper at ure;

(d) nmaintai nkggrdhe anrpgaly £ et grined period

of tine; ' d (e) ﬂ%gft%ggﬁﬁgé%%igs %saidr?ftﬁle e%eﬁggtofghanber

to a soft orwibudteamsuwmprayentt zoexpie afebimvding letpridddt er mi ned

period of ti i St ) acilitate cqoli of _the

wor kpi eces b%/@%ée%tp%tl%glns(?%eﬁ:%t%og?ﬁ%%%% | P ;%Sar]fgl%rec’f 1
connection with the accompanying drawings, in which

like numerals denote same features, and in which:

[oo1s] Fig. 1 is a gchematic diagram of a heat
exchange system for a magnetic annealing tool;

[0016] Fig. 2 is a top cross-sectional perspective
view of the heat exchange system;

[0017] Fig. 3 depicts the thermal/anneal process and
the process temperature and pressure profile in the
gequence; and

[0018] Figs. 4 A-C depict sixteen separate
thermal/anneal processes/recipes carried out with the

heat exchange system of the present invention.

DETAILED DESCRIPTION OF THE INVENTION AND
EXEMPLARY EMBODIMENTS
[0019] The magnetic annealing process is essentially

a thermal cycle carried out in a magnetic field. The
heating and cooling steps comprise about fifty percent
(50%) or more of the total cycle time. The present
invention provides a heat exchange system which reduces
the cycle time associated with both the heating and
cooling of workpieces ag it allows the flow,
temperature, pressure and composition of the gas
provided to the element chamber (described herein) to

be controlled separately from the conditions within



WD 2007/ 067312PCT/ 1JS2006/ 044380 6 (f) re-pressurizing
t he process chanber and unl oadi ng the workpi eces fromthe process

chanber. BRIEGRESER PTI ON OF THE DRAW NGS [0014] The oﬁ,}ﬁ?gzﬁ Ass0
advant ages of the invention will becose apparent fromthe ol(fovm ng
detail ed description of the preferred enbodi nents thereof in
connection wth the acconpanying drawi ngs, in which |ike nunerals
denote sane features, and in which: [0015]Fig. 1 is a schematic

di agram of aShEREY eXRP PRSI IEATGE 2Ok nghet Feokire fhag st a

[0016] Fi 9. 2pk8ndeiOPamhOstimetidsanal sBer SRerbive My e Ofiddrg heat

exchange system
hard vacuum in the element chamber, heat transfer by
gag conduction is reduced to a low level, such that the
total rate of heat flow to the coolant may be reduced
by 70-95%. In other words, by controlling the pressure
flow and composition of gas in the element chamber it
is possible to control the rate of heat transfer to the
cooling chamber. This provides a thermal switching
mechanism in the element chamber that enables switching
between cooling primarily through gas conduction and
heating primarily through radiation and, thereby allows
for the design to be implemented for both heating and
cooling.
[0020] With reference to Fig. 1, a heat exchange
system for a magnetic anneal tool 100, iz illustrated.
A process chamber 101 is disposed in anneal tool 100 to
receive and hold a number of workpieces 104 during the
thermal/anneal cyele. It will be understood by those
skilled in the art that the workpieces can be wafers,
MRAM chips, giant magneto resistance heads, hard disc
drives and any other devices which may be annealed in a
magnetic field. Work pieces may include, for example,
semiconductor wafers used in the manufacture of MRAM
devices, wafers used in the manufacture of Magnetic
Tunnel Junction devices, Giant Magneto Resistance (GMR)
sensors, magnetization of metallic obfects at elevated
temperatures, degaussing of magnetic thin films, and
other objects that require annealing under the
influence of magnetic fields. The workpieces are held
on a rack or similar device. 1If the workpieces are

gemiconductor wafers, they will preferably be placed at



[0017] Fig. 3 depicts the thermal/anneal process and the process
tenperature and pressure profile in the sequence; and [0018]Figs. 4

A- C depi ctwgi xbBRMmiseparate thermal / anneal processes/r egdPeSosAisfd
out with the heat exchange system of ghe present invention. DETAI LED

DESCRI PTI ON OF THE | NVENTI ON AND EXEMPLARY EMBODI MENTS [0019] The
magneti c annealing process is essentially a thermal cycle carried out
in a magnetic field._ The heating and cooling steps conprise about

fifty percent VBB3%PHE Rbre AT FhoUtoBaMTcyE| &0t e, Wi Yi@sent

invention praykdgsodefead, exchangs. $¥sLereuhi ¢b ¢ ediices, cycle
time associated gvi?h both the heating and cooli n% of mr‘igﬁl&es as it

al l ows the fFbarmat erpelat urksogsses shrabendl 8dnposi comreaifed e gas
provided to hlgngl BNy ENAIDYL, (HESGHEPEINRE Dl HfSQNr Of | ed

separately fromthe c s within
The means include a high or haxrd vacuum pump, and/oxr

roughing pump which is capable of drawing a vacuum in
the range of 10" to 10 Torr. In an exemplary
embodiment, the roughing pump is utilized in series
with a high or hard vacuum pump. The roughing pump is
employed to draw a vacuum to around 107°, while the
high or hard vacuum pump is subsequently employed to
further draw the vacuum to 10"’ Torr. The roughing
pump can be selécted from among an oil sealed pump or
dry pump, while the high or hard vacuum pump can be
selected from among, turbo pumps, diffusion pumps,
cryo-pumps or any other device capable of drawing the
reguisite vacuum.

[0021] At least partially surrounding process
chamber 101 is an element chamber 102 having a number
of heating assembly zones (106a-106¢) therein, which
can be independently monitored and controlled. In a
particular embodiment, the element chamber 102 can be
sealed within the chamber walls 118a and 118b of
process chamber 101. Element chamber 102, although
sealed, is nonetheless fluidly connected to a means for
drawing a hard vacuum into the element chamber. The
means can include the ones described above with respect
to process chamber 101. Separately, a gas can be
introduced into the element chamber. On the outer
periphery of wall 118a cooling chamber/jacket 103 is

disposed to provide the removal of the heat from the



WO 2007/ 067312PCT/ US2006/ 044380 7 either the process chanber, or the
cool i ng chanber of a mamgnetic annealing tool. For exanple, by pulling

a hard vaciiymihiheidie €l enent chamber, heat transfer by %lelgﬁw%q]g%é on

is reduced to a low | evel, such that {he total rate of ow to

t he cool ant may be reduced by 70-95% In other words, by controlling
the pressure flow and conposition of gas in the el enent chanber it is
possi ble to control the rate of heat transfer to the cooling chanber.
Thi's provi deBTaCeher PRATREH t(WIHThGOPeRAANS AN ohe @f dinthesttdmer

that enabl essgwﬁé c@ép&@&?m&@%ﬁi Qﬂnﬁé% ggxféig%lr%%@_t gas

conduction and heating prinmarily throug ati her eby
al l ows for thBOHRE| gn & ovdpnd fgivemencrdting dHordoheatd rgiedad 1000l i ng.

[ 0020]Wth refe i 1, e exgchange. syst.em for. _a,magnetic
anneal t ool %Oi&f%&ﬁfu{% S:a ee(?}l%ﬁgpg%’c%%ge@ﬁgon%e%o%fq s‘:hﬁi"?ﬁgsed in
anneal tool 109 to sEcaiwve argrikalid dialudbesngfngvoftgn etestl@4 oduri ng
the thermal /ann le. It will be understood by those skilled in
the art that g?h'g?é\of%%lae'ce an BEREf é?gium%%(ﬁrﬁ?t'gi ant nmagnet o
resi stance heagksycdradubdirgt i oes zanda anyusdhasndew6es maine sy be

annealed in a %%etti c field. Wrk pieces may include, for exanple,
seni conduct of™ FEREFRFRHhe manuf act ure of MRAM devi ces, wafers

used in the pamdmct ure: ofn MxeRRLbEey THABEH WaICT | A1 dRMI5eS naG ant
Magnet o Resi stance(GQVR) sensors, nmagnetization of metallic objects at

el evat ed t enpfiatif 59 -ddgaddsirgtofiadamet 12 tig maassedake ot her

obj ects thatpygguidigranneal ikngrundehpt beod ndddignce (o ApgRetic
fields. The workpieces are held on a rack or sinmilar device. If the
wor kpi eces a?@¥ehi ndramdnonatersllingya idtd prasfiematshyobghpl aced

at Vi 2007/ DS 12RCTI-US3006/ 044380, B g YaLI AN A L CN 10, gROUL 3 mm
to 10 mm when wafers are processed, In order to efféectively perform
the thermal eyt iwlacassiuckagber ceodyct somonnect edet chewand f or

pul l'ing or ' Q. 1 v ug erein. The neans incl.u a high or
har d vacuumd%%&én(#g %rfoggl%i %E%ﬁ‘?r%nﬁ ch ?eﬁﬁgbﬁgdoggapﬁg)’ng a
vacuum i n t heedergearfdub@iont 6rdf@ Toerhedin dremanpltar yhenhadepent ,

t he roughin mJds.utilized in _series w.th a high or hard vacuum
punp. The rgﬂg H?gf ?)Ctﬁlr?pcio iéﬁgl 528°¢ " d\r%gW d:e\é]ﬁqf&ﬁﬁ dPaF8ERER10- 3,
whi l e the higihductharidy aciuo fe8pwi sh stHs aguenrtde erplayed the
further draw the vacuymto 10-7 Torr,_ The roughi ng pu can be

sel ected frdfft “Hn =6 E’egéﬁl EQ pohbids wRse Eﬁﬁ&ueﬂﬁwewﬁé Hrgh or
hard vacuum-pumpeanshe sselfeehede f &R @AMBNGHLSAUBRNPWIBS, «dihf usi on

P e vl OaitRbudh" Sor Snd s PSP ol By Ady' "
particular theory, it is believed that as the pressure
is lowered, the interparticle collisions become less
frequent and the thermal conductivity is reduced. The
pressure at which a reduction in thermal conductivity
of the gas medium is observed is not a constant value,
rather it is a function of the mean free path of the
gas molecule relative to the average distance between
the various surfaces in the element chamber 102. The
mean free path of the molecule is temperature
dependant. An exemplary pressure level which is

suitable in the element chamber to reduce gas



[ 0021] At | east partially surroundi ng process chanber 101 is an
el ement chanber 102 having a nunber of heating assenbly zones

(106a- 106cyoterdeifiz Whi ch can be independent!y nonitorge/@dghens4350
controlled. In a particul ar enbodi nenfy, the el enent chanmber 102 can

be sealed within the chanber walls 118a and 118b of process chanber
101. El enment chanber 102, although sealed, is nonetheless fluidly
connected to a neans for drawing a hard vacuuminto the el enent

chanber. TheSABARSELeM TWeingddopféngnysudeses i Ped-bewrdsi F RéShect
to process chgpber H0ll..16RANAIELY LR 98S2EEH )f)fum;; C&Hfr@%t'e@t ot he
118a co

el ement chanber. On the outer periphery of wal ol 1 ng
chanber/j acket sUPBLlY o sposed wesprdei deneheld enolan ofoctliaghgat

fromthe VIO 200300734 2RCTUS20000044380, 9. pT 0588, charher upon
conpl eting any one of the héating stepsS carrie out i N e aninearl
cycl e/ pr ocesglemgit) 2 Atrearniscirersgenenat i tigria gwgnetidudtielxdh2@8 i s

di sposed on the outer periphery of cooling chanmber 103 to obtain a
magnetic fi e#r r%%n%]f’ngap%ér oM gf%ﬁt eﬁgﬁﬁ t%gni‘.’ %I' A5 &ea%‘né:éfgnﬁg&ﬁs
i ncl ude per nanentncstperd.onduet krageobt hpsdZ ot s HIpercamaduct i ng

magnets and el ectro- ets.. [Q023]1n exenpl ary enbadi nent, and
referring batRk 1 If{%%ﬂfr éferBfit “2R% ﬁ%“q GO redEEd OVETa

punp, such ash@ Kb o RUIHEFLNOhtshQue) , t MR &lendntC aakie 0k sdrawing
or pulling a hard vacuumthrough line 112, that is to a pressure

suf fici ent | Y™ ¥¢ED E¥FBELi vel y reduce gas conduction, i.e. the

thermal condpgéian ty ofa taheu&ehe&vsﬁéﬁﬁwﬁys dRdidimeard thereby reduce
conduction fromthe heat elements to the inner wall of the cooling

chanber. Thed¥aHRd ivh Ghe vRerHa agdndietwithdradlncfdesoliinh ghe
pressure at m&%t%&@.imkacyhssabg%&%%ﬁ@.' i %eg%fa% frequently
chna

with the various 'vval | s of the el enent er than w each ot her.
Al t hough notsygntiety a=@ e bedrdteyg Bnym pameng dledr umheony rogeni s

bel i eved that t e 4l ot interparticle
col l'isions be%ggarr—le’ :%@%%%%ﬁeﬁﬁ?a%g%?%lggt%e@% rgor?%%&:ﬁo\%i't y is
reduced. ThePypriassurly atthwhcobhlangegaet i orhelniunhéremabhseondudtikvity of

t he gas nedi i.s..observed Ls not.a constant, value, rather if is a
function of Itj%eatr%éréeﬁlﬁ‘ e pggﬁrg?lt%%n Lé%t%té’cﬁng F@F’Stlg\]/‘g %‘8"‘“5 he
aver age di staeesibst.weahet beewantoyst s f 808 cdnpdshe iehedgEnt hehanber
102. The nean free tl%%;[/h of the f{'g)l ecule is tenperature dependant. An

exenmpl ary pr&s&sure ELSRRPENCTRTRET (WH 3 (e VF&RENt chamber to

reduce gas independently of the process chamber. The cooling rate
is independent of gas flow in a range of about 1-100
slpm, and a gas pressure of 1-1000 Torr. The
composition is varied by utilizing one or more gas
sources in fluid communication with the element
chamber, via a manifold to introduce said gases into
either the element chamber or the process chamber.
[0025] A suitable means for controlling the pressure
(vacuum level) in the element chamber and separately in
the process chamber is by way of upstream pressure
control using various gas flow (loads) or by way of
downstream pressure control using a throttle valve on

the vacuum foreline to vary the effective pumping speed



WO 2007/ 067312PCT/ US20061044380 10 conduction during heating woul d be
on the order of 10-4 Torr. The el enent chanber is also fluidly

connect ed RBoSdpRLy of cooling gas via line 113. W‘enp(ﬁl‘?ﬁ’izb&ﬁu%§
is supplied to the el enent chanber, tfe pressure in the el enent

chanber increases such that gas conduction heat transfer, and to sone
extent convective heat transfer, are increased. The rate of heat
transfer to the cooling chanber is increased by about 3-20 tines over
the heat trah@te? fatEVswrch thdhel ehenbeshanderyPichkIREGISUTEr d

vacuum [002é$ﬁ@r@1fé§éf§ﬁ ﬁ?%yn%dyiﬁd@ggoggﬁg re LH&, Wi.ngef the

vacuum and the wi t hdrawal of cooling g e acconpli'shed via a

si ngl e |ine.caherghkes qypl ifeddnroBe es ement esudh oms aaoiigovh edoindimo1
nitrogen, ar ConpL &SSe ir._a i Xt ure_t hereof .
Preferably, ? ie]v%bolrﬁ?é]g gagn i%gr)éﬁ%:ul&ﬁmg Egggéec% e‘f? STEHEYEYY hi gh
t hermal condweyiof ty cawl Specidapachieatceapasohyted gy essuwr e, fl ow

and conposi tji me gas in the el enent cha r may each be varied
i ndependent I]%IZQ%%{P%%I\E: p?%c%srga%%a]ﬁt?é”f .mg’eﬁ’?g 838&?% ‘F‘%’\%%u?‘% FhfisFehdent
of gas flow imle: réinge of takodhakbiB0pskpshrand Bhaas gH=AS Feoe Of

1- 1000 Torr._The conposition.s varied by utilizing one or nore_ gas
sources in fraf om%ao%miﬁﬂ%é]ﬁv&ﬁev\jlﬁhff’&et%l%n%m ‘E‘?T%%l,eﬁli yhgch
mani fol d to ddripRelis & lsRindagases pkBEuebt Bers1he & ammntahaaber or
t he process chanber. [0025] A suitable nmeans for controlling the

pressure (vattfudefel )20% aHEsérehBht Iehabbdd withxdpaiedtEly in the

process chardefoldidiy yay pfvndpShhRAPLEESSSN iR Al USiAQ,¥Ar i OUS
gas flow (loads) or by wa Ot\,ﬁgOV\MSt ream pressure control using a
‘—“\Fé‘{cé@m

throttle val¥eEem & H& Vel PRetle Vegwyun Horsliiaet itwe vPUHDI ng
speed the effective pumping speed being delivered to the

chamber. For pressure control with multiple gas
sources, multiple mass flow controllers are slaved to a
master PID controller which regulates elther pressure
or £low. The master PID controller adjusts the total
flow to achieve the desired pressure, while the mass
flow controller adjusts the flow of each individual gas
to obtain the desired mixture or to select between the
gas sources.

[0026] Hence, it is possible to supply a gas to the
element chamber 102 at a pressure corresponding to
rough or soft vacuum, while process chamber 101 is
maintained in a hard vacuum condition. Conversely, it
is possible to hold a hard vacuum in element chamber
102, while a gas such as helium is introduced into
process chamber 101 at a pressure corresponding to
rough or soft vacuum.

[0027] More particularly, process chamber 101 is
independently controlled from element chamber 102.

Process chamber 101 is connected to a vacuum pump, such



WO 2007/ 067312PCT/ US2006/ 044380 11 being delivered to the chanber. A
typi cal pressure control systemw | include a pressure sensor, a PID

control | eryWomssqptrol elenment such as a flow cont ro'PéﬁJﬁﬁ@(}GIOMSSU
Upstream pressure control can be achigved by way of a gas ow

capaci tance nmanoneter such as a BARATRON' or a nass flow neter used
to neasure the gas i.nlet flow or the chanber pressure. The signal
fromthe measuring device is fed to a PID controller, which conpares
t he neasure 6Fe§sg‘r‘éb%rp‘f”f‘%w‘f3@ ti@edddPredPsErcpennts Arabadiust s

the gas f 1 owpGoNLEOL Vahy & ASEH diiih, BAVOSLT SBMALASSULE Contr ol

is achieved using a throttle valve on the vacuum Ine to vary the
ef fective puPpPrgespekeb bef nfradhererddanoethecyhbabend Faapmessur e

control with 1] ur-Ges, [ tiple s flow.controllers are
slaved to a %gg%%%gé%&%%n‘t;faoﬁ%%% v%hrl}iéh E‘Eg‘dg‘gﬁeﬁi‘%{‘? terCr1—1p'—’lrmgosesrure or
flow. The nadter PtDsordricindratad] ddths the fiodwind | oivtamachizede t he

desired pressu while the mass tlow controller adjusts, the flow of
cach §ndlvi dUAFEEEEMTS bt TEte PoSPFa HRESH e7 i 5 o N ot

bet ween the gasesources. [0026] Hence, it is possible to supply a gas
to the el enme nmber_102 at .a pressyre corresponding to rough or
soft vacuum T\&\PI?Q@ proj&l%%scoéaﬁt&ﬁﬁgl‘:%fﬁg’e?soﬁa?%‘f ‘?tf'ne%”fqﬁ?f’sfq'uard vacuum
condi tion. Cpeveese! yhe idldnerROsSiabbert @0D0ha] andedt RGHAM IR,

el enent chamber 102, while a gas such_as _heliumis introduced into

process chanb8rPIPIIR e SOpldgorttBaPohdl gt TH FahRih throseht

vacuum [ 002¢]dbgeamisdat i ouUl A1y BEOGSSSE ChaPES 1 dOLs i Reepeadent Iy
controlled from el enent chanmber 102. Process chanber 101 i s connected

to a vacuum PRAPAT suCHETRPZEIOFE06T3 22PUTH UBR2D06/ (hsstraizng

chamber is configured for maximum heat transfer
efficiency when the element chamber or both the element -
chamber and the process chamber are running in
conduction mode (i.e., during the cooling phase of the
thermal/anneal cycle), and preventes the overheating of
magnet means 109 by maintaining the exterior
temperature below 35°C. The cooling fluid employed in
the cooling chamber includes, but is not limited to
water, a 50/50 solution of water and ethylene glycol,
or any fluid that provides the requisite cooling
temperature. In the event ethylene glycol is used, a
lower cooling temperature than 20°C can be obtained.
Forced air cooling could also be used. In this case, a
separate insulating layer is required between the outer
wall of the cooling chamber and magnetic field
generator,

foo29] In another exemplary embodiment of the
invention, and with continued reference to Fig. 1,
process chamber 101 includes top heat ghield 114 and

bottom heat-shield 115, above and below the workpiece



as a turbo punp, via line 110. A vacuumis drawn or pulled on the
process chanmber during a particular process step of the

t her mal / angeahyfsd1¢ and a gas may be introduced via |igeryddiesdBso
wi th el ement chanber 102, it is conteqgpl ated that the draw ng of

vacuum and wi t hdrawal of gas may be acconplished via a single |ine.
[ 0028] The cooling chanber or jacket disposed between the el enent

chamber 102 and magnet neans 109, is provided with cooling fluid 121
circul at ed tHEdEgh ¥PRPIHEMSEY -at PASERERPEY ., abouths-Im9dltieics per

mnute, and lodel MR Aldig, Qo Aadazlfosdie LAld N ARG 1S

configured for maxi num heat "transfer e ency when the el emént
chanber or bbltd phecedemirmmbegharbeghindetghied psiooes staohmrifier tape

running in c i i e duri he cagli hase qf, the

t her nmal /anne%?g;&)g/%t}%}? %%%r VENtsS t ﬁggr(r)‘%%?hea |en39eo"irE %glﬁg“tdsrreans
109 by mai ntgievagt tdel e terstot rbanfierabateedel dve 3T kplkeeC @ebichg
fluid enployed.in the cooljn hamber J ncludes, but is not limted to
water, a 50/ 56 soluti%h ad’fd\ﬁ%ttgf)maﬁg E%ﬁypjé‘ﬁ%e%ﬁ flciﬂtﬁmbe&r anty*fFui d
that provi deshidieds egitsid e aohi-tgghetper aid) prdiedd erele a

et hyl ene glycol_is used, a |ower cooling tenperature than 20C can be
obt ai ned. Foredd GO FUCEErE 5B BRISREHEY 9% If-S ©4sdess-

separate i nspdatifgd:aner the hedui kadebet ween ddenutrr rwakheof the
cool i ng chanber and magnetic field generator. [0029]In another

exenpl ary e fehtoofSdte frRPe AEPONCT RIS T Hite chiFTHIed ilet er ence
to Fig. 1, progess shamslonl0lrhAshydgsat OP-d18ate,S mselp@ﬁ%&raadas

bottom heat shield 115, above and bel ow t he wor kpi ece
2007/ 067312 PCT/M3S20067048dd@rm3cooling of the stack. Heat

transfer between successive workpieces in a stack, on
the other hand, is much less efficient than conduction
along a single workpiece. For example, when heat is
removed axially from the top and bottom of the stack
the cooling is non~uniform since each workpiece is
geparated by space filled with either a vacuum or gas.
These mediums provide a resistance to heat flow from
the central workpiece relative to the top and bottom
workpieces such that the top workpiece cools at a
faster rate than the central workpiece.

[0030] Uniform heating of the workpieces, can be
accomplished by independently providing energy and
control of the various heater elements in the element
chamber. In a particular embodiment, the heater
elements are divided axially into three different zones
(106a-106c), wherein the center zone heater 106 (b) is
lined up with the workpiece stack. Two end zone
heaters 106(a) and 106 (c) are provided above and below
the center heater, respectively, and are independently

controlled. In another configuration, the heaters can



stack, respectively. Preferably, in the annealing process the
wor kpi eces are disposed in the center of the process chanber, roughly

equi di st aniyof HPlshde top and bottom of the process chanﬂeg,uszg'm4m§tt
shi el ds prevent axial heat transfer bgtween the workpi ece stack and

the top and bottom of the process chanber. These shields should be
non- magneti c and, preferably have a heat reflective surface with
em ssivity of 0.5 or less. Particularly, the heat shields are
conduci ve to ‘Fh@l‘fe‘ﬁ%‘i‘/a#act)‘falﬁé’atlnﬁ:rooﬁ\epﬁea%rRfﬁil%‘?e‘:esf@ﬁ ingFeinegrily

radi al directhope iRagidls heal, tRRsHE op&%t%esgg 2]%(1:% éoo%{e(}”“t es

uni form cooling of the stack. Heat tr Ssive
wor kpi eces i hneuisﬂafel@a@n helvd oot rxemehand b svaniodd | sy eftfelei €ot t han

conduction a rkni. r e n _heat

renoved axi a‘lf‘igﬂg? rom gﬂec%r&(/)\gleg% Gt t grgnn% éﬁ% g‘t%%wlﬁt%rema?omsﬁg i's
non- uni f or m &f ntcta gaeAt anoreklgivenit i, s heepaf ke dpyt espaaei fiindead waillh

either a vac as hese nedi u rovi de resi stance to heat
flow fromt hgygleﬁt r%f %{? E&@lr“érzﬁgs 55 1o lllcl:teeattl'ﬁ?p AT H IS

wor kpi eces sfich 4 hpivdrhe dr@pravikpl 6eeCoohs Mad dash il Fake at han

the central wprkpiece. 030] ni f orm heat.i ng of the workpieces, can
be acconpl i stet’ 'Y‘Flfé'lﬁ‘g"r’f& FPpr oV PdPHEE TP ard déntrol of the

vari ous heatr%sﬂ}a&ﬁmtf%rl ‘theh@oekeiBALs CHANBEIthd N A-Jaadd itdh-ak1
enbodi ment, the heater elenments are divided axially into three

di fferent zdFPe%S(lfbéalem@’é)teH\meFau hihifenefiter Hoh@aredbdd 18960H) s
lined up wi tteﬁﬁ&awﬁ@he&euﬁt%%m 1 §Neh-20N8, heat Ry 106(a) and

106(c) are provided above and bel ow the center heater respectively,
and are i nddpErRIEMRS v tE6NEPSl belivern ahdfderandriflifydy atiisokepthat

neat ers_can , Y 2904/ OGE3ERECTL52006/ 02438, 14 he iyl ded cadi al y

into separate zones, for instance three heaters eac ering 120
degr ees. Thenwﬁ@ranyhﬁmr theemehnhbat edezone amhubdlvarap@dzlzepahat ely

to achi eve ati I rrral rrass he heat er
el enent s, heatrfcﬁ{ uxhlgel t%tlte%g gggﬂrgﬁ%r%ét‘f%]eﬂl SIodEd 8’8 Thi ni zed
to reduce théiq:)mmrtameutamfantsa gh@enhé etrp&rzatmrle. rolfse,heaﬂdomeag
renoval for ven erature.dr t her desirabl e
for the wor k%}agn(?eeg two gt ﬁec?ﬁrhdggfo?h%?c%a eirﬁhtlﬁ’e ég‘gtem I'n
thi s manner hetmrp@emntst yref séEﬁ@Eéc&tMc&n lwfl-ali'&iafyoblfl ty is greatly
reduced. Likew e ga etween 118(a) and 118(b) is kept at a

m ni mum as ‘?%‘rﬁcj:r\?mclatq §gr°’§§tfuac?n ﬂ‘f“ e T Gre e C8s BEPY 18 2B he
magnet i ¢ mearsintaneh \anl bnﬁ@&tﬂh@e’cé\hﬁemtl e ﬁ%@&xtz%@nﬁéﬁém,

bet ween t he ss chanber, the heater elenents, and the inner wall
of the cool |%§‘ ARG - SREFBE RS € OFRARER | TGP Thedo L tPREPeRABPYC t he

heater el emenigenali@cseheehedadi OB apaRif ¥ el ekl faktLesi stance
heaters sufficient to provide and maintain an anneal i ng tenperature.

As utilized HEWEPRS AARedPIRG Fenperie wawelanyé Frymegboenerated .
200- 1000, dgpend 8e-ofg! RegHevl & or ML LR ttbtiEQ heater el ements

are wound so as to cancél out forces generate e strong magnetic
field in whiddsroseg-are di sposed. [0031] Process chanber 101, includes

vel | 118a wadﬁﬁl] Process chamber 101, includes wall 118a which
geparates the workpieces worked upon from element
chamber 102. The material employed for the chamber
wall can be any type of material suitable for use in a
semiconductor fab. Preferred materials are those with
either high emissivity, high thermzl conductivity, or

low heat capacity, or a combination thereof.



separates the workpi eces worked upon from el enent chanber 102. The
mat eri al enpl oyed for the chanber wall can be any type of materi al

sui tabl e f@bzﬂ Gl,ﬂ a sem conductor fab. Preferred mat 1SS0 RNE:
those with eit hizgh em ssivity, high thernal conduc?fvilﬂtly? é]ruls%w

heat capacity, or a conbination thereof. WO
2007/ 067312PCT/ US2006/ 044380 15 Typi cal |y, the wal I is manufactured
fromtransparent 214 fused silica glass (i. quartz), which is

partial l'y tr&nBpadEht  tidswpdllenst ﬁ@nilﬁaﬁhué?‘écﬁf@ﬁﬁg?@ﬁ@r?@éct rum
of 0.78 and 31090=Am &€&+ é 1r o 64d) gor a%hggp hige whi ch has

high em ssivity and therna ct|V|ty acturlng silicon
wafers in a Pemhlmrierame@ﬂ: te0whwe460@: hd oin exanpl e, the

transm ssi vi artz wal, | ube_ranges mb5 to 12
percent. In %%%%%r mc% thn R tﬁulmf p% Pa ¢ %‘M‘P Wi ¢ %t the
quartz i s initbearesdge of sﬂ&ﬂ:@rﬁ&apbﬁdenﬁhlaﬂnmmmﬂg&f emajslsmaayal o)

be a stainless,.st.eel hougﬂastai nl e S, steel aiﬁﬁa | ower

emissivity tPaR ot o“ﬂro%dia‘llclt&a’rjrsz ¢ar bI'd&?* T Chfer

t hereby redugingrs t s totdmpeeatueapaahby, o'fnl@@lolﬂélm@ reggluci ng t he
bore of the magnet. Further, stainless steel can be wel ded or seal ed
in other waySXtHRte ar'd*$ dropEeeirsiaiiwt AL quaf 13235t Bia doR e &PBRde.

[ 0032] Chanbefa wgd & ﬂﬂ&@@ﬂd qungerbhar Wor kpi £ees-ahtkd Qi a barrier
bet ween process chanber 101 and el ement chanber 102. The chanber wal |

118a can be FH-EMeEF ot st &bguardssiubey vt cHie suwpedized satinhsbA ends
by neans of gy tablg, %Sb%trcéﬁé' S #8b NGhAidd NG At cta%ea&ge and

bottom of the chanber, thereby form ng separate process and el enent
chanmbers. Adetad oﬁ‘ﬁafllll’yleﬁsh@tqﬁér mateybel serdeshaugtpsdpdmless

contam nati Oé‘té’e]( 1 Uhes By %%% ‘éﬁﬁ%’gg?a@gdtﬂ%‘f'% atlaéze%xe%% 1@bn

cl eani ng. [0033] Heat er errents can be supporte I'n any
nunber of weyarbichr, @)tarqailnebet hedel ehennenhmbmmedbemsﬁtisoned

b h f b di b [l of
ctveen heateiLn pLALSALiT0N 1E SHRRELLEd ety by g vall o

t he process ei n
pl at es of the magnet. Further, stainless steel can be welded

or sealed in other ways that are not possible with
guartz or silicon carbide.

[0032] Chamber wall 1l8a surrounds the workpieces
and forms a barrier between process chamber 101 and
element chamber 102. The chamber wall 118a can be in
the form of a guartz tube which is sealed at both ends
by means of a demountable gasket sealsg using O-rings at
the top and bottom of the chamber, thereby forming
separate process and element chambers. Additionally,
the quartz tube serves to prevent contamination of the
process chamber and facilitates ease of cleaning.
[0033] Heater elements 106 (a-c} can be supported in
any number of ways. For example, the element chamber
may be positioned between heat flux plates or can be
supported directly by the wall of the processz chamber.

As defined herein, heat flux plates refers to plates



WD 2007/ 067312PCT/ US2006/ 044380 16 that nodify the heat fl ux
emanated fromthe heater elenents to either pronote or inhibit

radi ant hegly R¥plidnge between the heaters and process c;@,?ﬁ@m(,?mgsghe
e ele

cool ing chamber, respectively. Wth rgference to Fig. 2, ment
chanber includes heat flux plates 119(a) and 119(b) and plate 119(a)
facing process chanmber 101 and in turn the workpieces disposed
therein, has a higher em ssivity than heater flux plate 119(b) facing

cool i ng chanbBRAt1089ifiBatle Ihsahpfdie eroppfepr Bvent she Hesabagessi ve
heating of (beeoatlngytdlibLithtiloAL! g, LhneHoH dlf&@iézgga%%bef 103,

whil e heat flux plate 119(a) enhances uniform rad ant of the
wor kpi eces dexgbaedei petvreprideedsatkasbend progwss deamirelerssidood

that the hea I e E{m%/ e f ured from stainless steel or
any ot her rra{:lélfraig %P%ﬁ%t&v\ou edgi r#p%&tgct%%(eregﬁf ssI{I%/)lC yr%%ﬁea{l&tee?_‘losti Cs
necessary foFighe2t helneredlamarite . charded4iHeatdés uxeqt atlruxd HAE)escan

further be polished. s proyvide_a i.ny, apnd reflective surface,
facing the cg%‘r;i%%g T %nﬁgr{bqo?ri%é} 8Fﬁeitfhé%h, HeHt PGt 119(a)
faci ng the pehaessr charterd shotharmehehavekpieedd egidpssur f ace, so
as to pronote radjative heﬁjﬁﬁjxchan e hetween itself and the wall of

the process chahbtr: difs ify Fe&TAGLEVEY ethag divaisy fvea P LAtex

plate 119(a)1is (i) peddshedaiiaing essmbheeloint exdal Nawt N 28
em ssivity in the range of about 0.07-0.17, while 119(b) is a
stainl ess’ st teP (HatRFTEANIRFNT SETeERi ¥ JeEyinamf fds remlabsut

0.3-0.6. Thegiapercmeadl0fi dhenseakhngosanb ety 1% Pr ehenabl y

polished as well, to inhibit radiafive heat transfer between itself
and t he heatP®®uxtPrateareo @By (@r eriarAes heat fown staab aoft tiketther mal

cycle. The 4 200 OAEHLRRCTLYSA0064044380. 1 S8 oyl Oy cOF
both of the nmeasures described above is that, For a gi'ven power i nput
to the heat e¥sllibe amdadisiciodn timdethehked atluzompleftasheaguppl i ed

£rer 9 oo ook oy DRI 0 LKL 5y s e
materials that would impart the emissivity
characteristics necessary for the thermal cycle.

[0034] Heat flux plate 119(b) can further be
polished so as to provide a shiny and reflective
surface, facing the cooling chamber. O©n the other
hand, heater support 119(a) facing the process chamber
should not have a reflective surface, so as to promote
radiative heat exchange between itself and the wall of
the process chamber during the heating cycle.
Typically, heat flux plate 119(a) is a polished
stainless steel material having an emissivity in the
range of about 0.07-0.17, while 119(b) ig a stainless
steel material having an emissivity ranging from about
0.3~0.6. The inner wall of the cooling chamber 103, is
preferably polished as well, to inhibit radiative heat
transfer between itself and the heat flux plate 119 (b)
during the heating step of the thermal cycle. The



[0035] I n a further enbodinent, the heating el enents are disposed in a
free standing structure, which is positioned to surround the process
chamber 10 dubhidsi1$ 1 nstance, and with reference to Figrdendsh8iss
heati ng el enents woul d be sealed in astainless steel assenbly w t?1
heat er supports/walls 119(a) and 119(b), which can be evacuated or
purged with gas independent of process chanber 101. The at nosphere of
process chanber 101 would be in contact with the inner wall of

cool i ng chanb&FUtp L (V36T THe beddt of shpperesurearfiaresidddied in a
nunber of waysote achipue the- Qb B | $pyl i

enbodi nment , thg em ssivity of thgqﬁ%nergg%\r%%i%%ﬁlﬂ%g{%rﬂ%ugggfgq‘%ig(a)
is raised relat#veadaigyrsimpsief.adivwg theateen seppore kg(lbed | n

anot her enbodjgeat, i,nsj f.a ing..chanber 103,
can be poli s%ed o]%ér%% Je g%%gm%e%%gsé%%i‘?%ﬁf%%ejrna}ﬁelh:vélsy, in yet
anot her enbodeédered a shkdatheoffrpaltiishetleshqi ntassf szl tar thie |i ke,
having a cyljndrical canfi.guration can be di sposed between the heater
support 119(‘152)99]5%%%%% J‘lsnsj‘?lﬁge?ﬁﬁ ace 220 of cooling chanmber 103. In
a further exéopizkry erbodi fenthewl enpbéishee! stiof edmEfdeeliewents

mat eri al such as_ polished al um num can_be enpl oyed between the heater
suppor t 119(%3fea‘?1£53915ee%er+§i d’elpﬁ?Ff ﬁggnéﬁlﬁgoﬁ‘n&)@&%ﬁ% “dber €103,

Q her exenpl poyiterdedi entssirabenanyhsi pasceahenaheat ifdiux phate
119(a) is onmitted, and W?2007/Q67312PCT/ US2006/ 044380 18 the

el ement chanbtS 1 G he FRatdFs 166°YA)CK cj° dH& pdsi tH6ned i n
contact w t hhddieiy eoesenehamben awek! sediead £l ux a(?;aati%l%%%( Rleks @

free standi ng heat. shield which is not conmbined with the supports of
the el enent TFERARIY POED hEEtREaFUPPORt P witlel 2 10D )camdc 8a8i(Bi » of

mul tilayer i td-Q; [ pgl.i f . [ anber
103 1 51 opl Ao beat T e phace TTo0E oAt e R A e T
al so direct e?f tRFeusfoPhamgernaghet | thandtwwpheagnetli prageeal i ng of
wor kpi eces. Au@XeMAIr ¥oaTodheat (gle Lhie Pracess ghothe, Liyenti on
i nvol ves carrying out the annealing of worKkpieces, such as waf 8rs, at
a certain termpeiiaiucdasbezs 108. or i[en361 heTler yatadles ismpaocest acan

di rection. i ) 0 are aced_ont o rack ,in process.chanber
101, under \a@%lg[[r‘) Cﬁ'&ﬁegﬁ\%ﬁ BnERESS ARt %aWa%&’ VRIS E%EI Bﬁé‘ﬁ?ts
chanber 102 9% Wriawinsechibhat gascsenshisddieermdenel «heabitiansfer

i s reduced. %3: raI.I?){_Llﬁ t?e g_resagre in the element chanber is at

bet ween 10- 4% 17988, FACTRE Workpt e8P e Hel'@) at SaTpiE8et er mi ned
t enper at ur e, rafitieea congiekigef EbOnd Shald edipHica+Meang109. rhis

latter step is also referred to as a soaking step. A flow of cooling
fluidis intarr%f&g‘@&defrﬁfjgl?‘ﬁ@tel ehentrideser fagigcR20haf FRRLEBSOl Ut e

pressure is draingRg 1032 seht pyasgumnddad ewkedas 1bike el ement
chanmber 102 is initiated to achieve the desired cooling effect (i.e.,

heat transf &iS5OMithe wbtkpreeesvelda itheedl emeibeshambedinent e
cool i ng f'L“éﬂeetcgglngiQEe§|§@§Dﬁlé§§”§¥ﬁéllg%'E@ﬁt?%ﬂe?lhgwﬁn he

wor kpi eces to attain a tenperature |ow enough s at "t hey can be
renoved. Sorfigndpheagr gersigennl i oran dss ddisgreddnwbehwebe egnet i ¢

tool call f‘Héé%%QIEﬂgpékt399§%ﬁprand the inside surface 220 of

cooling chamber 103. In a further exemplary embodiment
multiple sheets of a reflective material such as
polished aluminum can be employed between the heater
support 119(b) and the inside surface 220 of cooling
chamber 103. Other exemplary embodiments are

envisioned where heat f£lux plate 119(a) is omitted, and



WO 2007/ 067312PCT/ US2006/ 044380 19 about forty five m nutes, soaking
for two hours at 300C, and cooling dowmn to 100C over about seventy

m nut es. [Q@%&%?ﬁgg the heating step, elenent chanberPcllqgsza%@t‘%&ys

as a "vacuum i nsulator”. This heat shjgelding effect is pronote
providing a heat flux plate 119(a) having a higher em ssivity than
heat flux plate 119(b) facing the cooling chanber 103. In the cooling
phase/ step, the pressure in elenent chanber 102 is raised by

i ntroduci ng &hPl BheBeEnE odrampydd2 ouchhashpatrtum 1UpoRrai®di wget he

pressure the yacuum iasyl ating &f fach Lsel %cngC@t'.t‘érﬁsdé%gﬁgﬁi?ti ve

thermal conductivity 1s raised such that convective an
heat transfehebbt fben péiee ilnfefp)wdlsd alf8acobtpndtesshedtamigrelt01l and
Hence, the

inner wall of,copling chanber. 1 hecones significant.

rate of enerﬁ%}gfjgaﬁ%%&?t 59 Jtrhe(elds\‘/‘\"’&r% plgggeguﬁ%?55%h°%r%%eese Tr&roer
wal | 118a tochhebétuliakj rtHeherhezaolfilng phatber1d0B) i Gali@hhsilst i S
manner the heat transfer tq coolin hanmber 103.is mnim zed during
heati ng but WﬁiFﬁ#?%%lrd’tﬂsi“ﬁ‘gat&?&’d .lﬁﬁéﬁ?ﬁl%ﬁ‘ﬁj{n rr?égénﬁ%ary ,
embodi ment, whbThnd thakFas 1o iheephbcey Cherh ansh v £1h:4 gherence to

Fig. 3, a nunber of wafers 104 are renoved from wafers cassettes via
a robotic armang pl aced i n process chanber 101. The process chanber

101 and el emgppzghanberne G2nang is@ak @da189dat AecddMSPhRi@ddierrgn is
punped down (i.e., a vacuumis drawn). The_ process chanber can be

punped to a RagBevhe A MeRgitRgretém apsarlind of gvaaitecE®-2 Forr, a

rough vacuu 5o 0 ~FO o t 8 .about 10
ot o Vo SacurRaty Skt oFokhe thr oS0 fof AR Mty B

involves carrying out the annealing of workpieces, such
ag wafers, at a certain temperature so as to orient the
crystals in a certain direction. Workpieces 110 are
placed onto & rack in procesgss chamber 101, under a
certain environment, and a hard vacuum in element
chamber 102 is drawn such that gas conduction mode of
heat transfer i1s reduced. Generally, the pressure in
the element chamber is at between 10™* and 1072 Torr.

The workpieces are held at a predetermined temperature,
while a magnetic field is applied via means 109. This
latter step is also referred to as a soaking step. A
flow of cooling fluid is introduced into the element
chamber, such that the absolute pressure is raised to a
soft vacuum. The flow of gas into element chamber 102
is initiated to achieve the desired cooling effect
(i.e., heat transfer from the workpieces, via the
element chamber to the cooling £luid). Cooling of
element chamber 102 in turn allows the workpieces to
attain a temperature low enough such that they can be
removed. Some of the process conditions associated

with the magnetic tool call for heating at 300°C for



760 Torr depending on the requirenments for the workpi ece processed.
[ 0040] El enent chanber 103 is punped to a vacuum bel ow 10-1 Torr and

pref er abl yybelypMeddz2 Torr. This pressure will be |ow Wﬁlﬂﬂﬁﬁﬂﬂf3§9as

conduction is decreased. Thereafter, fshe wafers are heated rapi

from anbi ent tenperature to the desired anneal tenperature by the
array of resistance heaters 106(a)- 106(c). [0041]Wafers 104 are then
soaked by mmintaining the anneal tenperature in a range from about
150 to 500C #beul Heriodiste Mgty .t @pakbng sfonee thausodle step is

conpl eted, thgypewel.d a e SthS16Ht e tsﬂﬁ:@f%ﬁﬁ‘é in the
el ement chanber 102 I.ils rai sé%e?f% 8vvi ng gasg?%rer et hroug .%%?Jocess
chanber 101, mpmutd®e. ot her hand, may be held at vacuum in an inert or
reduci ng at e, r i I of inert .or .reduci gas,
dependi ng oﬁ?ﬁ%@fspecﬁ%xg%ﬁgt%glre\ghggt?ﬁé %%V%%ale%?%%netss‘?h éarwgg%rs
are then coopedfdioma d=erpenvatcuue Lowitaoagh. t oribes rnesmy ethikndanghe

process chanbgr. On, attainin his tenperature, th rocess chanber
i's re-pressu?f’éee%taﬁ‘isd%?én ery BFBT’?@W@.“T%A%‘#%@_ i ous
processes of 1i$eapriesdrig ienw@shi=eneik b iberd widemaas@hbeg1hbe
detail with ref &)rj)ence to the foll ow ng exanples, which _are, however,

not to be cohst ledadng He FGOLABI ﬁ]G%‘H]F?%rEOjEXAmEée FOO431Fhe
particul ar presassaslestll bedsharei ini avehae: Widdizat hen ef the

system of thﬁaﬁégfﬁgfintroducing a flow of cooling gas, such as
helium. Upon raising the pressure the vacuum
insulating effect is lost, because the gas thermal
conductivity is raised such that convective and
conductive heat transfer between the inner wall 118a of
process chamber 101 and inner wall of cooling chamber
103 becomes significant. Hence, the rate of energy
transfer from the workpieces through process chamber
wall 118a to the fluid in the cooling chamber 103 is
high. 1In this manner the heat transfer to cooling
chamber 103 is minimized during heating but maximized
during cooldown.
[0039] In ancother exemplary embodiment, which
minimizes the thermal cycle, and with reference to Fig.
3, a number of wafers 104 are removed from wafers
cassettes via a robotic arm and placed in process
chamber 101. The process chambexr 101 and element
chamber 102 are sealed, and the atmosphere therein is
pumped down {(i.e., a vacuum is drawn). The process
chamber can be pumped to a hard vacuum ranging from
about 1077 to about 1072 Torr, a rough vacuum of about

107 to 10 Torr or a soft wvacuum from about 10 Torr to



WO 2007/ 067312PCT/ US2006/ 044380 21 invention, wherein an inert or
reducing (i.e., non-oxidizing) atnosphere may be introduced to the

process c ny stage in the anneal cycl e/ proce ,
hﬁ’?gﬂ%ﬂ@%ﬁl? 315(:1%/{1:&506/04}1%? q

i nst ance, eatlng and soaking steps may be carried out in a
vacuum while the cooling steps, may be carried out in a soft vacuum
a rough vacuumor a positive pressure (i.e., above 760 Torr) by
introducing an inert or reducing atnosphere. The process conditions
vary dependi A§0 ohorhelepansklricngnc yoketpaotessenTenfer dthaes in the

process cha fro to 1000C, and the pressure will range
"hi AR iR,

froma hard vac orr) to atnospheric conditions (e.g.,
760 Torr). THhet4dl kpi edlesiecean chempeaces3etls i pumred nNes ta atamosphere, a
reduci ng at npsphere,.;or a vacuum The gases.enployed can be hydrogen,
hel i um ni t?%%g‘ﬁ‘f 3:‘} gon°br A Qﬁ%&eifra@gyt %8}8?‘% ofh ?ﬁ’Ergasqé]él%/ncl ude
in the coolipgeséeps (Wild bd Nickoducedhi Phat tdpes edaimmt ichanker)

i ncl ude conpressed gases and m xtures thereof. [0044] Wt h reference

to Fig. 4, f‘ig??ﬁ‘:‘e?'rg%ﬂr'océ'g’?r&ﬁéltgé’/'rEE?p‘é%f%?% Yepitaad®d ERPAALYt he

processes, thgoded@iied Qe duk-Bl 8ot BiIge PEOSESSy GhiafEiar, and seal ed
therein. As shown in Fi%p(4 , five process cycles are shown. A hard
r

vacuum i s puFFBRRHH Wite P S&Es §rEREndEr vk s et dawansng 0ade) -
soaki ng stepggg piyd, @ soft vacuum or positive pressure is introduced
during the cooling step. On the other hand, the el enent chanber is
i ndependent | YO%bkk r ol I%aferEolU0dwirhg Bhpr edlealsdiedapartissaioy thee,
which is depgpdent 3?tgx.fs kpiece i S el $ o
utilized to ralse the preg\gg{eeg%lngt ﬁgﬂg(%?ngﬂ? %%{%elgq %%mslﬁgr
vacuum t o sofor ea@amped edghrovgbluntworh@ass t | nqer essuseakastdepWO

2007/06731235;7&;%&&&@%&4%%% %%wer to the heaters is cut, and the
pressure in the element chamber 102 is raised by
flowing gas therethrough. Process chamber 101, on the
other hand, may be held at vacuum, in an inert or
reducing atmosphers, or purged with z flow of inert ox
reducing gas, depending on the specific nature of the
anneal process, The wafers are then cooled to a
temperature low enough to be removed from the process
chamber. On attaining this temperature, the process
chamber ig re-pressurized and the wafers are removed.
[oo42] The various processes of the present
invention will be further described in detail with
reference to the following examples, which are,

however, not to be construed as limiting the invention.

EXAMPLES
[0043] The particular processes described herein

involve utilization of the system of the present



thereby facilitate heat transfer between the wafers and the cooling
fluid. Upon review of the Fig. 4A, it is noted that the helium gas
may be i nt{oPueaR 4@ prior to the soaking step; (b) aspéﬁﬁﬁzﬁ&ﬂ;‘ﬂs@@
step commences; (c) during the soaking step; (d) as the cooling step
commences; and during the cooling step. [0045]Wth reference to Fig.
4B, a hard vacuumis pulled in the process chanber throughout each
one of the five cycles. In these process cycles, heliumis introduced
into the el erBHENEHANDSNHAThGY dRepEi BF Yodupengobkig Sy, (b)has
t he soakin | SORTENGERS #éﬁs i : i ten t he
cool i ng stgpg%gﬁ%%nces; andSpuringllé hggc%gﬁfﬁggé%%g¥§fggﬁé|lneggthird
process cycl ehambgpfat \eouwhagre posichevenpead sty el gasracesiant r fduced
into the proeg . arately, a hard vacuum.is pull.ed in

t he eleneﬁt gﬁ%f %$$P$%%?ea q&rgp%h gggg IS THE G RE aaggFFg
vacuum or posiutiie ¢Nh&ﬁﬂﬂvadmﬂm,uwhﬁ$eiﬂhéoduﬁkihgrﬁﬂbﬁéﬂim&bﬁ%&nt
chanber durin a).prior, to the, soaking step; (b) as the soaking step
comences; (E%I’gh%ci“ 1 v saofl?l%ﬁgvéf:}éﬁ‘%' (%)Bg%élg he* TB8t i%%g 3st ep
commences; apéstitivaprdngeol(iing . st epove 0047 1per eanmketbancehgany
one of the aforenentioned processes, the process chanber is

repressuri ze@ afifFthe 1RFe ahRPERAREE - [ OB PHRGRFh t he

i mpl ement at i een@ft 1d16y akeve depesat hBedn PEREESSeS11hd he system of the

present invention the overall cycle is reduced by 10 to 30 percent.
cycle/process. Temperatures in the process chamber

range from 200 to 1000°C, and the pressure will range
from a hard vacuum (e.g., 1077 Torr) to atmospheric
conditions {e.g., 760 Torr). The workpieces can be
processed in an inert atwmosphere, a reducing
atmosphere, or a vacuum. The gases emploved can be
hydrogen, helium, nitrogen, argon or any mixtures
therefrom. The gases include in the cooling step
(i.e., introduced into the element chamber) include
compressed gases and mixtures thereof.

[0044] With reference to ¥Fig. 4, fifteen process
cycles/recipes are depicted. 1In all the processes, the
wafers are loaded into the process chamber, and sealed
therein. As shown in Fig. 4A, five process cycles are
shown. A hard vacuum is pulled on the process chamber
during the heating and soaking steps, and a soft vacuum
or positive pressure is introduced during the cooling
step. On the other hand, the element chamber is
independently controlled, following a predetermined
period of time, which is dependent on the workpiece
annealed, a helium gas is utilized to raise the
pressure in the element chamber f£rom hard vacuum to

goft vacuum, rough vacuum, or positive pressure, and



[0049] Wil e the invention has been described in detail with reference
to specific enbodi ments thereof, it will be apparent to one skilled
in the artwig@h7oe¥¥» 2007/ 067312PCT/ US2006/ 044380 23 var pOngshibal ¢as

and nodifications can be nade, and eqpy val ents enpl oyed, w t hout
departing fromthe scope of the appended clainms. 24 W claim 1. A
process of annealing a predeternned nunber of work-pieces in a
magnetic ann%ggéggytgggilfﬁgggIﬁgggytransfer between the wafers and
the cooling fluid. Upon review of the Fig. 4A, it is
noted that the helium gas may be introduced (a) prior
to the soaking step; (b) as the scaking step commences;
(¢) during the soaking step; (d) as the cooling step
commences; and during the cooling step.
[0045] With reference to Fig. 4B, a hard vacuum is
pulied in the process chamber throughout each one of
the five cycles. In these process cycles, helium is
introduced into the element chamber during (a) prior to
the soaking step; (b) as the socaking step commences;
(¢} during the soaking step; (d) as the cooling step
commences; and during the cooling step.
[0046] In a third process cycle, a soft vacuum or
positive pressure gas is introduced into the process
chamber, and separately a hard vacuum is pulled in the
element chamber. Thereafter, and as shown in Fig. 4C a
soft wvacuum or positive pressure helium is introduced
into the element chamber during (a) prior to the
soaking step; (b) as the soaking step commences; (c)
during the soaking step; (d) as the cooling step
commences; and during the cooling step.
[0047] Upon completion of any one of the
aforementicned processes, the process chamber is re-
pressurized and the wafers are unloaded.
[0048] Through the implementation of the above-
described processes in the system of the present
invention the overall cycle iz reduced by 10 to 30
percent.
[0049] While the invention has been described in
detail with reference to specific embodiments thereof,

it will be apparent to one skilled in the art that



(a) loading the workpieces into a process chanber of the magnetic
anneal ing tool; (b) sealing the process chanber and separately

seal i ng anwg RBRrbszishanber partly surroundi ng the peri phefiysdediii®o
process chanber and optionally pulling a vacuum from one or both
chanbers; (c) energizing one or nore arrays of electrical resistance
heati ng el enents di sposed in the el enent chanber before, during or
fol |l ow ng stegrégésto rapi dly heat_.the workpi eces from anbi ent

temperature ¥ ARl Ge MpEt L GRELOPR) CHRi PR digishg vk

anneal i ng t egRasahvEL: 4 %mﬂﬂe@je%@%ﬁbﬂ%ddgﬁék@ﬂlé’ffﬁdn{r%he( @adp@i Si ng
the pressure in the elenment chanber to a soft or Tough vacuum upon
the expirati 8 BPetHePPrEfbtEedinged period of time in step (d) so as
to facilitate cooling of workpieces by heat transfer to a cooling
fluid; and (f) re-pressurizing the process chanber and unl oadi ng the
wor kpi eces fromthe process chanber. 2. The process of annealing in
accordance with claim1l, wherein the vacuumpulled in the process
chanber ranges from about 10-7 Torr to 20 Tom 3. The process of
annealing in accordance with claim1, wherein the vacuumpulled in
the el ement chanber ranges from about 750 Torr to 10-5 Tort 4. The
process of annealing in accordance with claim1l, further conprising
introducing a gas into the elenment chanber to raise the pressure into
the soft vacuum range. 5. The process of annealing in accordance
with claim1l, wherein the vacuum pulled on the process chanber and
the el enment chanber is independent of one another.



25 6. The process of annealing in accordance with claim1, wherein
the el enment chanber includes a first heat shield facing the process
chanber and a second heat shield facing a cooling chanber which is

di sposed to surround the el enment chanber, and wherein the first heat
shield has a higher em ssivity than t second. 7. The process of
annealing in accordance with claim1, 'wherein the gas is sel ected
fromthe group consisting of hydrogen, helium nitrogen, argon,
conpressed dry air and m xtures thereof. 8. The process of
annealing in accordance with claim1, further conprising: introducing
a gas into the process chanber prior to step (c), pulling a hard
vacuum on t he FEnt chanber during steps (c) and (d), and

i ntroduci ng a Mo the el enent chanber durlng ste i 9. The
process of anrle&prﬁges&of@@@@ahpégnéﬁmthmﬂwm er @f PEK- conpr i si ng:

i ntroduci ng pegasniamaghbéc pnoedusg thodpbemppsing: to step (c), pulling

a hard vacuum(amota@ﬁacelr]@érwairk ﬁ@@@ﬁﬁo@?w&s%%ﬂnﬂng}?ﬁ;ﬂ]@ i nt r1 gdugihng
eps an e e

a gas |nt? the g gyring s f e
rocess of an % accor a urI ner conprisin
Pntroducing ang o Brsc éﬁf ?t} (c?panz |%to
the el enent cha ‘ﬁ%%@éﬁ FHyoy mcrt perlpheryo:ft e

process cham er and optionally pullmg a vacuum from

one or both chambers;

(c) energizing one or more arrays of electrical resistance
heating elements disposed in the element chamber
before, during or following step (b) to rapidly heat the
workpieces from ambient temperature to the annealing
temperature,

(d) maintaining the annealing temperature for a predeter-
ﬂnnedpenodoftune

(e) raising the pressure in the element chamber to a soft or
rough vacuum upon the expiration of the predetermined
period of time in step (d) so as to facilitate cooling of
workpieces by heat transfer to a cooling fluid; and

(f) re-pressurizing the process chamber and unfoading the
workpieces from the process chamber.

2. The process of annealing in accordance with claim 1,
wherein the vacuum pulled in the process chamber ranges
from about 10~7 Torr to 20 Torr.

3. The process of annealing in accordance with claim 1,
wherein the vacuum pulled i the element chamber ranges
from about 750 Torr to 10~° Torr.

4. The process of annealing in accordance with claim 1,
further comprising: introducing a gas into the element cham-
ber to raise the pressure into the soft vacuum range.

5. The process of annealing in accordance with claim 1,
wherein the vacuum pulled on the process chamber and the
element chamber is independent of one another.



11. The process of annealing in accordance with claim3, wherein the
pressure, flow, and conposition of gas are varied independently for
each chanber. 12. The process of annealing in accordance with
claim1, further conprising: pulling a hard vacuum on the process
chanber, and introducing a gas in the gl ement chanber during steps

(c)-(e). 13. The process of annealing in accordance with claim 12,
where the gas introduced to both the el enent chanber and the process
chanber is helium 14. The process of annealing in accordance with

claim1l, furtleITieopRidest e atdallingirAab@rdaés with @Ihlh‘h@ process
chamber and vEHé‘r ?A‘%ﬂ@r‘éleﬁ{é@i’b n%‘éf E&?ﬂﬁ&?&’% ﬁis?t ]f; 15. The
process of 3n L‘ in_ac t er corrprl si ng:
pul ling a haf ﬁ”\%‘ aé‘f’\ eatshigl %ulllng a
vacuum on t §€0 lg Hm %mlem S@ngdé@suapuaddhﬁrﬁ%a ing a gas
into the el @ﬂmmberhmntﬂ)whedemntlingfﬁrtsEheat(s]])lelalrims(mmohereﬂzﬁs The process
of claim 14giwhe ﬂglptﬁet@cbhgw rate, pressure and corrposi tion of the

he e ar at el
dont ol led L.gﬁ%@?%?* ik h?%é@ﬁ%%w%l Less of claim
1. furt her 8@&%& 230l SRlg ey BPUM FOBSRTZCRbT | ng
chanber dur ﬂl@@r@g@pshqla)m( n;trogmmm‘gnnaccnmremdcd@mwnds di sposed
to surr oundlﬁmueigethefaofchanber 18. The process of claim17,
wherein the C%o*'m Fdddsél 0&"511 Quliag @ s@drlimhak HiBWclALL10f about
5-101pm and Brth& RS trl%nfc 111’[1% Lc'moz Q g%s into the process cham-
ber prior to step (c) pulling a hard vacuum on the element
chamber during steps (¢} and (d), and introducing a gas into
the element chamber during step (e).
9. The process of annealing in accordance with claim 1
further comprising: introducing a gas into the process cham-
ber prior to step (c), pulling a hard vacuum in the element
cliamber during step (c) and introducing a gas into the ele-
ment chamber during steps (d) and (e).
10. The process of annealmo n accordance with claim 1,
further comipiising: mtroducmg a gas into the process cham-
ber prior to step (¢) and into the element chamber during 2 steps
©)-(©).
11. The process of annealing in accordance with claim 3,
wherein the pressure, flow, and composition of gas are Vaned
independently for each chamber.
12. The process of annealing in accordance with claim 1,
further comprising: pulling a hard vacuum on the process
chamber, and introducing a gas in the element chamber dur-
ing steps (c)-(e).
13. The process of annealing in accordance with claim 12,
where the gas introduced to both the element chamber and the
process chamber 18 helium.

14. The process of annealing in accordance with claim 1,
further comprising: pulling a hard vacuum on the process
chamber and the element chamber during steps (c) -(e).



19. The process of claim 18, further conprising: maintaining the
tenperature of the magnets in the magnetic annealing tool below 45 C.

20

15. The process of annealing in accordance with claim 1,
further comprising: pulling a hard vacuum in the process
chamber, separately pulling a vacuum on the element cham-
ber during step (¢) and introducing a gas into the element
chamber during steps (d) and (e). )

16. The process of claim 14, wherein the flow rate, pressure
and composition of the gas into the process chamber and the
element chamber is separately controlled and adjusted for
each chamber.

17. "Ihe process of claim 1, further comprising: routing
cooling fluid through a cooling chamber during steps (a)-(f),
wherein a cooling chamber is disposed to surround the ele-
ment chamber.

18. The process of claim 17, wherein the cooling fluid is
routed at a fluid flow rate of about 5-10 Ipm and a temperature
of about 20° C.

19. The process of claim 18, further comprising: maintain-
ing the temperature of the magnets in the magnetic annealing
tool below 45° C.



