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conti nuati on-i n- part application of U S. Serial No. 09/060,007 filed on
April 14, 1998, the 5 entire contents of which is incorporated herein by
ref erence. BACKGROUND COF THE | NVENTI ON Chem cal vapor deposition (CVD) is
a process of formng a filmcn a substrate, typ=tally, by generating 10
vapors fromliquid or solid precursors and delivering those vapors to the
surface of WO MBBIEd substrate where the vapors react to for RCI/YIPHRISS .-
Systens for chem cal vapor deposition are enployed in applications such as
sem conduct or fabrication, where CVDis enployed to formI5 thin filns or
sem conductors, dielectrics and netal |ayers. Three types of syst emnsiec*
comonl y used for perform ng CVD include bubbl er-based systens,

| i qui dmass-flowcontrol systems, and direct-1iquid-inj ectl on smﬂﬁmm ‘@ﬂm\\\m
"Bubbl es- based systens, or "bubblers " essentially bubble a str

t hrough a heated volune of |i quid precursor. As the stream of gas passes
through the liquid precursor, vapors fromthe liquid precursorﬂmmmmﬂmmﬂmmmw
into the gas stream This m xturenf peseson sydemdel i vered to

chanber, where the gases react upon a surface of a heated substrat esooo2+

Bubbl ers typically heat the volume of liquid precursor at a constant
tenperature. Over tinme, the constant heat often causes the precursor to

deconpose rgaflertnoabbr3eatseess or CVD. In an effort to mnimze 1i
OCR 2002 WO 99/53%I7 - -2 PCT/UsS991Q081 ~3 : ~ decompgsition, the bubbler is

typical |y maintafhed &F & FCORGEFRAGREN dMePahaRPPRAC 24 Rhicth Uhe vapor
pressure ofséheali §ol.dopyeeswur, $0r7 ESleﬂtmmBMpvhﬂqumd mess ,f ki control

cystem gt gpl Lo Relirer BalUs Bteny SO R (s i giLd hase 1o, @

vapori zed andfesethen typically entrained in a carrier gas which dellvers
it to the heated substrate.

BACKGROUND OF THE INVENTION
Chemical vapor deposition (CVD) is a process of
forming a film cn a substrate, typically, by generating

10 wvaporg from liguid or solid precursors and delivering
those vapors to the surface of a heated substrate where
the vapors react to form a f£ilm. Systems for chemical
vapor deposition are employed in applications such as
semiconductor fabrication, where CVD is employed to form

15 thin films of semiconductors, dielectrics and metal
layers. Three types of systems commonly used for
performing CVD include bubbler-based systems, liguid-
mass-flow-control systems, and direct-ligquid-injection
systems.

20 Bubbler-based systems, or "bubblers," essentially
bubble a stream of gas through a heated volume of ligquid
precursor. As the stream of gas passes through the
liquid precursor, vapors from the liguid precursor are
absorbed into the gas stream. This mixture of gases 1is

25 delivered to a process chamber, where the gases react
upon a surface of a heated substrate. Bubblers
typically heat the volume of liguid precursor at a
constant temperature. Over time, the constant heat
often causes the precursor to decompose rendering it

30 useless for CVD. In an effort to minimize



A liquid mass flow controller, which is a thermal nmass 10 flow co tr@ﬂlﬁl
ow

adapted to control liquids, is used to measure and control the ra
of liquid precursor to the vaporizer. Liquid nass flow controllers present
a nunber of drawbacks. First, liquid mass flow controllers are 15 extrenely

sensitive to particles and di ssol ved gases in the liquid precursor. Second,
liquid mass flow controllers are also sensitive to variatio

t enper at ur'®OP58Hé | | quid precursor. Third, liquid mass fl o%%%ﬂ?%gq%fsérs
typical | ~T use a gas to assist in the 20 vaporization of the liquid
precursor, thereby increasing the probability of generating solid parti cI es
and aerosols and ensuring a high gas load in the process system Fourth,

O oo SeP AR en A (RIS rNN0L OPSIBherdl nhEMRRrALY o apove 40C

a tenperature WhiTeh Sohe precur so rqui Suc
pent aet hox t@DERAETOE, Leates Hitgin \ﬁl's%ibs&l‘fé ywhDgh thei vepsenginasgutes, the

liquid flowscepd qu]l id Sagate i a&glt{ﬁggat abl e to about 1% of
W.

full-scale I|qU|df urther, when a liquid nmass flow contraoller wetted
with 30 TAETO of-ighwdchfmag snnsst %nw%rsxﬁﬁemﬁsa%em@te%@o&@dwf-%. r, the

precurser \whld ﬂ@w@édﬂ irfaats tlol@mﬁitgs@a@esebl d %p@&lw destroy the
liquid flow caontraller ui d e stens the |iquid precursor
to the poi M/PACALRt OQQﬁﬁﬁi%P643ﬁég%u$%£afu BB?FFlon 88 RIS HRCheat ed
substrat e. ilsi a;wpb::mm& kaged s yienst yp aeel genenakhynede iof at wo mai n types.
One type u a t-er a I re liquid '
0 e T 5552 e S ey e 58 e g R e R el 1 e
uses a h|gﬁ~@m§n¥§(masanﬁﬂﬂwwﬂﬁnn¥91kﬂkr|ﬁblphnps Bogﬁedmaﬂum&§$ystens

are exfenghy,,Sentdidg 4,0 aQ?a[ﬁﬂéckeéo'cE'oﬁ@foi' wbﬁld’éhe ilsl Qiedr fd Ow- et er
based systemis also sensitive to gas 5 di sso ved in_the liquid. Both are

extremel y 86@SUSe tad AANEHETL t}h?]dr'?]’éﬁft%%r £AN P6 &ia1E ChiBFIREIRSAT at ur es
(maxi num 5@g) th‘@ﬁa,-a'@bs_{ﬁrgrw t h the netering punp has difficulty vaporizing

hi gh ty Li F , both II diff It t I t

"2 10" nanut ActiiHg AT oifth i S L FhS] BEBREVENE COIISIY and | ar ge

size. Exi sdrag@dkequiRirsd, deisqgid isagentlabl y:onptrbmlm faate hi gh process

pressungs. <He it Pl AN OGRS LM e E%a0a PRLoIIKE Kalug 13, e fact
un nt er

t hat, rec rec Sors generally relalvely
hi gh- vapor I@ﬁesﬂsﬂﬂ@d@@d%@%{ r%@m@rrp&mlmﬂeméﬁsv\éﬁéw in fact,

pressuri ze@o@ﬁ%&le@@@@%lm%i@ivaeﬁaybaﬂa&bh@tﬁ tHeOS), Tid 4,
Si | ane, and tun sten h\e%lfgfl uorj de, tc These mat egl als 20 were chosen

because t hé&f E'prje’s%LEPr PEHTEDDFd t AetEfor &1 1EadHASP
del i vered. flher mmﬁﬁsﬂwmwmmgamaél gyarekb wekhish tike t3teabl e vapor

oressuge T age st Sach of these raLesial s, PLSCLORREOF THE JAVENT) ON 25

The pre ent’ ates to ¥ dhem ca
deposi ti on tier nﬁrébafkaudrmmatqforgmfemtmgaﬂs@ addpettdciesesanior a varl ety of

appl i cati ong e SYMLTdaRld Sulied £05 vsedl ial el ahieal on of

devices for the sem conductor 1ndustry can al so be used in other
appl i cat i ofYSERD viFRPEH N B9 I Heﬁiﬁ%‘ﬁt‘f‘%ﬁsaﬁéoﬁr §e88&PAg e SN addition to

t he fabrl c@arﬁfwfogﬁgféte@taru O:énﬁp'@ﬂ‘étuf@é abbzati @0 tayar aemaedaemﬂeax' all'y
grown ducb&r f.ilnms includin i con,. germani u 35 and 111-V

nat er| R csacﬂ“ané"’{fas%ldr Jr%‘éi*‘gFOnsHﬁﬁuPEctt&Pé: &fmbptl cal thin

films Suchpﬁntanchox1de (TAETO) , have high viscosity. Due to its
sensitivities, the liguid flow controller is accurate
and repeatable to about 1% of full-scale ligquid flow.
Further, when a liguid mass flow controller wetted with
30 TAETO or one of a number of other precursors is exposed
to air, the precursor will generally react to produce a
so0lid which may destroy the liquid flow controller.
Ligquid pump-based systems pump the liquid precursor
to the point of vaporization, typically at a position
35 near the heated substrate. Liquid pump-based systems
are generally one of two main types. One type uses a
liguid flow meter in line with a high-pressure liguid



stacked dielectric structures including optical filters, dianmond thin fi

or conposite structures for multichip nodul es or optoel ectroni c devices.

In contrast to thin filns of traditional CVD materials, future thin filns
require new materials that have | ow vapor pressures and that are often near
their deconposition tenperature when heated to achi eve an appropriate vapor
pressure. weHesfh7t he precursors 10 having both intrinsical lpyrh@ésyapor
pressure and | ow thermal deconposition tenperature are considered the begt
choices for deposition of filns of _kantal um oxide, tantalumnitride,
titaniumnitride, copper, and alum num 15 An apparatus of this invention

i ncl udes a vaporizer within a vaporizati on chanber and a di spenser

posi ti onedpf,gp , di 8RENSREG ra tRARCHESY o %I phapord 7ok, Wigglivery conduit
joins the vaporizati on chanbér with_a process chanber, where a chem cal
vapor is JdBPBSFPER BRLET309sBHEPrat EOTA Qo HRIRrSYEE$BRi#¥®ned to neasure
vapor fl O\C/i\laichi&@blghyt lbén@@hii\bfélr!oC@ﬁditiito#e’ﬁthhra t{ﬂ@ﬂ:@@ﬁcﬁgl | Bfe 138 .

posi tioned,to cgntrol vapor ow.thro t.he delivery conduit. Both the
flom1neterléﬁﬁlgrg&P86WFESFlQFsﬁﬁesgﬁﬁ%ﬁm%ﬁnq )F?ﬁ%ﬁﬁ%%ﬁvﬁ?rg%Fprocessor
pr ogr anfreddf es@bvedntinokthehé ifjudd. coBtordl laare taxtgoanes Iy vaquopld:t oy t hr ough

t he deliver Lt Lnoar tQ.t . a preferred
embodi ment XPhTFfow B er ST adSe s (oL B R s R nd, whi ch
acts as a l(@akhmem380fCow elbreAYStEme wiitbwiis eetfanimigerume hades a pal r
of capacit apee:paneyeiapsrakbhgaed Wit Rrithe onRep endsi f . t heytube, to neasure
the pressure drop across ﬁhe IagLnar flow elerent. In a further preferred
enbodi nent 2Pt Re2F o@PREREL SN & I SR LG SPorfRARIeonth A valve in 35 .
communicat nanudktbutheagf bawireheentAdsls Ido fardiheresprefmws red enbodi nent  of

t he apparatus_incl pydes eservoi.r._ for supplying precurs or 1i 0 CT 200T
WO 99|531&9“Béﬁ¥b§§9fﬁglgér9§ £0°Che di spenser. The di spenser is
controll ed by tBeiptopgsS¥P eamdiphentagesiizer ishigdnemceiwes precursor from
the di 5pe”§ﬁ£ih§.‘%&df§rahlﬂ§g¢ gdoguLta E»efs%ruféfsqo“ﬁ{{gldg@?ﬁr SOr .

Preferably, a pressure senSor~5 comuii catively coup Wi t processor

i s positi ORBEACERSt RESFEPERFzAEI BRSEhARTELY A¢ortd fdis, fadte tddeessor can,

in somesenhadilenésene@Rt I ovpt beetateoals Weireh ckapwir idgerganarat ed by the

vapori zer, b¥ for exgngbg controlling-the rate . at which the dispenser

di spenses 16~ pBFattr ¥of EPoNrPhe PEEEFYHEr RS FHE WA it iE™ I n anot her

enbpd!nenttgmpehetappaoatwsreaninufhet,obnamsuhﬂdadﬂga$mmduit i's

posi t | onedzlgbhes Pt aeessecharhiee.nand,a shauerhend diad desyihe process

chanmber into an Upsiream section and_ a downstream sectlion, Werein the

outlet is Fhlene  upBer EURDSEERI BAXARJURTIMSt dice clikaes atendwls

downst peanygeet tRBseANLEPSLEBARhEYERSHI 815N d:S e duraneddp measure

vapor pressure.in thefugst#eanlsegtlgn _angﬁﬁgdomnstreanl ressure sensor is
PapoPe Yed5divi-

posi t i oned“PBLfebRGFE pFesgs doiTs &G %ect i on. Both the
upst r eam apdedsunst weangpnessiitg sehdowstane chamsvaddtd welporcoupl ed with a

processor.8%$?%P;grggg%ﬁp5gfgg&ﬁ??gnpggggeghtn g showerhead is "active,”

enabling c over e vapor ow rate through the showerhead.

~ ~ 0 a.r 200z WO 99153117 PCT/LJS99/08153 a_ anti-reflective Coatingﬁ-qﬁLJMH
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DISCLOSURE OF THE INVENTION

25 The present invention relates to systems and
methods for chemical vapor deposition for the
fabrication of materials and structures for a variety of
applications. The system is well suited for use in the
fabrication of devices for the semiconductor industxry,

30 but can also be used in cther applications involving
thin £ilm deposition and processing.

In addition to the fabrication of dielectric
layers, metalization layers, and epitaxially grown
semiconductor films including silicon, germanium, II-VI

35 and III-V materials, the system can be used for

precision manufacture of optical thin £ilms such as



25 O her. features found in preferred enbodi nents of the apparatus inclwdtﬁﬁamz
heater in thermal contact with the delivery conduit, a DC or AC source
connected to the substrate chuck, and an el evator for raising and | owering
t he substrate chuck. Another enbodinment of 30 this invention is a cluster
tool for sem conductor processing including a CVD apparatus, described
above, connected to a central wafer handler. In a nethod of this invention,
a precur soWvoi%8/s§Hpori zed in a vaporization chanber, gas fl oWATWHGHRITZ5 t he
vapori zation chanber and a process chanber is neasured, and the rate of gas
fl ow bet ween the vaporization chamoé is cor_trolled in response to the 1
1 0 CT 2002 WO 99/53117 -6 PCT/US99/ 08153 neasured gas flow. |In another
enbodi nent of a nethod of this jnvention, the_ vapor pressure of a precursor
i s neasur edRtanygefhectife ACAHIRIF tIe FradtrStiebegapdi zed is controlled

in responsgrigctiecReasH M ihy i JessW e r P e eiabhy BYigoRt QLI i ng the
rate at which precursor is dlspensed froma reservoir_onto a vapori zer.

Pref er abl yOT dBRBBPELER SECHEWASE & QUMUK 1R APFeH8Ei ®R. Nevert hel ess,
enbodi mentspobetl Betiravant ideiddeso. cover net hods where deposition occurs via

10 non-surface driven reactions., .The. systens and.nef hod this invention
providé§nunerougnbgﬁgFFP§f EF??FPJ%ﬁEaﬁﬁl T?ﬁgiﬁ%ﬁﬁ?io o be delivered
to the subsatetreals,afmschrepwlem andne greruiressew enatehighsfthatf orm t han
i's achi evah@éfe@FW LQBEer‘i%% r &Y Shitf™s H1at, M5 A SR AL &L QﬁéirAs. a
result, the [Tkel'i'hood of "gas-phase reactions andoconsequent ormation of
particl es @aACHROGLEAPNY LeSIFEER: ViR cIRTe Fa ek 1 gherievnc@ntrati or

whi ch !eadépl%QoB_rk.E'angRra_ Yrid Al €,5dnfll Sof VD pPh-@pes-20 not
necessitate the introduction of plasma into the process chanber. [
cOnseqh%nt%Ylflﬁebaﬁsarl&ﬁasm%l% ifTe /AR PTRRTREE nRRfE etoW

pol yreri zathepmal peeowheititr efbigRa-ured | dtdadsnk i Seeandchsont rol over
t he conceq%ra%io of pr&cgfs r_delivere Qf.the %Eiﬁ%pce s _chapher is
enhanced, THEFebY°rFiFoviPig CHRTIBU&T Hit T B TKRRSEEHE Rt FSrmity.
Third, thetantettimdeliicvede  oft vegrorud Imivwrinde, tdwepprocessd chanber at | ow
t enperat urg, ghd, |,qw pressure and without a carrier gas increases the
efficiency of use of costly precursors in 30 many applications by a factor
of up ¥ 10 or #Br ép@@éﬁtﬂ%%rﬂll@ﬂw%qm&n%&%a& rY&pogaseTwhi ch

infer precwi€RinVapQapbrawatdles @idier fana dhaneid £aboi €kRebat €,
which is cgrrlgn-gas and tegggrature gﬁfeqfent, or, froma therpal mass-fl ow
55 [

control | er*9F FOEr-dSd8 Rr&SH st K NARYE L2 ssiforfSS b VERY eact ed
process gasesdfiiomjbhesptheesepoharssr cranc et ntidlned ptovesy | ow | evel s

because i hg, ahsgnce, 9.3 o Lo T 20040 QU ST PAIL 1599 08153 , -
carrier gas an géneraFIy ower ow T €s “an etter Tesi dence tines | eads

to a MYherulbstrpzati oA &liovcimat@r dfs wWesiianadore MASUIE GERONPOSI tion
of the pregusROtnirsubhMched e ey Lomhint, oM afte tdwRedtiddbller
is positicned to control vapor flow through the delivery
conduit. Both the flow meter and flow controller are
communicatively coupled with a processor programmed to
25 control the flow controller to govern vapor flow through
the delivery conduit in response to the measured vapor
flow.
In a preferred embodiment, the flow meter includes
a tube with a pair of open ends, which acts as a laminar
30 flow element. The flow meter further includes a pair of
capacitance manometers aligned with the open ends of the
tube tc measure the pressure drop across the laminar
flow element. In a further preferred embodiment, the
flow controller is a proportional control wvalve in
35 communication with the flow meter.
A still further preferred embodiment of the
apparatus includes a reservoir for supplying precursor



5 the heated vaporizer. While small anmounts of precursor are delivered to
t he vaporizer, as needed, the useful life of the bulk of the precursol1i0§T 002
preserved by maintaining it at a | ower tenperature ir~ the reservoir.
Fifth, the highly conformal nature of deposits that can 10 be forned by
met hods of this invention are~useful in formng integrated circuits with
line-wi dths of 0.25 mcrons (250nn) or |ess. Other advantages o~ this
invention include the | ow sensitivity of the systemto inpurities such as
15 di ssol vVE® P23 and particles in the precursor, the rel abT&S8YWS{r
alternating between multiple precursors in a single systemas a result of
the ability to coordinate the use of” each with a common precursor delivery
system the ease of accessing and naintaining 20 all subsystens, the | ow

power requirenents,of th yst h f,on tages,in the
operating gloe@n sdjbsfp%%%eéystg%aé\ﬁg?%%%?ml’g %%%%gﬁyglizggofh%e system
BRI EF DESCRIZRKeEN OF it DRAWNGS: RBeThehiohegecatvansdroehersobj ect s,

features and VAN 968, he hOVEALLOD HELL oBe-appaLENE ok om the
nore partic

fol | ow ng, pa ar description of preferred enbodi nents of the
i nvent i on, VEPINYAING kel PFRTHESRE conPahyeRgPIY guR BT TRETEr 8ARAGE are not

necessars | h&@n&rﬁc@@i%&f%@ﬁiéd!xﬂ:ﬁ&l@aﬂhéebﬂgc@é%ﬁdiH%@Bsiﬂ@ﬁéaaffi ng
the principles of the invention. Figures |A angilB provji de a schematic

i |1 ustrati di* dhearY 3RYET 28 WO CRHTEST nv AEFBRIINE Jur BES 1BFARASFOP provi de
a schemati @dd | usi redmoemodimamos hetortbolli teat rafe ant aphacht us of this

invent~..o0 ~.~0c¢c T 700 5 S99108 lgure 2ais a
Cross-sect in\foar‘rrjacfr i1F o Iﬁ%{%%%go%/ya&%%p\g#éﬁf%%[ %%Syé?gmég?ﬁ#%gé i nvention.
Figure 2b ieprtuyldsngetie orrtte i3t ushiali bheofiaponter éhvpenaeat cf a
vapori zat i iy SYRSYSE SR Qh did Srasd MYEDET 05 t Bk GYESo2Ez48, @ schematic

illustration of a control systemof this invention. Figure 3a |s an
il lustration of ¥ FRRFIN-EERIVICRULRY sERE BFPTHEEUF nveRt PBRISE0 Fi gure

3? if, an iIdmﬁﬂatd@mxﬁérﬁrﬁmmenb@dp@gnti@iﬁle? pastihé opr-668%E ol sub?ystem
of this invention. Figure 4a is a vie rti y_in cross, section, of a
process sut??‘ﬁfs“ﬂbeerﬁ’ofa i3 ?rh?/"g?ﬁk?%%é %gr\ég&%s4€h? PLOET BRSSP TEnal vi ew of
anot her 15 ienbodimerpstofean ppecessn sadyat @ovnsttdrns savebonon, with the
substr qmg:lnlge i e - i tion. .. Fl 4¢c. 1S; a C Sz secti onal

Vi ew o?itstehe e olgpng}\ét %4@%63}%0%,&k\?\ngt\hg%ﬁgé%ab%?#%%—lc%ﬁgkarai sed to a
processi ng PETIGAHE AIFHF GiF el AP PR FeFSRP 03CEERR| 0N vi ew of the

embodi ment (G s it Absstd Ned i s UDStE6d Br CONEK td medsihiy-expended

posi tion. Fixgeure 5a is an illustration of a shower CE1ead of this invention.
pressure in the upstream sectlon, and a downstream

pressure sensor is positioned to measure vapor pressure

20 in the downstream section. Both the upstream and
downstream pressure sensors are communicatively coupled
with a processor. In a further preferred embodiment,
the showerhead is ‘"active," enabling control over the
vapor flow rate through the showerhead.

25 Other features found in preferred embcdiments of
the apparatus include a heater in thermal contact with
the delivery conduit, a DC or AC source connected to the
substrate chuck, and an elevator for raising and
lowering the substrate chuck. Another embodiment of

30 this invention is a cluster tool for semiconductor
processing including a CVD apparatus, described above,
connected to a central wafer handler.

In a method of this invention, a precursor is
vaporized in a vaporization chamber, gas flow between

35 the vaporization chamber and a process chamber is
measured, and the rate of gas flow between the

vaporization chamber is controlled in response to the



25 Figure 5b is a top view of a replaceabl e showerhead nount ed mﬁthi? 1%
ring. Figure 5c is a cross-sectional side view of the showerhead and Ji éZWZ
illustrated in Figure 5b. Figure 5d is an illustration of a typical
deposited 30 layer formed in a cavity via PVD processes. Figure 5e is an
illustration of a typical deposited |ayer forned in a cavity via
conventional CVD processes. Figure 5f is an illustration of a deposited

| ayer thawwaeassvey forned with the apparatus and net hod of tRCEUSS9/08153
invention. Figures 6a, 6b_and 6c are perspective views of one enbodi nent ,.of
the CVD apparatus of this inventioré6- 1 1 0 C T 2002 WO 99153117

PCT/ US99/ 08153 -9 Figure 7 illustrates the control architecture of a CVD
apparatus according to one enbodi ment of the invention. Figure B

il lustrat eseabaersdi gapr 6tess caat eabtherownibeel anaor dbhoat wednedentgodi ment

of the invention,. Figures a i) rate the operation of the
vapori zer §%ﬁ§p?%%%%ggagéo?gﬁnggpggoh5%§%§§%rﬁ#ﬂa(ﬁ ?$§%S?ﬁvéﬁtion
Fi gure: 10ng¢iafusedat esdt hbepratessinyhpelf dheedtscursddrthe vapor phase

f1 ow cont rl,,51b; DROSES8ALEET IR0 : b0 xaBR A IANIe Gfed fisehnvent i on

1Ho
Figure 11 1lTustrates a process chanber pressure contro process
accor dihg Y3PPHi BreATeRti oRTeFPYarey PYa COMtEARIN P §hr¢ us2katas t he

operation % eh bpeehtEBY @sWafebehkelo rildfh R QcassS~rharbert 8f sone
enbodi ment _of this invention. ure 13 illustrates the cleanup sub-process

i
accordi ng Y%PﬁﬁézﬁﬁbodPﬁﬁﬁFrﬁpfygigePH§éﬁH9ﬂ1°q§%ﬁﬁeyﬁﬂ-?I?HEtﬁSFés an

exanpl e pOdi':i.OénOi'eaceﬁ)oﬁCheNn't&jvgm'tth\&is?g tﬁlﬂe:csdjnmﬂ:é ogpstipeesent in a CVD
apparatus according to _one _enbodi nent. of .the invention. Figure 15.is an
PPostrati BV ere a0t bled CpSar Bebhrenroar (RN abr | ShetEe otia” 16
i |1 ust¥@t esomubtirpeeectivsven treeksiBsconfigured to be controlled by a
single factory §Hé°§9%F8&sCQHFrBékﬁbdéc%gr@H¥£tfhd%%ﬁ}%§v L0, Figure 17

illustrates multiple uster tools, a ac control eparate cluster
t ool cont rePPeFsuGhPeRediEsin FitrSteofitey Ped BY e KEVFYT 20T oftt i on 30

control | erpacgel giregeliotbhihei BUBBEKBRe in a much purer and
higher-pressure or high-flux form than is achievable
15 with the use of systems that use a carrier gas. As a
result, the likelihood of gas-phase reactions and
conseqguent formation of particles can be greatly
reduced. Because of the higher concentration, which
leads to a higher deposition rate, this invention does
20 not necessitate the introduction of plasma into the
process chamber. Consequently, the apparatus is
simplified, and plasma-induced polymerization of
precursor is reduced or eliminated. Second, control
over the concentration of precursor delivered to the
25 process chamber is enhanced, thereby improving control
over film thickness and uniformity. Third, the direct
delivery of vapor flow into the process chamber at low
temperature and low pressure and without a carrier gas
increases the efficiency of use of costly precursors in
30 many applications by a factor of up to 10 or more over
standard systems utilizing a carrier gas, which infer
precursor vapor flow rates either from a theoretical
pickup rate, which is carrier-gas and temperature
dependent, or from a thermal mass-flow controller or
35 liguid delivery system. Likewise, emissions of
unreacted process gases from the process chamber can be
maintained at very low levels because the absence of a



Figure 18 illustrates an exanple of the process ing steps performed Byl 8CT 2002
cluster tool controller according to one enbodi nent of this invention.

DETAI LED DESCRI PTI ON OF PREFERRED EMBODI MENTS _ 35 The features and ot her
details of the nethod of the invention will now be nore particularly
described with WO 99153117 PCT/ US99/08153 . ,~ -10 reference to the
acconpanyi ng drawi ngs and pointed out in the clains. Nunbers that appear in
nore than one fiqure represent the sane item It will be understood that
the parti cMPE&bodi ments of the invention are 5 shown by R&y/U5P/08153
illustration and not as limtations_of the invention. The principle
features of this invention can be éﬁﬁloyed i n various enbodi nents w t hout
departing fromthe scope of the invention. As illustrated in Figures | A and
1B, a preferred 10 enbodhnent of i{CYD a%pgﬁatu§_10 of thi,s invention

i ncl udes fo0F=FAF Pt 8R9sHREFSAENY, TPNEFudRY & ARGt Yo Subsyst em 12,
~a gas-fl onwresntientesubsygst daniid, ta pradeghersultsysizn il affh@erxghaust
subsystem 18. di.sbr dp ssin .. descri el ow, 15 provides
integratedégoﬁﬁ?ok§%ﬁ89%%%ége§§%?“§f gg%%ﬁ%%g?ﬁg§%l§ﬁ£§%¥$ens. The

di stri but edrproceesi Ag sywibAtafddeetiohist shersulborstants tifge WMEitH6 and 18
are allswi thinnaasLAoLS EE‘?%'e?.t.anﬂhﬁlgec\éRa@qd‘élrr%LﬁQs‘('c!% Ystdated, i n Figures
6a-c). The di nmensi ons o? t he. CVD nodul e 20 genera w 1" not exceed a 1 m
by 2m f oot pFEnteahUSHREf EPabP§ HPBOROZ§Featr nteﬁawdﬁb e mgefigln |ength by
about 0.6 mMife wEdtAebpudRovE th8 preBubecghtist @raciexel gepformity with
exi sting stand rds.for.gntggrahion m&%h a ggfer hanggfr such that the

fr ee- st anding™ mBeufe 25 Ban'Ft WFERCAAEHES ypi &al9 yF 19514 Ed f oot pri nt
in;a largerifthst ehet bopghtyntoglratmrdnnaknre buir tegrosirtef ertraad aarbodi nent

t he CVI I i it hip; t ard f [ e [-shed by MESC,

t he stg%gggg g%%?é% a cﬁ%gég?épggag§gfe§9%§5§g%Fc%%ELZ%%Q% qgﬁbnent 30 and
Mat eri al s fareingt i6RaPraCEM Firaut Ead¥ishgdaneamiciviet aferfi &dnduct or

i ndustry suppkbgES.(2E8AmsOoRREcEEQN to a wafer handler or transport nodul e.
Each of boxes 103, 105, 107, 109, .111, 113, 115, 117 and 115 represents a
separate controft28he3CEaPRABFS385t FBLE0ARVERt oMo i YiRididndeéit | y heat ed
with, a sepaeasettattyi dfetheabestd@l toFtumphet £iklke siefpersat ure in each
control:zo t - ts_o h +~02 WD 991 53117
PCT/USEB/Ogﬁggggxg&agégggtggéiggﬁg%ggggegnb§h% §§§9§f%ﬁ§§ngﬁ%erature

det ect or ofetretiveafaect fér pbRErRtivgebebweeRTDRILI DL cofpuATLGIE DR

enbodi ”Entihsaasﬂﬁgiéﬂﬂ%ﬁéﬁl gkapceckheEMBReLEE. 214 1RIDds preferably
encapsul ated by a 5 silicon nitride coatjng because cf "the heat conduction
and Iom1th%?ﬁﬁ¥lﬂﬁ§§ bPet HEesPLi EBRNNYEFRdE. CRIMFEOPN RLSFMBECR her nocoupl es
orI ot her teabwgfwsyseami, nghﬁeuhsesogaacbesusag bmdpkrmemagmhﬁg' RgD s. The
val ori zati s stem 12, i trated in 10.Fiqure 2a,. i esigned to
gener a g agg%n%P%¥¥%ge@%ppF§go?ggrg%ﬂ?goFeggﬁaF%Fgﬁsdggb§ieﬁon. The

precur sor, syatemal thei nsei qhi dnéy sovwi volbrgesi $nstiveedrarad imeser voir 20
fabricat ed.{ taant 8cgrel e Ok EPEANShT 8hbO%Ra13UERe2311NGAIQY 50 Havai | abl e
fromlncc Aloys 15 Interna¥|onal, Inc., Huntington, W/). Alternatively,
the reservdYfte0-is forned of 316L stainless steel. A funnel 22 is provided
at the base of the reservoir 20, with a dispenser in the formof a

dispensinngﬁﬁﬁeDgécﬁ&P&ESNf8§a%HQob£LW9nghe funnel 22 for dispensing
25 The foregoing and other objects, features and
advantages of the invention will be apparent from the
following, more particular description of preferred
embodiments of the invention, as illustrated in the
accompanying figures. The drawings are not necessarily
30 to scale, emphasis instead being placed upon
‘1llustrating the principles of the invention.
FPigures 1A and 1B provide a schematic illustration
of an apparatus of this invention.
Figures 1C and 1D provide a schematic illustration

35 of another embodiment of an apparatus of this inventdion.



20 precursor fromthe reservoir 20. Wiere a liquid precursor is used,11BET 2007
di spersing valve 24 is an axial displacenent pulse valve. Were a solid
precursor is used, the dispensing valve 24 is a rotary valve. The reservoir
20 is thermally insulated fromthe 25 vaporizati on chanber 26, discussed

bel ow, and is maintained at a tenperature below that at which the precursor

wi |l be subjected to significant deconposition. Optionally, multiple
reservoi r yw@9e/e31¢7 provi ded, each filled with a different prmmg/mﬁ@gj 30
each feeding into the vaporization chanber 26. As a ach precursor is -

needed, the appropriate reservoir 2@-can be utilized. Aternatively,
nultiple reservoirs 20 each feed into their own vaporization chanber. A
system for governing the supply of various 35 precursors to a cluster tool
120 havi ng one pLgOREe 24aEer iazaiﬂmcdr@émﬁdsﬁa26115uétfusﬁbﬁt ed &n Figure
2c. A cluster tool controller 802 ontrolled b 11QCT 200Z WO

a
99/ 53117 - 12 BFo4PaMRELE ﬁgffgﬁ) %rlﬁ%?ﬁtbg%Cessor 804 to regul ate
t he delivery of Fppecer 2br § s866,cx808; - éﬂiti@malhelhupbsation of titanium

nitride, I m ster tool
5 controllerggggr QP%P# S%prggggm%géigé%%léﬁo n%%?e%g ﬁkgo regul ate
a pair df WodenResoher anneal ing/diffusion 812, 814 and a separate nodul e

for pre-heatingrapd, pre«chean ngiRi:: @mgefaeﬂoﬁeéfesnceﬁEQOQf these
nodul es 806, 808 810 812, Bl14 and 816 10 and the cluster tool controller

802 is facFYFEaMe@inyhdspdevancHidect ure that can include, for exanple, a

Profi Bus data bpsg8i8 |3ra_1@0@?i rlatllmwﬁfb@nofit@%&Etfioﬁpbéﬁtgala bus
820. Connected to the %gﬁ& |cs data bus 820 is the cluster tool

120, al | oW WgS¥YR&ST5°E &n(ﬁﬁﬁToller 802 to |ikew se govern
operation of th2ighust éb tieolanl2Q lustwm ol hef paectitsor smbodimandul es 806

808, 810 aLe ge hﬁe%ﬁgw E%%t%ﬁﬂ‘gﬁééyéan é@céﬂﬁﬁséﬁ¥éﬂﬂ§8£e for

moni t ori ng operation the system consol or system nai nt enance
824. 20 Both coR3grEs 822ignd §24var @TohrREt B diE C¥PRS cFagtépnt oof

controlIeraaggocggsoggh@ygggnltﬁeﬂﬂﬂgnfﬁvéﬁﬁ&oﬁontrolIer 802, as
controll ed by the hosté& nput er 804, can, elatlve rapi d sequence,
S

sel ect various Pre8tufs lﬁr&m?ﬁﬁﬁﬁ??%ﬁ?%ﬁﬁ? 814 8%?0 BT del'i very to
one ori3mremyefomeaat odn aC pamoerss &d@@erﬁ é’ﬁ)thﬂ'dﬂl :Sn’@@.ﬂﬁ)ﬁbcbhl,ty al | ows
for a sequ ng, of S, artin terials in S|n em _thereby all ow ng
for a ra.pl‘s %qggﬁcg t&?ﬁ%si uﬁﬁ;(ﬂ %h??é?% ? fd?% tg%na substrate in
30 process noduFégugk e isl asteostosied2naldii¢wonaf deeail s regarding

the vari oma&m&aﬁetefofpléuww mtq{tﬁ{@aéw&ﬂ@@deﬁ%ﬁsrébswof and
met hods of u5|n e sane are described in greater detall bel ow

vapori zer & gF°ﬁ§§sé@6rPPﬁ&Féé§¥ng surface 35 area at dlstances away
fromthe di spensnggr\eala;\de 124 andtised dpapgs¢Ziotdl Pleeussothe The

vaporL e G NRLLENE B Al 0, LBl et ate s nul 11 g @
fully extended position.
Figure 5a is an illustration of a shower head of
this invention.
25 Figure 5b is a top view of a replaceable showerhead
mounted within a ring.
Figure 5c is a cross-sectional side view of the
showerhead and ring illustrated in Figure 5b.
Figure 5d is an illustration of a typical deposited
30 layer formed in a cavity via PVD processes.
Figure 5e is an illustration of a typical deposited
layer formed in a cavity wvia conventional CVD processes.
Figure 5f is an illustration of a deposited layer
that can be formed with the apparatus and method of this
35 invention.
Figures 6a, 6b and 6c are perspective views of one

embodiment of the CVD apparatus of this invention.



-13 liquid precursor generates a wavefront flow ng down the surface OH'LHE
vapori zer 28. The tenperature of the vaporizer 28 is set to vaporize th 12002
precursor over the course of its travel across the vaporizer 28 surface. 5
Cont am nants wi th hi gher vaporizing tenperatures will generally flow down

the surface of the vaporizer 28 and fall off w thout vapori zing.

Preferably, the vaporizer 28 is in the formof an inverted corie and is

posi ti onec[vbgglrgﬁgi ve precursor 10 flowi ng fromthe di Spensiaﬁgm%?d/dé?sm-

The vapori zer 5 is made froma thermally-conductive nmaterial coated -or

pl ated, as required, for the best chem cal conpatability wth she

precursor. In a preferred enbodi nent, the vaporizer 28 includes an

el ectrol ess-ni ckel -pl ated OFHC 15 substrate coated with a sul phamat e ni ckel

overpl ate, whi Chriidurd Uf 1Sy 0D 008 dpe COSESE M 4 AcK DOdEI-OVEEPLat i ng for
very high corrosion resistance _and inertness. The vaporizer 28 illustrated

in Fi gures VR &RPAHREYS RGPS of© RO r $P gt BETE oot dEBfecursor. 20
Al ternativenyreraim®H ti-stepped-shape cone is used for solid precursors,
wherein ridges ar

e provided on the cone to collect the solid,as it is
delivered fromt ﬁ@‘&éaseér Ethrus%ﬁa Séotsu'? At %rn%%%lls?m%?n%?o% he vapori zer
28 i ncl GBdesocatdore asiddrdinweitghtond emixpdimetesofindha RSvéaskoni amet er of
3.70 inches. The,, j @J_s.% i so t hat
t hey can be cl egﬁgg anédzﬁﬁg%gﬁirﬁ% SC %%%%ﬁ%%éﬁgﬁ%ggﬁen in use,
' the vapoMERSriZ@n SUlear&fass £9¢ g e g feRPeAIMeRt v@bori ze the

precursor Whihhout&ausidy, it to suffer 30 thernmal deconposition. The

vaporizer 28 includes a plurality of bores 29. Heaters, e,qg., tt-FleX
cartridge heat eSS avidl Il]glﬂﬁg’f’?%‘?ﬁ Ol FF RFRRI TS ?—%’é‘f‘g%e OY | nc. .
| pswi chp Mthe arspdmstdsed fldw dawral dlteserdeoses 289cotdinmecexanpl e, 35

t he heater r Q. es 4 n.lengt gnd 25 inches in dianeter. The
heat ers su%ﬁl%yeeg%o\%/aﬁ%s 'at?flz}-{glé]%ﬁ%{ ‘and can be heated above 1000C.
Typical |y, thoughigute 11 Rl UBTateon(R MPOH S gnber [re¢Redees are

operated i Bdf#te-oh Gyl Ipkfe 200 cA-PLA I TBIMKEES| SIAACE; dher nometer s
inserted into a central” bore 31. The vaporizer 28 is not intended to be

used as a 5 "fl dSPWEEForiZerthrugihel2d | 31 1SSt R IRRId® RS I He PRecur sor

wi || speeadfadires-diiry wpeiieaeri b sshd g cddDmivdtsdr vaposise W | | evol ve.

The vapori Zﬁéb éﬁ of fers the advantage of not being sensitive to small

particles § 6) 53 r?"stff%dgardig%% s of liquid CVD precursor 10 used in

t he sem conduct égrigumusty yi.llustrtdte bl clanus sperpescges t i cul ates are

| eft behi nd ;L3168 V AP Id &L Tt g AP W # Z2atd On n 26 surrounds the
mad

vaporizer 28 and | e of OFHC copper plated wth el ectrol ess 15 ni ckel
and sul famat e nifdEITRAE AP THRITM AT YWY RAEIR A dinst abl e
precur 0r s saltenssdd sHmpata adlcded Maody p2eeddad udesa acyw i nci pal

cylinder 3Q_and vapor ouf.l et 32. The vaporizatio, hanber 26. essentially
serves as amrexy c?r‘i:ci%'ldltﬁ?eq A FEs 6 ‘%‘F&Warr ot gt:& s‘Ib‘Feorgr[fc%%' by the
vapori zer 28. Afpwsurlé sensor id4lustyatefer aif ya polsidtiemnetboh t he vapor

outlet 32 Qb JBIASY F the VapQfeAr€ssure in the vaporization chanber 26.
Al ternatively, the pressure sensor 34 can be positioned in the principal 25

cylinder 30. Thé&igEss e ST 4T SHEHRIF (O HFRH R Sane tenperature
as thegapeidrZeigudud e reimidlded OPreweitgleontenssaty on of the

vapori zed precursor. Thetfr sure sensor 34 is.coupled in a

pr ocessor - VAR TP AR Sop- i tarF‘iCPFeéJd?% e 4 EReen.

Figure 17 illustrates multiple cluster tools, each
controlled by separate cluster tool controllers which
are in turn controlled by a factory automation

30 controller according to this invention.

Figure 18 illustrates an example of the processing
steps performed by a cluster tool controller according
to one embodiment of this invention.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
35 The features and other details of the method of the
invention will now be more particularly described with



30 .achieve a fairly constant pressure in the vaporiza~i on chanber 26. As
pressure drops in the vaporization chanber 26, the dispenser 24 is si §\ZTIMM
to di spense nore precursor. Accordingly, the pressure sensor 34 and

di spenser 24 work in concert to maintain the pressure in 35 the

vapori zation ch.arnber in a range between the pressure in the process
chanber 70, discussed bel ow, and the standard vapor pressure of the
precursor wb doae1PCTI US99/ 08153 "' 110CT 20D2 WQ 99/ 3&rh/s99/08153
PCT/ US99/ 08153 -15 tenperature of the vaporizer. In this system the -
response tinme for reestablishing theodesired vapor pressure is typically
about 10 seconds. Preferably, the pressure sensor 34 is a capacitance
manoneter with a 5 1000 torr full-scale range, or other, simlar

di r ect neasurifey egriggeo Riguracimpddyisty afeswangal aadnatine eeirati nent  of

t he vaporlzatl nsbs stem,jn.whic 1.0of fh k 23 _includes a
gr oove, whére Hite inls hé‘} ers ou%)ﬁlﬁ%a%r%ageﬁ rghgr%(rér‘éll &egradatlon of

t he, precur §0|gua:$ |rtegriecaﬁs1tdmime rsmnessimmt heltwayild bheundgamsiczatd on
chanber 26, attr}f'{)er E‘cu aa‘ioré évc? %ﬁgr S?#GQnEE%n"‘%&J s of the
an e neck 2

vapori zat | on |nto I ow ng out the neck 23,
t he innér ﬁ@lqwnl?oDYZSVE% Csfpa@tjiléﬂ‘vf%‘@rﬁﬁ'e%ﬁﬁ%%tﬁé H—@Wtéf'l@ﬁécmfsor down

the rod 33thEhaerJrthw ouﬁhese&xlm ef@&t@f‘@é%f”@h@lshﬁ'v@f@idip t he
neck 21. It en at angl ed surface 2 bo%{ whi ch the inner di ameter of
Ta‘b Heo™

the neck i §3o 24801V F ‘G Tt"FIe“’i‘ﬁﬁ“PB\’i/e SpatHiF%ect i on
is prone t(irmndﬂm&:dﬁpeamgﬁ athes uirfxaet 29 . whi ch directs condensed vapors

back toward rod 33...The Mapars plrnesfstg ég ﬁﬂggl%'t Ehe S%%%%g]glgs |nt ai ned

at relatively | 6W 1"Vt SO rdhso € Syst &t c&n ed at . | ow
pressuiké | ewdlcsliimentheoRR cﬂ‘ﬁ%@nﬂmi@aﬁﬁ b® oxf nthysofinyentabnt he

subsyst ens 5 GG o%&%pom i JPUS é}_@@g},é%é}{gl QH!:yu&Ehér ghort distances

from vapori zation t Because the vapor presstre and the
vel ocity o3 iFes iare JURGYURM t#%,nsil)o@wﬂlwr@@méglt BHESYRGEM t he

systemis 3Q sSi;gRiddceny |%H§,£B@@| i, C&ﬁ@aéﬂlsé’ﬁhéﬁsbl ghekyREess ure

syst ens, sucréI as t.hos ich use a carrier A‘$ (ga)gi ﬁl oW cont r ol
subsyst em f4 1sgt|’ﬂ"1}iﬁjsttercﬁ Cif%ﬁ‘?ﬂ%uﬁ%s%’%f“ ?W?éﬁ% R

gas-fl a® cgﬁcm]dembsyasﬁgamth@ arentene] osedl hanmagdeatedofordent ibfe sheat h,

35 prefera whi e oxl the sane
t enper at urlél'lkpaés%[ he v pé(;érjel%zser Z;lg% ?ﬁ‘e %%th]%}%%%avé}soﬁgs %Bh lyg%%%! )nécé1
3-inch squgeeh off 1t1'€93 GUPbTREMAD 90| 5841 71 Pmdsh®/ 88¢5811 wighin

Cross-sect ;0 Mdife o R & Qfnd st @Ptﬁarmédmh:ﬂ&hlé“ @@iﬁétk&t&ﬁelﬁe“t er to
accomodat e 't he delivery conduit, 40. Furthe e _cond u§t| ve sheath

i ncl udes cASEYTHS HESLur ed e ?%n%oognﬁh%tﬂ@ PRSELGnent's, al | owi ng

20 generally will not exceed a 1 m by 2m footprint and
preferably are no greater than about 1.2 m in length by
about 0.6 m in width by about 1.8 m in height to achieve
conformity with existing standards for integration with
a2 wafer handler such that the free-standing CVD module

25 can fit within the typically allotted footprint in a
larger cluster tool configuration. 1In a further
preferred embodiment, the CVD module fits within a
standard footprint, as established by MESC, the standard
design architecture adopted by Semiconductor Equipment

30 and Materials International (SEMI), a trade organization
of semiconductor industry suppliers, for connection to a
wafer handler or transport module.

Each of boxes 103, 105, 107, 109, 111, 113, 115,
117 and 115 represents a separate control zone. Each of

35 the control zones is independently heated with a
separate cartridge heater 121. Further, the temperature
in each control zone and at other heated elements of the



5 the conductive sheath to conformto the exterior shape of the gas-fl&8CT 2007
subsystem The conductive sheath includes bores into which heaters, e.g.,
Watt-Flex cartridge heaters and tenperature sensors, are inserted. A
delivery conduit 40 joins the vaporization chanber 26 10 and the process
chanber 70. Preferably neither the length of the delivery conduit 40 nor

t he~di st ance between the vaporization chanber 26 and the process chanber 70
exceeds 25 cm A series of valves controls the flow of vapor hetwe

chanbers 20 %631Zn i sol ation 15 val ve 42 seals the vapori z&Gi ?w§ﬁ§ﬁbep

26 fromthe delivery conduit 40. In_one enbodiment the isolation. valve 42
is an HPS Lopro~ val ve nodified to’%%erate at high tenperatures. In

el enents, such as the isolation valve 42, which nust w thstand high
tenperatures, all 20 el astoner seals are a.special_high tenperature
matoral | SRR L R T 6101 E i AT er e F SR B BBor 1| onal
control valdetettxf ar exemis tegndd osiee ymoies byy MKEE ¢osor UMRTDS, LARdover, M)
desi gned t i i ﬁﬁﬁgﬁ t , Vi i ctance and
provi de 259§ﬁ§ﬁ?§%fqgg@ %ﬁ%%ﬂ |tf?ﬁ#%ﬁ§ﬁ%?£g%%gﬁr£%$gs€§ﬂgglustrated in
.Fi gure 2a. tRamomatiarel y, The 1R al § tprofevabliesengapevhpeededyia paral l el ,

as illustratiad dgh H:QWeid AcL@ihdeodistdsds opl aee Béal SbRGhE: peaporti onal
control valve 44. The praportion ontro| , val ve, 44, %S 30 positioned

downst r eam3 o Phé hesdiadt iRPY B2 S FR UpstTE® from a 1 ow neter 46
consi st i ng Mfc erpAiirvedfy prigsstticeSeslsed Sod ot dr atsinpetatinar - f | ow el enent

54. In the Jl1ust raqt ed enbodi ment,  the |am féié;fégv%ﬁé f,is an

open- ended e 5 THET ecF%rhroug an OrifTce if 35 an ot herw se solid .
bl ock 56 bl ocki ritpef Mapartizagon euberstvemylZontllesdtated tome enbodi nent,
the tuhle 54, engt § nch ter g apei ££30 45 110
CT ?Og% V\glgg’%fgﬁaf gll%1 %&%@%%108%%% nc %sig %%:1:1 an ?n%e%u%pgﬁeter of
0.280 i nch&f PHASUNARE SRR ofPerleRPTbhE@ht r i TRE IBXSFERSARd within the
delivery gqiiﬂlﬂjlal‘le hibel l@.@tﬂw54 imrﬁsdofofrhpfi@t@@@lrh@cﬁ 1ﬂai§hi n\éeln_ti on, the
pressure drop across the. tube vapor_flows rough ot elivery
condui t 40,r€1pssex3’l?lt"h@ or%ae?rloqa‘iﬁdlaf%?‘?. l%ﬁ%n I io\?eﬁxf‘c@#gui ?ﬁl@yﬁas an

i nternal disargt ers (Incdlgy t B&O i(avkalgddl e Haomt HatccofAldiqyes conventional |y

used fqor v ; r L Very, i i D referably

t he ingiégr n%gwcﬁlg{r?gttﬁﬁ of’ e%V’er%h%%nrg%é?ﬁhmgybe}%\%eiynﬁﬁgﬁ%l 40 mm More
pr ef er abl y thehessammaial 0 dietkrrned buildh srmimkrssiseteglsuch a
wider-1.D. sgepdui b ofs YRARSFL dEANSP A e Dol yEesr thies ViBpadi-¢¥ai i oo chanber 26
and the process chanber 70 (see 15 Fi u;?? 4a-d ermts hij\gher conduct ance
for the vapor-i oW AIRFEHSF a"rfbl,tlbeong?e%ﬁ 15, I5FR 3brVattyuat e*vapor
flow at | owde feessiuresintThef viadporiwete prezufcsordispeledingred to the

process, ch i ..at, ho %ailution. In
prefer r%gd %?%%%%%ﬁ?%%é%gp%?@e% ?b(?'ec%%rré r%nld}g%&elr ed to the
process ch&EASIULNIPR Subsietht i 91 VP IFREPIIARY $2Ef® 14 .85 ap exsidhan 10%

di I ution) . disdddiindrsied ok VDO NEES, 2 15161 VEROFEZEEs BF ECHT SOT i S
delivered in an intripsicall? ure for Addi ti onal conduits 141 can 25
al 0. be pr (AHSHbd THE (bt SRANS AR OF R o cbtir Tt T T or Dt FRr VERSI | zer s to

t he processxedwmnherr b fFacthefmsl paiinoil predsfren sensors 48, 50,
preferahly capacitance nonet er i S, respecti al jgned with an open end
57/59 &f the %g%io%o%co ]gizflsg’l y&l%%%gsg?#f%%gn%’e %%E]plrsessure

measur ementreifrrEntdte dtwoe pgrerperatwenste bow g hao ai |vhieh |wee the pressure

drop acrossg,tdig;tdihe ph 1 thershyy add ey dheniaiewd gas flow through the
11 ek : .

tube 54~to"be cal cu] at ed. capaci tance nmanoneter is an, el ectroni c gauge
provi di ng FEPERGHGEIFReas (PRIETR2 Y pridsstiRt ¢ mreder Wi ¥e ety &BRdui t 40.
Wher e capagiz@nciedianedg ef 51 ke wisetl, 2 edChH: epaorepescypreberabdy has the

sane f"élol _Secaaclzhe {eaen eﬂg into the vaporization chamber 26. As each
precursor is needed, the appropriate reservoir 20 can be
utilized. Alternatively, multiple reservoirs 20 each
feed into their own vaporization chamber.
A system for goverping the supply of wvarious
35 precursors to a cluster tool 120 having one or more
vaporization chambers 26 is illustrated in Figure 2c. A

cluster tool controller 802 is controlled by a



110CT200Z W 99153117 PCT/US99108153 -Is typically 10 torr. Suitable
capaci tance manoneters include a specially-constructed Baratrori iZlleTaH@[d
absol ute pressure transducer (avail able by special order from MKS

I nstruments) and the nodel 622 Barocel ~ bakeabl e 5 vacuum pressure
transducer (avail able from Edwards H gh Vacuum I nternational, W]I m ngton,
MA). The Baratron~ transducer is specially built and calibrated to operate
at 200C, iwocorspari son to a standard Baratron~ transducer, WIRHS$IYS1S3
typically limted to 150C. . ZO The transducers are nodified to renove all
unnecessary mass and to pronote unt¥drmtenperature distribution across the
transducer. Accordingly, as a first step, the cover or shell of the
transducer is renmoved. To do so, the cables attached to the Baratron 15

t ransducer paog mregmanrde, Hdse sheelputefr tde datemspuceesierr éMved and

di scar ded, I s %E%% ﬁtgﬂc attach The 5h i ng support
ring is al g%%%&%\%eg%%n?%&?gggﬁggc# ur’ e.r,l'[%héeégbrfgggf ?ﬁg ft%lrc%lnsducer is
renoved. | the gegposiits ot fd temivmamdi trids, t AepPre0. r @adt ached. The

el ectroni cg)efmithe t nRRSAGEN; 1a%L than Lemeal L bratgd EouBRECh (tha changed
capaci tance of the nodified transducer. Wiile the Barocel mtransducer is

avai | abPe, COFf e eEh&OR, ot ufddiesi PXREEaMREG Py the BIF&tron-
trglnsducercotﬂibmt@gs@oqf ttdwlere@mut@ atpraaulrtsdmaﬁoaﬁlfes fgm‘oved, alnfl its .
cabl es are_rennve .aced..ln an alternative odi t, dllustrate
TR Frqure: 3BReaa el R S A A RS RS ERATRaRORRES Sshont b4
ext ends f uptreemeamiagd aite pereds lefartimg (& narCoéhmmunitemenn H4étwien

| engt heni n e 6 t u f n u u updi-ng t he

| ami nar fI%\iav e eoﬁe(r%t%%% i’msO%(r?JelgLéges : ’T@sé)’opée)irz@(/pggﬁrrén??géﬁgr gﬁ'ISS .
consi déPedand fde gdadtaradeol Renrcdldeni8ddi ssdéagispassedsbvh@ught to

provide a pRie Midi8¢le ANG-LifA &n fi'rEE’hR?é,h EBf%‘ﬂQm}ph% dglivery condyi t
40. In a further 35lgoreferred enbodi ment, all or nearl dead space is .

. _ y all
renoved as FPERE HRUScIEE dHE S iSRRI @R ctehP 37 ES5&ANEH 1Y form a
si ngl e tubmpdrcscamenaiiis VB2oh t MAnnectdd a® ghel EOReY=89)/58bits

PCT/ US99108153 -19 or. fl.qQw t hrqugh t-h ndui { 40_w hit a wall at
t he capaci %&%cae br‘flﬁn\oé?rze%t elrs']c Af%’\ga%uosg;e i Fate%cf]éé%ﬁf o%%%oglgéﬂr ke:g'levvhi ch acts as
t he | adBnarclfiisherelterentcBurodiltdy B ahdto viel kewbsal govehowaperatfiogure 3b

|5 a heatedaliyy MMNAAbAS 1 i g i aﬂérgﬁécﬁeawgt febhh the
del i very condui_t and ot her_ _conponents of the precursor delivery system
The propor feghdiesc &6 o118 Afal \Be UAhes diTeei t hTh® FHECEMoRUHELE®T 46 in a
gr |0_CeSSOf - dhg\ae{ae%orat %Bnéc%@ ﬂ|d3: rn%ﬁiit |tﬁﬁﬂ@&:€1§éﬁﬁ%_@$nvajﬂgthbpf Oggh the

el ivery condui .. Accordin \ ow neter ¢ rovi des_f eedbac
regar di ng Fh’gtpet“bssgl}r @rtﬂofaf &Qg?%ilﬁ f%e%‘ tsﬁ’egtueerpi@%ﬁ}tgﬁﬁaﬁﬁ 326,' and this
f eedback i Sotrdectdrmadierse 22t frendl B2 Gpoy teamadcredt tol thal véuddelro | ncrease

or decreasg fJ0 i j g4 n, will respectively increase or decrease the
pressure di P#er\grﬁnwgoqiqrértnhate delivery conduit 40, as neasured by the flow

nmeter 46. This résgResardqreg i iOioies Hepk opertFahakrc8Atroldsval ve 20

44 i's cont icRRG-diNdd byt RhPrREUr@ I dar endd al calds fRasdngdibeiyhe flow
neter 46, nmatches that which_.is needed to su iz t he g&rrecurs r_at the
&a%‘g‘" 59%H°

desired raf@PF§t SSEERST IFIER prFcRys e PEr ARES y, a
si ngl e2di f Bermentyidl Frce =l €35 dalanseero capacot anseemanonet er, whi ch

rracUres, S BLERSULE LN ARASS Uhe AL 10w CLETE! chg99 05 Uoec

along wi th a*sim soT Ut e pressur 0 air  of
capaci t anceldmwneicar & @dvwenciineafatdbar tiespsmniéveriadacingaa predictabl e
pressure  gingle system, thereby allowing for a rapid sequence of
depositions of different layers on a substrate in
30 process modules of the cluster tool 120. Additional
details regarding the various components of Figure 2c,
alternative embodiments thereof, and methods of using
the gsame are described in greater detail below.
A vaporizer 28 that has ever-increasing surface
35 area at distances away from the dispensing valve 24 is
used to vaporize the precursor. The vaporizer 28

functions as a falling film molecular still, in which a



30 drop «include a choked flow el ement or a molecular flow el ement i TplfEcE™
of the lam nar flow el enent. The gas-fl ow control subsystem 14 further

i ncl udes a second isolation valve 58, e.g., an HPS Lopro~ val ve nodified
for high tenperatures, positioned downstream 35 fromthe flow nmeter 46. In
parallel with the vaporization and gas-flowontrol subsystens 12) 14, a

process gas subsystem Z50 ~ ~o0Cr zoo2 WO 99153117 PCT/ US99/ 08153 -20
suppl i es aggidolsgnyal reactant, purge and other process gases pegridd§odsPCcess
chamber 70. The illustrated subsystem 150 includes sources of argon 152,

hel i um 154, and nitrous oxide (Nz0y1156. Gas flow fromeach of these 5
sources is regulated by a plurality of valves 162/164/169 and 161/ 163/ 168
with a mass flow controller 165/166/167. N trous oxide from source |56

fl ows throudlyuial werethit-gdit geneatasss chandes £ ¥Ont hf boghngxtibwpothe143 for
10 reactio 4N the or.j . or deliyver rough.-delivery conduit
40. After g%%%ﬁ#?ﬁ%ﬁ %ggbgkéggﬁg%ﬁgg%%bn f?%n%%%§€€%p&§§ ?Fogéethrough

val ve 157 veropizecess dsamsdr 20 vapquize the pheobesoZ0ovBy bbper _ing

val ve 160 i Wctian twa%lataéz@ééa)%?é? 9%&!@1%&% 38 éégfaééfﬁ or 159,
particul ar subsystens or segnents of apparatus 10 can be I ndependently
i sol at e@ af@rEFIERNEE of thadKkighare v aperd 21 kM at ereate buresowités and

pl asma cangledranked flRwPdcAid ehavdlr-tdes Nbi rows exheeiter del Lygry to the
process ch%gggg 70. 20 Helium fraomsource 154 is delivered through valve
157 into p SEEh ¥ F0 VARTS F IS i s channel ed through a conduit for

rel ease bet ween PaeSielrsitylat, e tdiruciapbt iatel 2 Subst 1t €eh88fapanohash vapors

are deposi t; i mr.ove e .t er. € trate chuck
25 74 and 1t-l g’eéﬁ’begt réjgl\éé 83%% ﬁ%’fe%p%fségelséges&ub%sfé%ﬁgiépggélggéléd to perform
t he actl@al fdopusia ifewrotheeditsagnsriairsolveapbr ohit® vanobszent 28 The

process subsy el ¥oonf Ll Yslehdtad J EJHAE S A md AG LIPS 82 PLACESS Chanber

70, a showerhe ad 30 72 and a substrate chuck 74. The process chanber 70
typical |y Pdaft&rmedsSof edld&erol 63 Hi&k dPes P&l PhanePerat 2Rel 1 Y at ed

606l al um pumMRte preperaied batrween e Areh s hen P ogrss chamber 70
i ncl udes an _access i

t .12 whic h 35 i d hand
st er t odPEPaR B FaAEp P E LN R P € 15T o AP St gF 1 TRERF Bt B enanber
70. A §at e svlisreat25chsteiunticd Fo sitipmoress porkel2%verdldtd, C t 2002 WO
991 53117 - &1, sRETAUSIAL0B1S3 Lot LN Oldd L AGEASS LSk A hr ough. The
anper | n

process ch further cl udes nlet port 76 1Tn an upstream section
78 of the ONEFBAALZDJaR@raNeEYhAdSh SOUrEOLqh e Sect i on 82 of

t he chambernéltheklr.ougheWapbriaper fd aw issdmiagedin Frig@rdd efpof the
delivery can U|§ 40 B%%LeCté i.nt o_t he chanber 70.thﬂfu h the inlet port 76,
while the 8XRadSt *BoPESS8EFE ESANYERSF ¥ 1heé ehdtfiitns SYsTem 18. A

pressuré@ sédserndlifely.,, aamuapacistapredraiape ergne sipassed ofed 10 co
measur e th‘éo‘ﬁ&"?g@%@%%%@,' RHEDS 5 YPSLT |0, /B1e fl o) §451 one ot her

pressure sensor , a capacytance. npnet r IS osifioned to measure
t he vapor PPBESsEPecPhlechetBowASLicamSsddt iigh Fdlivered from the

reservolr 20. One suitable embodiment of the vaporizer
28 includes a cone with a height of 4.20 inches and a

25 Dbase diameter of 3.70 inches. The vaporizer 28 and the
reservoir 20 are removable so that they can be cleaned
and replaced during scheduled maintenance. When in use,
the vaporizer 28 is heated to a temperature sufficient
to vaporize the precursor without causing it to suffer

30 thermal decomposition.

The vaporizer 28 includes a plurality of bores 29.

Heaters, e.g., Watt-Flex” cartridge heaters 90 (available
from Dalton Electric Heating Co., Inc., Ipswich, MA) are
inserted into four of these bores 29. 1In one example,

35 the heaters are 3.0 inches in length and 0.25 inches in
diameter. The heaters supply 50 watts at 24-25 VAC, and
can be heated above 1000°C. Typically, though, the



A shower head 72 segregates the process chanber 70 15 into upstream drid0CT 2007
downstream sections 78, 82. In one enbodi nent, the showerhead 72 conpri ses
el ectrol essni ckel - and sul phamat e- ni ckel -pl ated 6061 alum numand is in the
formof a flat, circular plate with passages 84 for gas flow. The
showerhead 72 is either passive, 20 as illustrated in Figure 4a, or active.
An "active" showerhead is a showerhpad whi ch undergoes a czange to alter
the rate a¥VOAPEH7gas flows through it. In a preferred enbodiGEEAI9Y0B153
active showerhead includes an array of phase-change eutectic mlliscale
valves in 25 place of the small hol' @84 illustrated in Fi gure 5a. These
val ves, which are available fromTi.N Alloy Conpany (San Leandro, CA), are
made of a hertmal - phasechange azter;:ﬁl corrgri,si ngtl a _m gromachi ned titani um
and ni ckel "AAGFS THE VRS SRhi Bh P Pn Ve Perdoffmé®C Car e 230 about 0.1

i nch in di gieteimuaredesfancedtharsoiheter tbe ishewerdteachtyy at e en masse.
The val ves :%E&q_. ryent is applied. The valves react in mlliseconds,
so they can be l?\ggg&flﬁéjr%gl time. They can al so be used to effect dynamc
patterns of val Vheactapnybiere2§. is350sweapiengdedctticome mdesi mg, sspots, etc.
In an akt engatd e ~shndi ty t wet phe [ smmll.er.,plate with a
di ameterb apg?oéf;fpnat I'ng; tih%'?' of ﬂ@gtiﬁ%QO %Engoéét@d%& @fﬁ )

PCT/ US99/ 0@FSFRLSQH Vel 7P 8824 TAF5CERHBARNAPOIE Zeowd fsuabaset,ap view in

Fi gure 5b @adm iwhiGOSEpaed w1 feedesi denki ewWpioRiFegung 5%£AS shown,

t he shomerh?%d 7% |sa:ﬁ%gl eably fitted into a larger ring 73 and is no

| arger thafr™% SCGHS %d&%%sb%bﬁu%nﬁ,enﬁégé?’?béﬂ’ BBPdw. PASEdFdiagyl y,
various shewspeeatisl nry dtemeiaidngeddes dhellauger cvbngrkenrueg With :
differept sj \naf.ers’ .\ ifferent process_conditions., ., The use of
smal | ef%s hgl\/%‘r%ﬁé\ggsﬁ{eeaﬁﬁ%%s%%%&%%o{‘/ﬁ‘ggggﬁ?"eat ZP g?’éfi Ei“%’f’ mERtro

pr ocessi ng SUSkPENeRt aRtdtiasl ates faoe béfprbebisdgaseshexvhwsiriely i nto the
vol ume i nmedi ately above the substrate 88. A substrate chuck 74, positioned

in the downstream section 82, caonprises_el ectrol ess-nickel -plated OFHC 15
copper, with an®elVERIGHRIRIRP ciFPRadht 26 nFekePusdsr phat ¥apandzespti onal | y,

an over coaksofand fisanesy ayedric N expUg-en QLBBr el8kRibakgisnsul ating
cer am

T ubstrate ck 74 is igned to hold.a substrate_88 upon
whi ch fc'ﬁe %ﬁg%&?s aql$s‘ﬁ%uwtreea{&3tcé}8§f2‘%"%@%%&‘?3?8‘%ﬁ%cf&lgﬁlﬁ’ncI udes a
plurality skagtiyse & naditabhly meoersoasndatrat astie sthetrate chuck 74. A

pl ati num r gsi ther | S 4 h : f.the bores 75 to
nmeasur e thgri?g&n%%%itltlﬁﬂe C{)}%ﬁ% séu s%ﬁ%&%%u%kﬁggggﬁgggugg%?’aggrcﬁgck 74 is
heat ed by 259wt Vapcax ket dge hebtersapavazanbpe thambPal 26n El ectric
Heating CoesskR€ialllRsWedRie Mi)s IS esi0hi M0 @quﬁ@nghaiggsggg§§r75' n

t hi s egpodi.nent, the heaters,' are 3.0 inches in length and O. I nches in
di anet&P. TRE RESEE ?rﬁglb‘ﬁeyﬁ g@’v&ﬁ SVERODUZSE RAC, and can be 30 heated
above 1000C. Tha peaisause lsmmsoer ,34res typs tatalyl ppes el edoaédaigaxi mum of

650C, and, r LY . ar ) ._Th tenperatures_are
consi der ab HBI ga r% t_h%ﬁ%t‘ﬁe 3%2%(3:‘?2%&%2&11 r|§§hv‘—’1apn€5f B SPEY ypital |y
heated in EBfiv¥APCEIZAtLRSY whanOr 35 pr dckssesatively, 868e1300C. The
reason whyprbBshie setshemeOfcdise ifeti Meat g 13}5’95%42%8%}?&? be
operatgg at Howgr tenperatures is that the vaporized precurs 'S
cylinder 30. The pressure sensor 24 is heated to about

the same temperature as the vaporizer 28 during

=

operation to prevent condensation of the vaporized
precursor. The pressure sensor 34 is coupled in a
processor-driven control loop with the dispenser 24 to

30 achieve a fairly constant pressure in the vaporization
chamber 26. As pressure drops in the vaporization
chamber 26, the dispenser 24 is signaled to dispense
more precursor. Accordingly, the pressure sensor 34 and
dispenser 24 work in concert to maintain the pressure in

35 the vaporization chamber in a range between the pressure
in the process chamber 70, discussed below, and the
standard vapor pressure of the precursor at the



~ ~ 0 C. z002 WD 99/53117 PCT/ US99/ 08153 -23 provided at hi gher 11 0CT 20
concentrations at the wafer due to the absence of a carrier gas, the
shorter delivery paths, and the hi gher conductance of the conduits. As an
alternative or supplenent to the above 5 descri bed heating neans, the
substrate can be heated by a laser, an ion beam an el ectron beam and/ or
phot onassi sted energy sources. In any case, the substrate is heated to a

t enper at ur than the tenperature oz the walls of- the

chanber . gmﬂ%g%ﬁé enbodi pent, a DC or AC bias is, supplled &RﬁSQQH %trate
chuck 74 by a voltage source 79 Thesel evat or shaft can al so be biased in
order to provide electrical bias across the substrate. The el ectromagnetic
field generated by the bias car. 15 influence the crystalline structure of

the thin fidgm alttuzgar%@ e tPEpSHbséFat ernl thassPeeamshema that an
ot herw se uniformfil \r%th a lattice orientation of <100> for exanple)

.can be de@é‘?thr{?eng? oF Freferent i eriRP at Pe neeSi¥oet irROY¥c111> far

exanpl e) . Iprresecatﬁ:éch@aqqslc@liylmda@tlndugédoﬁ@sgromeﬂeﬁaﬁlyﬂl eng¢ from
one structure ‘tgeh 0, anoth ’r( o % g/ xBf %I ng either a
DC or AC bFASIBLHhS MR rit et 382 r%?%? = ?%etrﬂin‘? 8EEHfWthe hanber. To
achi eve 5t hil9dd axyrma heflascale nppnge used évhetecsimchitydisetate the 25

substrate . r e process chanber 70 and ot her conmponents within
FeReihe S

t he proces ich are held at ground. Alternatively, and nore
commonly, the | GAERITROIAR onl bisErrt§9 vl sal cemmdeiva sembadtment t 6f al umi num

oxi de of suHd W@Brﬂiﬁ@i@?@%ﬁ@yé@é}h al® wheckhtek 1wase 391 beklems fromthe

chamber. A su strate silicaon sem co duct or vvafﬁ %@5 nmount ed on
the substr &% |% %%?%%t YReERet 728 et DE° bias. A
mask (o clcajm)tcﬁzp:ﬂa«tarwlxmwmi r@é@:tmasi@mvedsheﬁde Rresdrier nes35 a ring
whi ch maskst oute t 5. mm.or nore_but. nore typicall 1.5to 2.0
mn fromthe 2@ e of s?fg %a?% rS%e' e ’f‘r%s?h%f%?%%fﬁ'ﬁ) s the edge of
t he | | GhHamdex \A4. V\mm 5340 &1 vapdest zet e2 BB mande s eviendsgtvD from
occurring qpd '&%ﬁ@%@%&@@%ﬁé?ﬁzé&c&@%ﬁ#&%&fZéée 8 The,nagk 94 is
formed of a material having very low thernmal conductivity to mnimze heat

| oss to any*&re3 ot R i Vt’%fég Puipshe Reckthat tRe e%@b%%’éd”%bl unr eact ed
processsgaes Rrefepiaahilan heemmnsrér@rm@l ﬂio@léﬁ%ré@.@@é@b’ﬂﬁﬁﬂ El gi | oy

(avail abl e from Ig gﬁ chf(')hae[ }h tne ts(%l(Jé a?% rﬁ%@ﬁ‘bé nol ybdenum and,

optional | y | 1 Tues a (A1203) , silicon
di oxi de (SldI@)ernw@t}hem;dmynmzartrm el rik. rm;t’fereeraﬂs &t tamgbedvel y, the

mask 94 is AR, C ly!‘@rg ﬁ"ﬂ-g%fr Shuic red, the
mask 94 is gsl'{al';pendce)zle al;qi)l\?;c{e{}efhe substrat %ﬁow sﬁ?%l dﬁé'}{ég(ﬁ?ends down
fromthe sHREWSHEEFIH-D arNRBF sl V¥R G IR SR et HevedilRefate 88 is
posi ti oned sethJﬂ OV Sﬂl*cﬁ{éj th Edaduieds érh%riépé’lﬂ ofureped agtf, gasesnt hrough

t he shower head 72 and 0SS the ex d face e substrate 88. The
substrate G ] “’lqén %eéﬁvaar%mf%a%arcgﬁ aa?f??f)o |1¥at or 96, upon whi ch
t he substrate chlilek vBpars praagwEce Elfhe:m_djmmotrhé)ﬁsyst@hemrl cally

| sol ated. ha gl oora@@élsa@hqvgﬂg Forrd£OP! LI LISt Ly d D pover

Ry
belngtransmtte drive e position o 96 is
cont i nuousl%y%mﬁaablhee DpeyAred Fangy fRersIuwre e @kactedho fully

extended, RNIAEedighy i OMOr *&cﬁﬁi@k%ﬂ)fa@b% itk UL &HANGI Ng position
of the sub%trate chuck 74 is neasured by a |inear.  voltage differential

t r ansf or me*CEPENRE Bh RS T5RE HETHH: AR he/BNeVBRYTE wi t h
sub- m cr on A3® fareeissifyom B;aﬂcazrszanglc&notd a@fo s idre. subhsd{ i tﬁﬂwck 74,

l Tered. AVEREH ISP ST Shar s At SRk 74, R T 41 Sod- 2a T 8ber ed by
t he el evat ¢rra@Gpaydh dfe m@se% unnmgw@waih@ gywttewlisng the flow
30 significantly reduced in comparison to higher pressurxre
systems, such as those which use a carrier gas.
The gas-flow-control subsystem 14 is illustrated in
Figure 3a. All items in the gas-flow-control subsystem
14 are enclosed in a heated conductive sheath,
35 preferably of aluminum, which heats the items to
approximately the same temperature as the vaporizer 28.
The conductive sheath has a 3-inch by 3-inch square



35 rate through the showerhead 72. The vertical posit ion of the chu @ 5672%2
can al so be changed to nodify the mcrostructure and properties of the
deposited film PCTI LIS99/ 08153 110CT 2002 WO 99153117 _

PCT/ US99/ US15~ t -25 Further, the showerhead 72, the mask 94, the

repl aceabl e gettering ring 89, the flow shield 77 and the substrate 88 are
positioned to cooperatively define a confined process volune to which the
vapor prec¥P985387and, if required, reactant gas are deliverP&d/B$f3/0BH3whi ch
deposition wi |l occur. The diameter of this volume (i.e., as defined by the
mask 94) is preferably no nore t hant &bout 1200 the di aneter of the
substrate. The height (or depth) of the volune is a function of the 10
position of the el evator, mglch ver ns the hei ght of the_substrate 88.

Thi s vol unBroffePEChiBRe¥dFhg208 oF § i 1P ERRl ot RaRL ERSE 251

conventi ongh €NMP teacker SOaadcomnmméerﬁHa/ depreyesconeuetfioiency of
deposition_o % sggstratg. %5 n the thodls % this énve tion, deposition
occurs mheﬁuﬁF tess-gaseSUEshtadt heE B SUPET raTR38°And react to form
a solid theressurdepssnspos as8,t Be amﬁennheﬁ ihet swbsttal eathowheg
rate-ligt heyr f I POL y rate of 20
eaction aptPneoRapraLyt Preath o R (OERkteRloblahBe

pl asma- assPétébeogapkéénH-spbﬁvﬁé@HVap@makﬂnnﬂm¢tﬁw%FEIR@thPACVD, PPCVD)

process, thgchiALLI BEEACEAEL Gnike HRAR His pfé’ %r Soryd £ AnSPOLY .
Cbnsequentl the rate of surface reaction wil e sub 25 optimal _and the

vapori zed EFrHFééaélEFéﬂeﬁﬁeéﬁﬁséﬁmﬁqanRﬁﬁj%%P$%%&t ke HepesFedin a

Ilhne of - s:cghaemwe@y ebntibetf uost digls snd aepdhptat o oshatbsr bereover,
the use.of _a

causes.va ase which als nltlgate
agains coﬁ?grhsF 8898F3§ecgﬁm$ﬁ§ ggrfa gé%%?%§f%. Q% % and as
shown i n Figugehb5ef the dep@yergdCEWWQutlwmfmnrmmhaldiQEanoath of ar~

etohed cavbbyuddd theayauBsicatec W diou BN enguieklysthan will

| ayer 192 formng on nore renpbte areas of the cavit or further
conparlsonChﬁméaFe79deKPP§§ﬁr§5e§ﬁa tﬁpﬁﬁﬂlﬁﬁmﬁﬁrY@%N¢%y@@HQQ91$orned vi a

physi cal vapar sdeposit tva;so(:%@):weme AERAHALD S IPEL Urn 194128180 1 1
OCT 2001 WO 99!53117 PCT7TUS99/081 S3 -26 simlar plnc ﬁg of f_ shape with

very |1ot1¥2d¥BosPt SPLAi i aWapﬁgaiaﬁiﬁpr%ﬁﬁTﬁﬁF CRAWEyY 194. This
i mbal ance destbtsyf comiulie diorectnomale dribweinfest gitie d;&@@}satti@ﬁ that is

characteri =0% - PVD. N C st howey ur.e 5f lustrates the
apprOX|nat§g%§ruc urg 8% g‘éon?%%%hl ep05|§dF5 Fthat CEY ﬁgeforned in

accor dancehifghhtenpezgolpsnt dosedisreditisor eiurkams i thacteebantenwi th t he
met hod of {hhgel BYEN,hoRy whidtt Wl%h%’i‘.t&oﬁ g;h ddgpodinchiag effect at 10

the mouth of the cavity_194 is notlceab m ni shed because the
deposi £¥ on®pPBEEBETi SR Fi PE BysPﬁ§lﬁéa i%h IeTRATRIER THeeELrtace
rat her thaguby hhenuabﬁtokamre&&rspm t sanapalftorwiy® .t hearesul ting
tendency for dgposiilon £8:989us (a3l an W5 a0 ani f oLl v, 08 a1t
by MKS Instruments, Andover, MA) designed to withstand
high temperatures, provide high conductance and provide
25 chemical compatibility with wet precursors is
illustrated in Figure 2a. Alternatively, a plurality of
valves 44' connected in parallel, as illustrated in
Figure 1A, can be used in place of a single proportional
control valve 44. The proportional control valve 44 is
30 positioned downstream from the isolation valve 42 and is
upstream from a flow meter 46 consisting of a pair of
pressure sensors 48, 50 and a laminar-flow element 54.
In the illustrated embodiment, the laminar-flow element
is an open-ended tube 54 inserted through an orifice in
35 an otherwise solid block 56 blocking flow through the
delivery conduit 40. In one embodiment, the tube 54 has
a length of 8.0 inches, an outer diameter of 0.375



15 .exposed surfaces of the substrate. A plurality of pins (preferably0Ca#00
| east three) engage the substrate chuck 74 through bores within the
substrate chuck 74. The pins are cylindrical with rounded ends. One such
pin 74a is illustrated in Figure 20 4a. In this enbodi nent, the pins are
mounted to the base of the downstream section 82 of the process chanber 70.
On the other hand, when the elevator 96 is |owered, the substrate chuck 74
slides down the pins toward the base of the downstream section 82. \Wen the
substrate WO SR 74 is fully retracted, the pins extend tRCFALH9/08183 t op
surf ace of the substrate chuck 74 to lift the substrate 88 off the chuck
74. After it is lifted off the chudk-74, the substrate 88 can then be
renoved fromthe process chanber 70 by a robot arm A simlar 30 process,
illustrated in Figures 12a-d, is perfornmed to place the wafer on the
subst r at e. in@has, akndr aat LveeEnBbamataL, of PugBfatag¢hes Fi dilre WiRe each

sel f-al i gngg anozﬂéntéda&éﬁEQﬁgrieaﬁﬁg %HE%t%%H3w9E?ﬁK11ﬁu?y bel | ows 81.
The bel | ows 35 provides a spring- e su port ecause the free helght of

t he beIIomgeéiv?EYgFQE@é%“tﬁﬁn t hB e&stﬁmép £RENEaPEt 1% MRHRAF i2f i s
mount ed. V%Eﬂstbevéhu@&n74ths orés&uQeCdfogoaarWEs9Qh53kﬁbéP@EIUS&9/08153

-27 fully retrac a Lqure 4b, th pin 74a s for ed t hrough
the chutk APoF  TEPHg EREC0EBsk P S8678TY FRASTF! 0a o G “Cluck 74,
When the ebed@atroof96.Lstused to raise the cruck 74 tomard t he shower head
72, 5 the pin 74a.d o) o] itioq [ &RiNs held in
place by the be &8§§v gfhf ?ﬁeECﬁ§CE8§4EB Po %ltggjgur gie Fi gure
4b al so |IK&SBth§baé néplaﬁﬁabléhB@ttéﬁanfrpn9889CP@Wﬁaﬂ@QHﬂikMde of the

chuck 74 fﬁ9§31909999§bk'ﬁPecﬁ?§o§'Q@l@%e&?elﬁhH&KsZingwhﬁmﬁh is heated .
t hr oughout , glca ¥ E gect to, an accynﬁ ation of ‘depqsits from
WRFEhH B t fre

unr eact@d 5¥%c FSors Ynber t3EETBA 2BGHEET e 988 1VAer deposits
build on thentiept ageabbebBevéeni by ahtg489mmt heMoireg pde feamdle si nply 15

repl aced m€£h0y$t§£§ gagggg &grtbg %BSEE Z?h%%d w%hho%%ere |r|Q9 that the

chuck 74 bé're ACCOr d rngly erep [aceabl e etterlng ring 89
can greatIyl@ﬁreththeOudniUIf@rf@apbrth@auﬁgekt7betWH@nr@@Eaceable

Bettering &aﬁar§%aehéq ERANSSr a6 a2 §Hepg&5cgeg themselstiat g H8 when the
pins 74a are retracted, Accor the sufstrate I's not in physical

cont act® mnthPﬁ%ssﬁBS@?aP%r%hE%kgyﬂheﬁaFﬁgéuC5a§§6 6PTak&§t VERPE i nches

(0.38 mm @X@ﬁtﬁh@eémﬁeana h@oﬁubqﬁéﬁtEy88aamdwbheoeha@&qiﬁteAs noted, this
gap is 25 filled Tﬁ g L um gas_whi ¢ @ﬁ % et ween _t he chuck 74
and the sub3PPht& 88 27 °%%§kpﬁnsi%5?§ th SaEaEPr%ﬁS e&g& of FHe
substrate 88, dehevebydcbntamalpgocheshehamhega§o Theopgés swnelugft t he hel i um
gas betweenotfe ﬁHb§B£§t€h§§ §@9 &h§ ghugk 744l gggeek&@hled and the 30

flow of helium.is also nponitored or contr ol ure 4c |IIustrates
t he ap%%ra?%§°6¥mﬁ$55rethebvﬁp@ﬁl%ﬁ@ EHGERrFﬁrpé§|?Péﬁvﬁ6ﬁdwéper
proceSSIngprEtgyéecﬂgmaéﬁolﬁh@m5ub§tansaamlﬁpaﬁaauuSedt@tatblne with the
shaft of the eIev t or ég £X ghg 5 p % gosn |on 3% tQﬁ huck 74 is
lifted out 'of €t he 5?80 %?nb F198 - pr oY Fﬁ@ §EcBESTESTERE chuck for
servi ce/ naémbedamenes, thelv@pﬁrﬂzedKﬁkecursor is delivered in an
intrinsically pure form. Additional conduits 141 can
25 also be provided to deliver vaporized precursors from
other vaporizers to the process chamber 70.
Each of a pair of pressure sensors 48, 50,
preferably capacitance manometers, is respectively
aligned with an open end 57/59 of the tube 54.
30 Accordingly, the difference in pressure measurements
from the two pressure sensors 48, 50 will reflect the
pressure drop across the tube 54, thereby allowing the
rate of gas flow through the tube 54:to be calculated.
A capacitance manometer is an electronic gauge providing
35 a direct measurement of pressure in the delivery conduit
40. Where capacitance manometers are used, each

manometer preferably has the same full-scale range,



WD .99/ S3117 -28 PCT/ US99/ 081 S3 Opt =onal =y, a sensor 87, e.g., anp*%QF@m
t hi ckness sensor including a grazing incidence |aser, is provided in th
process chanber 70 for neasuring the thickness or chem stry of the
deposited filmor the anbient 5 conditions in the process chanber 70. The
final subsystem i.e., the exhaust subsystem 18, is designed, in part, to
mai ntain a pressure differential across the showerhead 72. The exhaust
subsyste i des an exhaust conduit 110 connected 10 t tream
section 8 o?¢¥ﬁtyprocess;chanber 70, ' a trap vessel 85, aﬁﬁ&gﬁﬁg@L m punp
112 (1QOP 80, , available from Edwaygs H gh Vacuum International,

WI| m ngton, MA, or equivalent) conneCted to the exhaust conduit 110
opposite the process chanber 70 to thereby 15 punp vapors fromthe process

chanmber 70 . t he exhaus i I re than one
vacuun1puﬁ§”§?égggg 62 Ggé S A %ﬁ&%ﬁ#?% %%gﬁ%f%§8§§f%%§§%¥%ﬁe in the
exhaust coheoliudel1e spereégulatconistrmigd Birghpor pulipewesadm t he process
hanber 7 [ , j,nt ai j - inth
chamnber %%g%ugg_ﬁgﬁg%‘%ﬂglc&an%ﬁ%%%' f’é@af@‘l&'ﬁférﬁge%fﬁ‘%giafr&?alé{:e Inthe

process cha I's enbo he trap ves ., | S SItuated

bet ween t hergachifh poaprargngsd e tHioteedeyafve BIroghe Rakpadelof the

trap vessefa@lungpteskiaB arBRisAidet Ofa¢dEl APl £aELEH PAREHASORI¥RPOr 25
bef ore it__reaches the vacuughpugH351112. The trap verse= 85 i ngludes
S0

surfaces tYRAtUEHuSBEERBRHLED IEHA orMbe- ot HRF WPRERFEPRI ned
t her eupon thraestiocehetrscabead alliegr Mmli ldecatposil 1ona oed atlo espe s BeeNt

process. In_a Lternat] : rced _emhadi pent - 30_. trated in Figures
1CG-D, a sc%ﬁb %? 5 pﬁqséé‘g%g?%g& I1’a:%e ao;g%ﬁ%{e({%%f%p]a%%é%ﬁejsscrubber 85’
actively revapeduparnf whicbnianitymitcalflnom irhetedstet 1 2@i8 bef ore exiting.

the progess subgystep,hbaeRY-<PReW %'ddlﬂi?ié?é e@é‘eferﬁ{n‘}é ugf leaving the
system A small, dry, low power, 35 dynamc, variable-speed punp 95 is al so
provi ded WRRPASSSERE PREEeIBCs HISs PHBIAEaimEion®s. tepeedEe¥ed enbodi nent

of punp 953istpBput ashueedoby Phel frhemacm Accordingl P, Cas Z00s WO

991 53117 E%I/U§99108153 - 29 %gashua, Q%ﬁgkﬁgpshlre, USA) whij ch punps at
rates up to-B3°nBFRP: FHE HA¥FTo5% ShSltedtht P Wit#PEHLCebntFcl system

t hrough a Rsobir8ds davadbusp,stble tdadil ddhenqaphed speeide dbatdrerpnhp 95 is
controjd ed L9,06YeLD Lhe Sehleaat il chyapotei sudrauLthrough;the system
via a cl osed Toop processing system By SO controlTifig the punping speed,

t he throt tTeNQuEGeand GpsSEREARMA r GG N1 IRP DSBS care behontered. aEach of the

subsyst ensrdZrtddnedd, *8e holsahg Hupnhosedd n; seal 8 Morses§ to contain
| eaks of an ?hgzardo S .gases f£%n1thilsysten1 e vapori zati on and
éﬁ% r

gas-f 1 ow FSCaPESEt enEUESERd FASROTot N Clohf af FRRFFVESE f+Fst seal ed
vessel 180rerdnvedhausts| LaagtB2 iiss maainect esht 0 4@ {4 rid tSieah ed vessel 180

Syst er? A EEEDrRCEEa e DB BLr CIBRI NN, G |1KBw ST e S Bhaust |1 ne
186, encl osescehébpabedssogmetshbspet eharged capacitance of the
modified transducer. While the Barocel® transducer is
available, off the shelf, for use at 200°C, as with the
Baratron® transducer, the casé of the Barocel® transducer
25 1is removed, and its cables are removed and replaced.

In an alternative embodiment, illustrated in Figure
3b, the solid block 56 surrounding the laminar flow
element 54 extends further toward the ends of the
laminar flow element 54. By lengthening the block 56,

30 the volume of open volume surrounding the laminar flow
element 54 is reduced. This open volume is generally
considered to be "dead space." Reduction of this dead
space 1is thought to provide a more direct and efficient
flow path through the delivery conduit 40. In a further

35 preferred embodiment, all or nearly all dead space is
removed as the block 56 and the laminar flow element 54
egsentially form a single tubular component such that



A CVD nodul e 10 incorporating the various 20 subsystens described hdrie0fy 0§
illustrated fromthree different perspectives in Figures 6a-c. Figure 6a
illustrates a rear view (fromthe vantage point of a connected wafer

handl er) of the CVD nodule 10. Figure 6b illustrates a side view of that
same CVD nodule. 25 Finally, Figure 6¢ illustrates a front view of the CVD
nodul e 10. Conponents that are all included within the nodule include a
process nodul e controller 205, a vaporization subsystem 12, a power i nput
nodul e 14Ayoa9gaasfl ow control subsystem 14, a process subspsiemmddsis30 an
el evator 96, a scrubber 85~, and a gate valve 125. Figure 7 illustrates a
general control architecture diagrame200 fox control of a single CVD
apparatus 10 and its associ ated subsystens. Control of a CVD apparatus 10
is facilitated through a process nodule controlle r 35 205 operating under
sof tware conapea filovadd sthrdugle theaomeduio &odepehdedt!|y wontrat

t enper at ur 0 | .. e SSMr ontrol ules, 215.. fl ow control
11 ocT 208?%%%%$%%%§1% &5 lEr%%du regg‘g%, CBEATER ebat or
control no&gkes »E.chirdts tarke Preflanbgrendbav nehenést | F4ustitied as a

di stribut edngystem; the overall chem cal vapor deposition concepts and
"techni ques presented within this invention do not 5 have to be inplenented
in a distribut edlSgsHistin Rt HerTuihell e Hehprtedrabdmimun $hemblr manner

with a singke mRaiRHCAY Gl |efemxeC Wdthdd lyDERCEssi g1 stepp itself, while
still overcom ng many of_ th roblens of the_prior art system However, the
di stri but e&oﬁgﬁarte‘l b a3¥d toﬁzg"%? SFIRTERND oA nERt Iﬁﬁ%?/‘i”a%%rsi gni fi cant
advant agesdelearexyl'syraaim.syst em operation, as will be expl ai ned. Mdul es

210 through 225-are. repr . iV ocessing tasks_.of the CVD
apparatus 10, ar}%et ereO%%%%%Jbeg%ﬁ%éfg%%%!g%luléésu o?gs"ﬁo% whi ch may
be used?f ofthet Heovws mediay ¢& dsks? T2 IrHughoen t iPrtspecidoratdon. Each

of the previenslatedes@ iDRA BOSYHOBhFAGHH NG dOELYEPPT &t o0
subsystem 12, gas-c%:;owc ntrol. suhsystem 14, %roces,s subsystem 16, and 20
exhaust suBSyst &mChF R ivhcl W diSF Fonborit e E%mt L epdamer at ed by

t he nodul exeZB3di2I5 th2 hrwulofe 22T Dirdiei gveiml th€afdY DFe@f chitecture
shown in Fi

ure.7. JFor ex l.e, dn Figures 2a and 2b,.the vaporize r
subsyst em fgrﬁdﬁj\}gl Vs, aﬁ‘r‘%%lﬁ t#eerecfba%j's,l%oﬁ? 159 R 28k h*‘g%t enper ature of
reservebr poopoatticmialli mprithe lpositveot Hfto aimctdmsefor edddwearmwunt  of
precursor fhow f wﬁq@éldiigp%qﬁirng v)’ﬂ'hlv%@s e&@p&é%i%{@ré > tenperature of

t he vaporizer 28, and nonitori'ng the pressures I'n_the vaporization
chanber 269SEXERSEf tife SF SRR & HiPgiHetal | {1 ddeh dievaterrvia software
oper ati ng wohliul tprecess M e-aDy alHers 20 mutkd Saphysigal |y carri ed
out by ore QL. aore of rm)d I%slozwoof:] rougph 2205. Thraough the distributed
nature of thE-Varrous sﬁgé"ltiea SO EntSs, PRI ot Y Yol ler 20s
can 352z2fanégde iwafteontpneeess sintdg if oherprieshwr e udd £ e rapipdr atass 10, whi ch
requi res mylti-ple 55 ulby .S ad Foef 8. processing.f ary a single CVD
apparatus 10 is not E}r’uf %ngc%%, %02 ' © *er Ys
needed to supply the precursor at the desired rate for
reaction in the process chamber 70.
Alternatively, a single differential pressure
25 transducer capacitance manometer, which measures a
pressure drop across the laminar flow element, can be
used along with a single absoclute pressure transducer in
place of the pair of capacitance manometers. Other
alternative means for inducing a predictable pressure
30 drop include a choked flow element or a molecular flow
element in place of the laminar flow element.
The gas-flow-control subsystem 14 further includes
a second isolation valve 58, e.g., an HPS Lopro® valwve
modified for high temperatures, posgitioned downstream
35 from the flow meter 46.
In parallel with the vaporization and gas-flow-
control subgystems 12, 14, a process gas subsystem 150



110CT 2002
W0 99! 5311 7 PCT/US99108I53 _ a -31 too conplex, it may be the case that an

al ternative enbodi nent of the invention nay use a single process nodul e
controller to nonitor and control nore than one CVD apparatus. That is, two
physi cal CVD systens 10 5 could be controlled by a single process nodul e
controll er 205, w thout overloading the processing capacity of the process
nodul e controll er 205. The preferred enbodi nent however uses a separate
process mpdul e controller 205 per CVD apparatus 10. By usin . stributed
processi ng¥O ¥4 n steps.in the overall wafer processing p?gigﬂﬂh@&é n e
performed in parallel with each other which results in nore efficient wafer
yields and allows real tinme managenent of vapor deposition. 15 Actual
process control is acconplished by providing separate control nodules 210

t hrough 225 for .each.qof . the_individual operationa onent s i.e.

val ves, teﬁB@ngﬁﬁeaﬁgﬁFﬁ8ﬁﬁhg gﬁﬁ%ﬁgﬁvi%ﬁﬁ%ﬁn%ﬁénéﬁﬁg%w%:°%$%§) in each
of the subggstenso The puwdokes charier20 Opr ofremiEd st chcspeci fic tasks
related to LEi Ot i-9n s@f b t f ti ity en given
a task, ea%ﬁb%g%tgfagl Ersrgdt%%’e p(ei or Es%%tﬁ:g%% t%%fsta%o}r oltzge%'s Iﬁr)r%lcaiJU frel %g%\g]r ol ler
205 when taRdt askrpyscenpret dN.P1 s18f at usasahdryr frpmt kechasi fiese to
conpl ete. Zeukeesexanpkguiatiaohyt e chemaanaturs GaNkfd processing may be
done in a distribyted fashian,,_such that the high | evel process_nodule

f , .
control | er 168418441 REr 8RF RV HESY 168 o inbr aSRe Gt $IHE?P AtEFe contro

nodul es 219st@1sel/18nd maintain specific tenperature s. 30 The process
nodul e controll er 205 can.the% nove on to %%féﬁeXt q&hg task _in the overal
waf er processinglFSBP?ngzlSEhi§§Wh59&5§%n% iy THS Yor HE

t enper at ur 25y danot pedckescahamberofe hricvgh redejpenpent T4hpeoat ure .
contr no Lo, S Q0P er - tro
nndulgi?s ?%ésF%%glP?ﬁgngh%bggpgéﬁ§%%8?gggpfgfnfﬁggégg%%%?q%%?ﬁﬁgﬂ

manuf act ur@églpyeryicendeft2602 WAIdersIerpsRCHarsdy agimprmed, - 32 Sienens

Cor por at | QBrgSHCR-ARGYLAF Y SR° ITAd LM MIERAING alom i Hon LYRe red b
contro asSKs, | a n I gen e . - , al SO nmanuract ure
S omens OO EOERERoRBaRRS Thd D56y BRGSO GHOTEE T a5 FORPERoREng type

t asks, suchaasevakbade reasunemsris witbmatapacidtanese nahorEless resul ting

in adjust s La,flLow,g@nt : ticular caontro ggg | es, used in
t he pr%?e??gé’e%%gdf)%e% ,g'aég\%/g’llmgs%%rr%s s&#@%‘selogrgtsrei‘%% ~JI.J)%J?)rrponents in
t he systenfVBpepregasts| éW ot &ge ifidependentbor tiscd@ted BE)din order to

prevent ingyg¥;kRekhee¥arkraf 123 ShonaQiiGHt, At @m0 dQ, pEgyent

interference with vapor deposition. Low voltage operation also allows the
system of BRE PARERR 6/™ 815 iGF&Mate WeaR1LEd Woith dhe4ul SeP'Es power
suppl i es, | kit Hoet H&&iivﬁ]tc'rgr Rat it@flaaalpgm\e@rs e 07[10 differing voltages.
Accordi ngly, al spect.s_of control . beginni.-ng Wt e vaparization
subsygégm 12 an egﬁﬁ ngr\%mt ﬁa‘otuﬁé-:eZ(}sér %ersa?l&bes’ifs & 139 r\éa%‘éﬁdl ed by
nodul es whiLgli wayobpriordsgertiamley JOt i whatred itanid whiaginekad t hen handl e
the given task.an LNEhaOue. cHICLEIRG. BAMGKE: J NShARCES: ahangcfodul es

can provide information or communi cations directly to ' les to
est abl i sh 3flapiifvée BElPELEeRENIBFs UnPToMBdCh yaRanf AP GRWFH-Peokess

settings. Lfpsdel knst aReesFethede nRdURTWeh adaptsidiFadasknuekhout the
need ;g fyrther |5%tru tlong or, tasks fromthe process nodul a controller
t 74, 2ot

205. g, Eth6&4G €8 -may 30 establish a relationship such as a
mast er/ sl ave or Tolel erbleesyaubsyme arelldt iienddq,graad] wapadfost thensel ves

acoor o 19, L6£0,8) HikaliSlecl WA agbe b Pt e er Wit o
i n 35 adapsubisi&atel.at Thgsprpsess subsystem 16, illustrated in
Figure 4a, includes a process chamber 70, a showerhead
30 72 and a substrate chuck 74.

The process chamber 70 typically is formed of
electroless-nickel- and sulphamate-nickel-plated 6061
aluminum and is operated between 50°C and 300°C. The
process chamber 70 includes an access port 123, which

35 can be joined to a wafer handler or cluster tool for
transporting wafers into and out of the process chamber

70. A gate valve 125 is mounted to the access port 123



For. exanpl e, a pressure control nodule 215 nmay be used to nonitor preizg{?
sensor 34, which detects the 110CT 2002 WO 99153117 PCTI US99J08 CT 2002
-33 pressure output fromthe vaporization chanber 26. The pressure control
nodul e 215 can provide direct feedback to a separate flow control nodul e

220 which operates isolation valve 42. If the process nodule controller 5

205 initially instructs isolation valve 42, through flow control nodule

220, to maintain a certain flow of vapor gas, the flow control nodule 220

can obt ai "WEP843ll7e data fromthe pressure control nodul e 2PETRUSE0KSEht r gl S
pressure sensor 34. This data may be used to determne 10 if there is

enough pressure in the delivery contift to deliver the requested flow If

the pressure is too |low or too high, pressure control nodule 215 nay,
dependi ng upon the inplenentation, signal to the process nodul e controller
205 that t k&% SOREERAIGIDECSSHT S EF U YA | a8k BTPFeIZure, or may,

via an est abhknghed 7ad@pirtte  erallieishigh Sigdlpdre realidige directly to a
vapori zati on chamber pressure caqntrol dule ipn order_to increase or

decr ease vélgg’:tirfgf“i 5ﬁc5ﬁé’|’?be7% ﬁ(r)fgstgi?r ec@qrﬂD?ﬁ hﬂor %ﬁ)c‘fo%n SHEFESt he overal |
_processi ngpefrt26 oc hemac dowrsgrore age @esitticam 83 abntheldletabaer the CVD

appar at gs p S t.rol oS w er-c ro

routi ne,g clea%fftaoit&%hc%%g‘r%% ‘%%%% glféggplss n"wgag{af cdg'r poéjgtcgu@%% "IF’F o%q%t her

nmodul es t odgddperor coacedt dRamyes satotigre Pt ehatgrponeht shreighout t he

need for 2%%0!119@1_@&0%@:@” 76t yHAnecess il & CPUF0ld ©ri L05. Most
freguently, this is done_ where the output of one nodule directly affects

t he perf or FRRCECERCoHEr HiCoR*OR IS otESYSHRRIVIE. CoRARTTHIS on bet ween t he
modul es 21@enkeugh 2 2% .30 aanrdpled tpireee stk - )C ol idd of 1 264 may be,
acconplii,sh in_a nu r.of y irect Memory Access (DMVA) can be used to
di rect I139 rée%d T2RG Wi & Sdat %’?’O%‘g&%%%ey lanccr:Egls%iLkﬁse T arféjri/e ‘DecAEti ons within
a shared né@foryA230cass shewetherrirgessute Aawar Hls (ev@. shown 35 in

Figure 8), c%%%%i@% cfeOGna%age'e%) a[s)grp@gi%%ﬁ@ g Pysas M Lhfypically

operates at 12 Megahertz and uses -9 connectors to Interface to nodul es,
can i nt er cORRO&t Pressure Jrc the; Goyngh rees Fert L3y 83GTNS99/ 08153 nodul es

210 through 225awishBuweackaat her sasg-ddie o aoRs Sl £ Qonsol [ es 205, to
aIIOM/ﬂgtai%%nnuni%%%ions n sha%in%_of iQfornaL;on. It is to be

under st-dod “tr&t “E5 ﬁmngf\%o HE -ETETHACE M&ati<ons Pt STEeses and 5
pri nci pl es eabediorhenpltate dhiveregihrads M2eiargnrapyse sc &l ee- ttxo Jaaruni cat i ons

bet ween deyliees: -Mdl e31280nERRPANRRLS I dlis dimveidlndd d:3qal SO
contenplated 1 n this invention that faul s 1 n nodules and conponentry may
occur and 16 tRet8foferm RE En¥dati-of icamlede Hledendih Grassagest ol er ant

nodul es, cerp@eents safidopt,0Cens0khovedhedd POVl ipwaiRP P s ided) cat ed
proces?ﬁrs fonlﬁacg ngdgle 2%0 throg%h 225 and the process modul e

cont r oflPer #8051 BF "pPEFCdit Ay © SRApFalbife 5ﬁhﬁ%ﬁ€ﬁ??y,eﬁbrt%99ﬁ¥f be 15

repl aced wshbogtrhehdt tisng dhowetrheaentihriehs ysidargold s ichdmwyeeftei al , for
exampl e, Wgn AN £XPENSLVe PLAGULSBL NIY PR Iehgaled andi w || be damaged
if returned to a [ower tenperafure: f “a Faultoc rs,” forexanple, in an
el evat or ceaeferreddembogigenthi §hgoadgitd vienphswerhead includes an

array of phase-change eutectic milliscale valves in

25 place of the small holes 84 illustrated in Figure 5a.
These valves, which are available from TiNi Alloy
Company (San Leandro, CA), are made of a thermal-phase-
change material comprising a micromachined titanium and
nickel alloy. The valves, which, in one embodiment, are

30 eabout 0.1 inch in diameter, can be formed in situ on the
showerhead plate en masse. The valves open when current
is applied. The valves react in milliseconds, so they
can be used in real time. They can also be used to
effect dynamic patterns of valve actuation, e.g.,

35 sweeping action, pulsing, spots, etc.

In an alternative embodiment, the showerhead 72 1is

a smaller plate with a diameter approximating that of



20 .repl aced or deactivated by another redundant nodul e which nay take gg\{qpﬂz
for the lost functionality of the failed nodule. The swappi ng or redundan
fail over rnay be perfornmed w thout having to stop the wafer deposition
process, which saves wafers and reduces precursor waste 25 and reduces
system down-tinme. Figure 8 illustrates a flow chart of the main processing
tasks perfornmed by the process nodule controller 205 fromFigure 7. The

st eps 300wdwassgiy 305 are, in a preferred enbodi ment, i npl ememtesdonss3
software 30 or firmvare and are perforned when the CVD apparatus 10 i-S s
activated to process wafers. In the2®dreferred enbodi ment bei ng descri bed,
the main process control steps 300 through 305 are wafer-centric in nature.
That is, these steps focus mainly upon wafer handling and 35 execution of a
process rech@ewahérhgperf Bhis empocMDesperis | smown Sremar &i copavieaf er.

General ly,. I hg. et r i ne._s X e o) . Sets. vari abl es
for 11 C%%:ﬁlgﬁgé %E)ggP53%T7%%%f%ﬁ§§§f%§¥g3 gﬁéﬁpéggga?ag gwag system
oper ati on,Femdrenser uchs Ehevaeditda enansiiiead 2 pe? foeRl eheaPa¥ks. In
parallel wiheihisnfBia PROGRSS 04 I7e.ardd M4 | hobEaeXPlatned, aare a set of
ot her concurrentlg execut i n% routines which % 1g)erform ot her tasks. The
sub- pr ot esSRRL AR NRERES FFY P&P“FheQﬁﬁﬁﬁiéﬁ fPEHRY maj BFCPFOLRELYsequence
(ih. e., st E@@rﬁ@@stggh@w%bhaaa)s gfaﬂ:ib@urem&amg@@nm _ettleT Taegsubrpngcesses,
shown in ures 9a . an . Are, Corespectively, .t vapori zer
sub- pr ocesé‘?rt’ﬁﬁe v‘ﬁf)Bg Bﬁiggrff)ltf Is&ﬁeccgr’f‘far%efll’%ra%%bwﬁ%cgsE?Eaﬁggt he
process charbesspressdieionstrolTheubigs acessnall dérerslsobepheedss nay exi st
as well, s ex - cl r . A; housekeepi n rocess, a
UCH, A8 QL Egglxnrgd%tsh g&%\%ﬂ‘tfécxﬁ LR Pp 1 Lfgfo]e%ff pIng p

safety intefTOCK process, 0 are explai herein. 15 In step
300 oflQ@ heonataspingessnEoRPRSETSIRTAR ithe of 1PV oo evBocene @V/BEgppar at us

10 is pre-prepaLedeiy ageePtha Wehitime et oP=ipcidies, chor exanple, the
process of pre-heatlna the pre-cursor in reservoir 20 to the desired
g a

t enper at ur 2ARETFbRAP process recipe for 20 the wafer process to be
performed by the &vbseppaeathuskl ¥4 ,Parcanedessed oin ttiee pdoerssreani pe are

| oaded intQ ry,230 f : exter sourc s 0 anple, a
cluster to%?gggﬁ r% re;o{n%?l%%se%&ﬁeac{l#g&)gé%hrgi?}g%‘fkf%%?énéglgés control
the vats ousomseeri ngstbush 23essropdpdeat \wwlpprestareickal whi ch vapors and

ases are ce d w f fer nmbodi nent
9 cg\geggl%%%, gégf Wt e el el 8&.elfode PsLf e ff?ﬂg :

t here may S ten"or nore“steps that constitute the recipe for
waf er proceR5aYgd FaeniBusp oFidews Ta AFET Wt Thl F ot3 ABiRI30 wafer to
sel ect par@@eh@is. SYRB aSbsteatexaMidk 1deis siepi wederd, hosdenp duration”
(in seconds‘]):d‘,D "ta gegsprocess pr%s%tlg{e" inmlli tor%, "precursar fl ow
rate" (ml¥ -EEE# (°8r BREPaNF ol 1 F E M T5T - 12 A" RRF &P

t enper2® urdlie ( degseeat€) chiihEs§ 4pamramividess argkkbuBsl iy tde becxépe7bor a

waf er and .1 he I ey, S ang operation of
the CVD ap%gérig%g%ﬁg.g.g?gg?ae?aa Igl,t%t lril%flel a%%g%\%rr%nit%w&m?gér & 110CT
2002 WO 99pbatizupCregssbAng g5 hermpmatamerat ineerted Bhrowshi eRsof the

substrate ghugket BAPELAYYI o SicRGRread Tl |dehse£xphad ned, thbe wafer is in
contact with the substrate_chuck for nuch of the tinme durj ngt%%ocesy ng.

Hence, theSWAFEFaE@npBRSEuré | €78 SURS AR rCveE 1§ pteart eS¥not
changez$ oonavuehrleeh ene- nedes heasepthéayvadidbimy thenpmealicted nerely for

reference é?éc&??cpﬁgggﬁﬁgr%%Reeinc., Ipswich, MA) inserted into

the remaining bores 75. In this embodiment, the heaters
are 3.0 inches in length and 0.25 inches in diameter.
The heaters supply 50 watts at 24-25 VAC, and can be

30 heated above 1000°C. The heaters, however, are
typically operated at a maximum of 650°C, and, more
commeonly, around 300-500°C., These temperatures are
considerably lower than the temperatures to which a
wafer is typically heated in conventional thermal CVD

35 processes, 1.e., 800-1300°C. The reason why, in the
system of this invention, the substrate can be operated
at lower temperatures is that the wvapcorized precursor is



Step 301 prepares ~0 accept a wafer and signals to an external wafe

provi der mechanism (e. g., central 10 wafer handl er robot arm 134 - tb1BSTZWZ
explained in detail later) that the CVD apparatus 10 is ready to accept a
wafer. Step 302 then coordinates the novenment of the wafer into the process
chanber 70 and pl acenment of the wafer on the substrate chuck 74. 15 Figures
12a through 12d pictorially illustrate the process of coordinating the
novenment Qfobhesyafer (step 3D2) into the process chanber 7fcr/Bashseds t hese
figures inc ? es top and side perspective views of the process chanber 70
area and robot arm 134. In Figure-33a, 20 substrate chuck 74 includes pins
74 a-c, upon which the substrate or wafer 88 is | oaded prior to the CVD
operation. Before entering the process chanmber 70, the wafer 88 rests upon

an end ef tRehargelf Johoigadm ddcontshedeont she-peoggssrchagbes 70. As
shown in |gur§_&> 25 12b, as t he robot armextends and _enters into the

process ch&Po@PSEacy (R \RAfATRET (GFFi eBRBnSRAECBRA84 1IVREY r obot arm 134,

passes OVGEfatSﬂBDSta’rﬁ:I ear@éﬂueigﬂélvamhaubsaﬁaéeoﬁhuﬁk pbnsuide- ¢ and passes
under shower he iS.not in_use durrgg the process of accepting 30

a wafer. Figur 2‘slfdi| Ifr?%tfje‘get%’é TP BT SHEF uF Py LD |?\§8¥?ed into process
chanbes 7@esgmidred dadieingtmeans ontiné shestoboe eam d84hedbedwayer 88

rests on Bl nntda  Adendde, robol EBLIALONCLIPLL ODRLVoANG. ot [ act s

as shown in Figure ning to t mai n groces routi ne shown
in . Fi gueessstaceProuFY RONFERS: t hED caRY e®RSPr o }égsshi]@%‘f—ﬁét@haﬁ has been

programTE%eIarttéa tehe LR AP RS rl hdhethan the tedpdrfcé&rd 3807 VO
991 53117 /US%_&%)%@S]S -37 reci e. _the parameters) may be changed

between y gV ctehet e IF%rgb%Een started in step 303, the

pre-| aaded par am*tcﬁré ermairméntpr oa:asrm 6g HO Poischangephdied heocurrent

waf er 88. e Fi {es 9a, 9h ]_2 and 11 runni ng the
%tro? ?st

recipe in S’—’teﬁui?(%‘ a}th%ltfy}ﬁ“é@{aspe@fs o] %?r%%r%?‘ﬁ?%e ep 303a),
pressure edrtvedion sthaf303Y) e fhovbtanedoln (srépr 303cproThde

sub- proce%ﬁ%%éx‘ld:élg%fés 9£‘crc9£’s t]i’i’e agdsdd-pEOVi dgndetails as to the

operation of 10 these aspects of the invention. In one enmbodi ment of the
i nvention e%crtéiq”ﬁénr%%dfﬁﬁ% %’%%’é%%e?m}aﬁl%h%olﬁ%?%l?%‘ﬁ 205 governs t he
vari ous priegassnte S:tk%JSc:qfstiattBliWé est BECCOl i NGF t Ohe f OHiieXBODheast he "step

duration ar anet er at enbodi pent, 15 can be over ned by tiners
set by parlg-‘m?tré) we t%ttnheet el‘?t?ﬁ%ratsef or ft_hs}?%%c%ee% %‘?‘gﬁg a?]?r cul ar vapor
i s deposi toeztheomnticen wralf Byxm | i Emotwieth embbalt nene , oriwn’se‘n*s@m sfib- system 19
(Figure 1 n Lé%&_ﬂn C I r ef e

deposi ti o%)la@% Vity on Pe aéf'é‘rljj l?ét ?é ?{?@éﬁr gor N or rra?r%nég%ﬁgﬁ%gﬁsed to
det ermi ne C\W@r?atlﬁemrﬁaﬂt@%@r}“ﬁh triel¥ociple e%apeitbr net? F@Peexanple, if a

step izn thedeci QBE:@n:cr sid Oirhdimlﬁé ﬁ%zgl@oabl&lnﬂséf%ez@i EBPRESNYSI nﬁ a

copper vapor_o oawaer t ensor su stem nonitoring the

deposi ti off J&Jﬁq—\ﬂrtey A ?‘Foqeo>te RO TRTS ﬁés— bEeﬁPJ\c/Jo?r)pln%Yed. As such,

t _he st eps arprplt}rmg a:uq:me:r | tInT smer?dbcbxmuar@mombbtm&tre s®8 nuch by

timers, \%Q,%n é‘gg: SIS @r&%ﬁgé&al I yT @\Lé ytlgpgpl eted. 30
no es

The sensor ustrat Int contro arc Itecture in Figure 7
are used tdacontr (ﬂe%%rdﬂ%e’—s’f éé‘f’ﬁf%rcq(ot%l%‘?‘b’éb%% hodiselaent EBEl er 205

from waf ersu%&%éﬁe?@lﬂ&:lﬁs74 | # sl rtﬂif%i‘dﬂc&@%l@émﬂ)é’rm i Neher lsenSI ng
AT TSt IEE R I S g
bei ng depesi tgrechrmont o ATheewwed tetvedBy d uand gnar €Ebamen by j otnhe TInnsetave r ~
b oct ~%%7'rtion of the process chamber 18 coated with aluminum

oxide of sufficient thickness to isolate the chuck and
30 Dbellows from the chamber.

A substrate 88, e.g., a silicon semiconductor
wafer, is mounted on the substrate chuck 74 and is
subject to the generated DC or AC bias. A mask (or
clamp) 94 extends down from the showerhead 72 and forms

35 a ring which masks the outer 0.5 to 3.5 mm or more but
more typically 1.5 to 2.0 mm from the edge of the

substrate 88. The mask 94 also shrouds the edge of the



|+ ULI LuuL

WD, 99/ 5311 7 PCTI US99/ 08153 -3B thickness information may be nonitored by
sensor nodul es 227, and when the task of detecting 100 angstrons of copper,
for exanple, is conplete, the sensor nodul es 227 car_ indicate to the
process nodul e controller 205 that 5 the task has been conpleted. O her
waf er sensi ng equi pment that may be used to sense CVD progress may include
reflectivity sensors that detect the reflectiveness of the wafer surface.
As nore naYepPp/s3117s deposited onto a wafer, the surface nmay PEECEIE08S5Pe 10
or less reflective thus indicating deposition progress. Another sensing =
device may be an x-ray diffraction-$#stem used to neasure conposition of
the wafer surf ace, thus indicating deposition progress. Those skilled in
the art will now readily understand that other common 15 real -tine

measur enentSWEIRE B | $i8) #Rd dRaFEeREy GYEd fwWPrhioscsieRdss iib-tisstedaso to

detect and didicdLs{gEi P @ﬁepsﬁegetstbmae deperdimaGKUpQN itdhedasdg After
the recipe is conplete, the wafer Eas been processed by uhe vapor and

gases in tﬁgrﬁcﬁ%%%rbh%n%%YlQE VGIYS ey 368TMRlFCORE HHEY rhoves t he

waf er, whicliinsSnogdexehtylbbe tevengeapeacesshelr than idHeustrated in
Frgures 12a throu h 12gk%T e robot a urr_.s and%% i cks up the wafer

134
5870 { O CHPSUIE? at cEEhULR BPRSSI9ace, CRF o ooy FEC TS WiroT 88 out of
t he proces@ﬁéfeimmbpr 7he waek 395fbbaedpeffen¢be¢lé@mmiaﬁ°BBe CVD

appar at us ) r te Frgure
10 |IIustréﬁe%vﬁ¢gfzﬁaéalfaﬁa%hggﬁg§§$¥ Q% ﬁtg?o%%ggﬂ?h Pk?s %% tlhually
performed dilv)i ney tthel Bodemin enﬁtr@PtbP@eésyhngn§ﬂ@§§stWa@qgaynﬂepﬁs

expl aa. . ned; (W i & r e6RREHLH Okt QT €28;0.Fhe s\tqeerdgelosttbiaorms gyeps 330
through 334 general |y tontrol _the vap orlzatlon of .t he precursor in

reservaih thbmh%?ﬁt@h%h%@tSFch§§§Eﬁé at ﬁﬂé%ﬁﬂ%&?ﬁﬁ%ﬁ*?@ﬁ?o the
process chagdhet 99.135FdhRedapor céeamsub- process i s aIso responslble for

the _ cleanup t he vapori zer pr.ocessin s durl st andby
odes. 11 coipdsr BSURaEFEa e BRI aRa8 TRt & or | zer

sub-procesﬁjshmmmpendeﬁrghoeegahessdbsteatpreﬁar|Iy by the vaporrzer
tenper at ure” parﬁ;‘?&% éﬂﬁél&e% k ?Qﬁg d%'wﬂg f&'& %%grs%@é\?e'}%é%f the

reci pe i nto menor s varia Fives tenper at ur e settrng for
all of ithe B hendt &ppes ad uFengont EBLReWhighs &é’@s Se‘i@(?éﬁtatteheeewa-f%r chuck 74

(set by a "yed £F i chegk teARerabyr ghléetﬂt ngrhanshel Be thenmalowt @perat ure
(set by a "funnel tenperature" ﬁt%bﬁ BQThe vaporizer pressure largely

relies on tHRAPratt¥esed EBRPFE weTReR R éﬁ@rgt & OF™ i tor the
capaC|tanceuqamgeateaeeBéf dBe 50bsbtaardsB3 | ocated t hroughout the system

as previously d Qggsttgtétsrtuéﬁomt he RLOSIY gt FRLRSRY & peppor 34

must be greater ressure at pressure sensor n-step 331,
t he préﬁéuﬁﬂiﬁtab¢ES8@reuB@ﬁsbﬂ’ﬂB FhSt SBPs§radte Chlsdn "$hd spressure at

pressure sepsetcof. |MnhetePeddZort be @eeeiueer@tcamgss_%qa%e@sor Bk nust be
greater than the gressure at gge sure sensor 51. An in step 333,

finall
t he presstw%;?ﬁﬁ& ¥ e8P at S pPRY¥SY SHePY02s EREBPIBE MPSCT i - tﬁy Per¥dli nent |
be appr oxi ety }ieﬁn@l ﬂESnéﬁﬁtﬂB&ebygéea‘ﬁ:&Wet bateft:he9pressmre measur ed at

pressure sensor, 53. ese S 330.t.hro fail, feedback IS
provi ded bé%ist%l?he %ag§¥|2e? &l 85y§% Eogtagtgﬁgg a%ﬂ p0|nt t he
appr oprdZat e28r nedukegei Arear Fuldysubsyscssel apefadﬂUSEeaagdaﬁgto mai ntai n
the opti wrﬁﬂ%@?&%gsét wh bR naf SErofts geas%e@ BY the difierenceiid

pressure between preéssure sensors 51 . The reci pe paranet er "process
pressure” |EP$%¥EPFe§fSBhFoSH§SFHétetQPSEF Bﬁe§§uﬁ€as§Fﬁ@eb&h@s is the

pressure ta iesHai Ob@tﬁgé by:teeeﬁysh@rrt&tanrslﬁermfxem088 wiidH scaitained in
cooper ati on between

vapo oce s _(Fi, 0%8 t he vapor phase
flom1contrd??%fusﬁbt%?obﬁsg %FP uF&e g;egﬁ Othlg Eé framer pres sure
30 precision. By raising and lowering the substrate chuck
74, the flow character of vapor reactants above the
substrate 88 can be altered. Accordingly, the substrate
chuck 74, when raised and lowered by the elevator 96,
can be used as a throttle valve contrelling the flow
35 rate through the showerhead 72. The vertical position
of the chuck 74 can also be changed to modify the

microstructure and properties of the deposited film.



35.control sub-process (Figure 11). _ Hence, as explained above, during gcT 200
waf er process ing, the reservoir 20 deposits small anmounts of precursor 1

1 0 CT Z002 WD 99153117 PCT/LJS99/ 08153 -40 onto vaporizer 28 which is
heat ed. Each small anour _t of precursor, which typically flows slowy down
t he vaporizer 28 inverted cone structure, forns a thin filmand resides on
the cone for a period of tinme during 5 vaporizing. As this vaporization
occurs, an upward ramp in pressure is neasured by capacitance manoneter 34.
The upper WOHS3Uf the vapor pressure that is measured by pPEIRFPYIKERsOL
34 is a function of the tenperature of the vaporizer 28 (and the rest of
the system) as well 10 as the materi&~ used as the precursor. Thus, too
hi gh of a tenperature nay cause the premature chem cal deconposition of the
precursor prior to its exposure to the wafer 88, and too | ow of a
tenperature nmay FeSEREri nthe| 8RPYapBr2fr é3sukBe MaEK: Péw &, and | ow
process 15 pspeBsHEgpYBi §8ttesihESriNgasbow-ghenl 6kl sMapeE depegidion rate.
The vapori zer sub-grocessgg in Figures 9a.and 9b may be iq eitggéyg
processi ng Stat8UBFchRaEEaRtnyT St BPRL CFRBEPr bReSQPRGTEFAVE IYs SGLed*® as
expl ai ned abowenfiihbd2proespectolaméi gurehfah ahtevapomwabercwasdieen
accepte The .st apd g a nd_is .shown in

Fi gure g% a%@dmA$$ géqgégéglbg%§%ﬁ§%€n§%%c$?§ngé?gﬁééfguggdlA%through 1D
During cl eamapchfdehesvaponi wetlsobcprocetbe fdhamsterepi34disno precursor
i's introducediito the, vaperhgaihon shaphermebi b68)Stepp3dkergahation
valve 42 isolates the entire vaporization subsystem 7.2 fromthe "ot her
subsyst ens. NSt BRr84bNeReAPPHF | < Bpehke vafaBe18D. ORekie FHPSEEETR43, Argon
gas provi dethérpaiynt vesr38e361) andl 482 aptun@sssfhowpentieal ber cHed is .
introduced into _the vgpariza i on_chanber 56 until a Breisurg of

appr oxi nat ePYS5BPBr PT i §PheEsTY PRt PPESRUPRYEENS oF 'S4 e BN, St ep 343
evacuat es ttieepsebssureténs®apoThiat vohunbanbeer@6prbyespenongcvainse 170 and
cl osing val ygs 1 pPLE at. S m- 118 to suck
out the arg%% 8%2& %@%%fgﬁ4§% %ﬁ9€%€e§§sEgﬂgggﬁggﬁggegggré%ggtep'345 t hen
repeats stepd3da43°RRaIBaRt Yt | HBRTOVR®r ehal efficigrey 2062 dRDOSStEDIY 7
PCT/C3899/0§ﬁ5§he3§uﬁgy;§geone, two cr mare Lines, for_exanPIe.bThis N
repeat count nmay_be _varie ependi ng upon_the properties of substances
Used S8p 346t Fnheabeared Bhe bhRor FIARF b LhauBRr -5 Bn G 347
mai nt ai ns twieeh pndpcessvobaae obnvaportizat heatehasbest2Btensd waciium unti |
t he vapori zat | b= CesSsS. i 54l ed : jve _t egi n processing
waf ers. Thegééggnggsﬁgggroc%%£§?SP$%%Q§%porﬁggggﬁéﬁ%%mﬁgogpgolIer

si zb- pr ocessunfacesof | thet pabetradye t grn 10e pracessingtedepstharFigure 11.
During waf efh@rPgeéswg?ré&ﬁséyb:ﬁéwéist eps uxlsf%ﬁ@a%aheeoga& flow control
subsystem nai ntains a s eadg fEOM/Of vapor to. t ﬁ 8rocesa cEanber 70, in
concer t*%i t RFERREL9Er R0t FORSSHRIFFRssuTR RhEYPHERUrCHY F5Fi Bu&SBhRiti ca

poi nts in téehdbcesyst phaasacxpshsned abopbashst+pgomated papoessi ng. The
mai n obj ect j IS alg IS i i he r ; fl ow and
t ot al aggrea% %%i%%gé f?%gy%foggéi?’t%ﬁ§ﬁe mg%gégﬁéf E%?igg&%gggg%ional
mass flow coackor| éssthehdaee ppbspreeerape tyPpreRdPry.20 psig o r

Consequently, the rate of surface reaction will be sub-

25 optimal and the vaporized or dissociated precursor will
tend to react and deposit in a line-of-sight manner on
the first hot surface that it contacts. Moreover, the
use of a plasma, causes vapor-phase reactions which also
mitigate against conformal coverage on the surface. As

30 a conseqguence, and as shown in Figure 5e, the deposited
layer 192 formed at the mouth of an etched cavity 194 in
a substrate will grow much more quickly than will a
layer 192 forming on more remote areas of the cavity
154,

35 For further comparison, Figure 5d illustrates &
typical deposited layer 192 formed via physical vapor
deposition (PVD). The deposited structure 192 has a
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20.nore. at inlets to the wafer and that flow into a vacuum at or bel ow t he

waf er, the present invention uses this sub-process to control the flow of
vapor in upstream section 78, where the pressure is only one to fivet orr,
and where the "process pressure” is targeted at 25 approxinmately 800 to
1000 mllitorr. To acconplish this, this sub-process uses the proportional
control valves) 44 (44' in Figure |A 44 in Figure 1C) to naintain the
appropri atgohbgyy;#nd target pressure drop as neasured from PaHsHoRsEENSO 1
34 30 to pressure sensor 48. Step 36C in Figure 10 nonitors this pressurse
difference. Step 361 then determr_-gg-if adaptive flow control is
operational. If so, step 362 is executed which calculates the desired fl ow
("Q') of the vapor being applied to the wafer and adjusts, in 35 step 363,
the processikiimerSystRAaEd Bl shdpe C@ﬂ’@ﬁ”&ék? nalttaeyde@fdsattl ons fromthe
t ar get pregsure experience durln t he nor set That is,
step 363 f F%@T%GS" BRY31 ?919325 U§§956§i§ s% %engt or
shortens themliemk:et iy et svefroml et les mimregt$;mhém ﬁm.assmfealgsm: t hat the
pressure WI II e the.carrect l upon the precursor

mat eri al be| ;{Z&é’nr %rh aplosr ?rﬁ%rac%‘g?%gg g 836%%” adaptive flow control
i's not Being uséd!, Ceireyyr 23684, dmveemmesFMurhe5§reééusera@te@s;tmehe
proportiong Y, (G4 41 1A n gukre 10 is

i nsuffici enkbpt%%&g&%éci nasltt}\?gﬁgttaufrgeet ed ? g%vgfg%ﬁl c?ipééllt 162 ltl'h% 65 detects
this and sigfalbs formed He cﬁch'é?rQW%u‘BlEPOEé%égutle&ﬂtaldﬁsFﬁ'é%l r ed
flow rate byrearyis@ qﬁpracaﬁdﬂiam@«etwﬂgsm;h@emmr oghaga sf | ow controller

b- Fi bl e f trolli dul t hat
et Tho 1 oRVEREG Ut oty TUBGTARTSE vi EOSt BAR0S: 06 S LHRSE IS5, ni 17 ous

oxi de, 1bor té&eamaiueh fcrﬁ)mhealmﬂﬁ&mdlé%ouwebblpr dirded sheda react ant
gas al ong t e . prec rso t a r during flow
cont rol of\‘Qsiteﬁ:te;u\/sta%poE1 &é lt:’%}? ?é%%lg%npgh%g&%a% r,g%% 366 determ nes
the flow rareec@ﬁoanycm@;@tcemtatzo:kg@sswfaceér vathanmt thlanwbryattéle ptaEnet er
provi ded "EBf”rbl RGN cB. @?Allty M@nreﬁet@eguﬁke r%fewe a%&r&ssed as a

ratio to the ate of vapor_ fromthe vap orlztlonc 26. For
exanpl e, ad@mttwb@@q%tsw%@%%oes Yyﬁpéapnyfgé'fﬂlvs op ®ltlo 2. 0: 1.
Since tlse Ekpwgeat %ucrffa\tm@roﬁ:ame/agub§@ﬁsmbat (as expl ai ned above), the f
low rate of the _re cta fromane or mass _f controllers
165, 166 or 167 st ialsd ¥ & B S E R

pr ecur sor ealmalge Ndtee Mtnataozhme%o‘dhmngb bhoea withhe fbilgures, the
systemis wel mish fhat [ ons.-ar .9k Rd f plus or

m nus 10 per cent of %he tar')t et pir'igésslﬁir% orr%1 %QEnHQE,ch girlg?e .dependent
upon var i affosEsiech enes | ot@%fs‘fﬁ%%%dﬁ‘lﬁséﬁ aslpesepied fromid@uier ent

suppl i ens, shor 3% examlEmboidients, Q@@lﬂaiﬁéoayesmbﬂg@eaaxon@hebe noticed _

wi thin onebbastecfg)foft er edcolirrrlsso*rrea%tsesggiég 39' %Stgayprocess chg:rrﬁ[erzm2

'_'>-l

70. On the other hand, when the elevator 96 is lowered,
the substrate chuck 74 slides down the pins toward the
base of the downstream section 82. When the substrate

25 chuck 74 is fully retracted, the pins extend through the
top surface of the substrate chuck 74 to 1lift the
substrate 88 off the chuck 74. After it is lifted off
the chuck 74, the substrate 88 can then be removed from
the process chamber 70 by a robot arm. A similar

30 process, illustrated in Figures 12a-d, is performed to
place the wafer on the substrate.

In an alternative embodiment, illustrated in Figure
4b, each self-aligned pin 74a is attached to the
substrate chuck 74 by bellows 81. The bellows 81

35 provides a spring-like support because the free height
of the bellows 81 is greater than the depth of the
cavity in which it is mounted. When the chuck 74 is



WO 99153117 PCT/ US99/ 08153 -43 observed based upon chem cal lots. The
sub-process in Figure 10 helps elimnate these shifts. The vapor phaséTfUﬁMUUZ
control sub-process, if in a standby state, as shown in standal one step
367, 5 independently checks any output offsets that m ght have occurred

bet ween pressure sensor 48 and pressure sensor 50, arid can use this

cal cul ated offset to adjust the pressure sensors apparent output

accordi ngly dur.l subsequent cal cul ations while in active ep. 367 .
| 0 can al s% #@é@gcheck pressure neasurenents of sensors 4Bn§ﬂ®%§ ?133

st andby node agai nst pressure sensors 34, 51 and 53. Figure 11 illustrat es
the third sub-process, referred to &s the process chanber pressure control
subl5 process, which is associated with nmaintaining the pressure at the

waf er 88. | S [ d,at a nonet er
53, which |£shﬁ?§p%e§§lg%céggi %éy&g%c%%g?g%‘g% 4B g %Et Q%SSE%\AH head 72
.at the waf eﬁorﬁdap:mugfhetﬁh@ml@e@}s T4r ohf*e-ngl v@ezeubstﬂ-”@tenérsease or

decrease t ne: PrassUe: AfcAosuied Eiuskops 380unka ERENEALDERE BEessure as
defined by the paraneter "process pressure' gure 13 illustrates the

processi ng st epEedherd FHEIE | A ehedhupt S%W®¥€c§§§ shatertgad2g2,
conti nuauslyhangh ywhi L dsopd mar@cmnt@otﬁ%@ébeioﬁunﬁéeee%es in the

Zééﬁﬁg‘chf’ﬁ%@éﬁ{é e 1R WOR e BeLlova b RaEhdR 0t sk he

cl eanup sulzgprieeless,its sdppBSfrenabl es a nechanical circuit 30 breaker to

isolate the ele S COMRO, n_t L_surge.
St ep 391 nmint aﬁlsé&% i%a%ﬂz%nes %‘@,{f%éeg st%%?g §gg fﬁt gegg\é\%lngr anet er
"vapori zer Tigmpetattia anasls thediee tde tbﬁp@b@@k 7é §r@tﬂ poi nt for all

heat ed 1263”% tort he Tl?éeéi@é ro@Otl?é‘dcl%?cJE Uﬁ!i“9| wﬁ%cheﬁa%@g%ﬁs and
wat er chuck te erat ures. his ste ﬁj can al so detect _heating wre
br eaks or stﬁb"?‘?%g @@lw&tm et @1 vAEHURPL 8L pPBS&ht for the

110CT Zt[&i’oéAQél)%ﬂah h?nf&il’dﬂﬁﬂ%ﬁ@dﬁ:ﬁsoﬁé \phﬁ)clfasaﬁrrﬁgul @eb&ﬁat ﬁsﬁtl ng the
vacuum pu [0 ep, 393 or s e_ st t oor an ousi ng
covers su;nr{o a%ur?gstimaest%&?gapp]ggr)aéséei%ésﬁ%lg 33% ?aﬂd 35 noni t or system
power and m@lﬁn@l@r@ﬂw@g orirng ek urshensioat 8P deanf beheimpiyal
operatiyg st e%b%é%é rAGK S HIe S alys @mcﬁa%dsha%leﬁeag probl ems

and can cross calibrate gauges in the system_Step 397 sefs up. a
cal i br at es ¥E g ft}l'é)W c‘iﬂﬁ rFYEF 74605, rapbrafd - 16#CCO5EERI3Y8 cross

Cﬁ.| i brat es dhe dﬁ&;&ﬁ@ur@eﬁ&%ﬁmm &‘géﬁtéf@%yﬁiﬁ@] ﬁng??tggeggg}ﬂ niti ﬁl i zes
t he system ters to a e i gur illustrates a schematic
aI’ChItECtUI’%&IﬁE%ﬂD %ul?j otharé c%»{; g‘h with each of tre

previ ousl y descfﬁhﬁad‘@ﬂﬁ@&hﬂe&ss&@:ﬁ)ﬂlmgﬂw 69)4ab$01SeFVgares 8 t hrough
13 illusy il Oaell AR D GRE ST L Re CONRL Oh L 875205 | nter faces

W th the oth har war e conponents of systemVvia data bus 605, which

carries serli%ﬁ @by ARFWHIRNRY OHefis iRt Re8 & obPoReht 30 Each of the
control nodiHyas g:l0 ddH@ugh v212cﬂ'1 2hd nhefd veose t Ghtidie dat a RUShERD, at O

comruni cate Wt roc ont \r,\;)({ I eé(; 205, and i %certal n nst ances
wher e adaptd&Re ¢ I s%%gl ele%c[ 7 2B PhEFCS TREC BB eS2Snodul e
control | er 205stisata §IB cam:hexneed:l‘nm}a T of iIAmisnoteed, btisi60dayi Aswhi ch
provi dof et eI alde e SO CRLIGN WAL AV ol 2 CbUShELa {0k

ul € co t

control Franspor t or an FOCESs nD
control | er cfmcmuwand i sg%fsré@‘ﬁmrﬁﬁz-at iBre eIk s%v\ﬂeiihs Filgére 14,

comuni cat iy i generaddey of a e heimatiya i gd), 't_Sné‘Pébﬁe&@ﬁﬁé{‘h&th
the helium gas. The pressure of the helium gas between
the substrate 88 and the chuck 74 is controlled, and the
30 flow of helium is also monitored and/or controlled.
Figure 4c illustrates the apparatus of Figure 4b
with the chuck in position for wafer processing. Figure
4d also shows this same apparatus, this time with the
shaft of the elevator fully extended. 1In this position,
35 the chuck 74 is lifted out of the procegsing chambex 70,
providing access to the chuck for service/maintenance.



30:In the vaporizer |oop 600, a pressure control nodule 215 nonitors 11.0C7 2002
pressure from capaci tance manoneters 34, 48, 50, 5 ~, and 53, according to
t he processi ng expl ai ned above, and can provide data to tenperature control
nodul e 210 which controls vaporizer heating 35 elenment 29, in order to
provi de proper vapor for the systemto operate. To interface 606 between
pressure control nodule 215 and tenperature control nodule 210 is 110C
T 2002 WOYNORPY¥IIMT PCT/ CIS99/ 08153 _ a.-45 an exanple of a AGILEIPNBEH
adaptative relationship, since the tenperature is controlled based upon ..

f eedback fromthe pressure control “#®dule 215. In flow control |oop 601
which is responsible for 5 maintaining the proper flow of vapor in the
system pressure control nodule 215 nonitors pressure fromeach of pressure
sensors 34, 48 8RE1S02LLY ord&eRPHrivvi de- FeedBBCRPHAFRLt SREEHFRSSENt 1 o

nmodul e 220gepBbeh iapendiey Rf eReidiNalndehégtevabyerddisaprwlilaeas val ves
161 10 through. 164, 168, 1?%W§%9 1{0, in order to providg,vggor and

react an~ gaBe5h&t PECFFEFerF T 2% P JERRSUELBHDERS pFBSSHRESSoREr o | 0op
602 uses pcrastike rgopfr ahematios AR (Ol detect the estbi enat pressure sensors

51 and §3 g@égkgitgg REQ%%%§ %Q%QQ&% 5%%%% T@bs pressure information is
used in"an"adaptative rela i G i p between T hé pressure sensors and the
throttle val ve 8Be fpewrdt edibsyatiean f | ove conthel exbause 22BsyFhies cl osed

| oop 602 eqgures LAl oLhe Pres . | td g H062SS, ChAORER- LS correct during
2 er va 8

waf er processi_ng . using the throttle reli ve 83 to maintain a
cont i nuousci FERTeptdRat GCTEHH die Iy e0E3R | U3t r afe8 eKBapghptati ve

rel ati onshiggpbetwean 18he Rl ii@Oadexyish ésn@per aied Bynakeyator control
nodul e 225, aggetgg 25 sensor control_ podul e 227 which uses sensor
d

equi pnEht 89 WEE TRERMAGT Treterd 4l Oh s B eRFCTRPDs FEREPEE 78 'wafer. In
this cl osed teap, vebisell i85 ,used wheraden ' pumsi pe2 caiOpPf 80, sensor contr,ol

the el evat of_9¢.imy be Loweradahen bhe, senser  soul pIEnL g3 detects enough

30 material 'I'§™préesen ' hus; ecrt _conmunications is
provi ded bELhmangtls eMdvatcst esnritvadlentodudenrestaddte heheeasbausont r ol

modul e 227..1he 1@l e4at QRO HooR S0 d Scabag.F ehat ed tQeLhe sensor

| oop 604, in that when Sénsor equi pnent 96 35 detects enough deposi tion
materiaf ORUEPWYPEPTSsEFSH SR SR RADRIT ndP i f FRECEBBWEESNt rol  nodul e
220 to actéxpkesthrenthatvalive 8Rliveiddeivd Dy undronchér ondéd 1 0 C t 200!

brocess GRS 78 8F any I8t Gror Sibor 0 BESF b\ P nhBdl &t 8y 8rop the
deposi ti onppedtésnedSams dhe cohad®EE iconduwist ahdd hee regupbeeofthan adapti ve
| oop, but ALIIOLE kgﬁ%r pumped from the process chamber 70 and,

20 accordingly, to maintain a desired vapor pressure in the
process chamber 70. In this embodiment, the trap vessel
85 is situated between the vacuum pump 112 and the
throttle valve 83. The purpose of the trap vessel 85 is
to trap a majority of the unreacted precursor vapor

25 before it reaches the vacuum pump(s) 112. The trap
vessel 85 includes surfaces that cause the precursor to
react or be otherwise retained thereupon due to chemical
or thermal decomposition or an entrainment process.

In an alternative, preferred embodiment,

30 illustrated in Figures 1C-D, a scrubber 85' is used in
place of the trap 85. The scrubber 85' actively removes
harmful contaminants from the gas stream before exiting
the process subsystem thereby providing a cleaner
effluent leaving the system. A small, dry, low-power,

35 dynamic, variable-speed pump 95 is also provided within
the process subsystem cabinet 16. A preferred
embodiment of pump 95 is manufactured by Pfeiffer Vvacuum



5 a one way trigger since the sensor equipnment 96 causes the throttle wgl @TZ
83 to open when deposition is conplete. In each of the aforenentioned | og 002
600 through 604, the process control nodule 205 can nerely provide 10 the
appropriate tasks to each of the control nodul es 21D t hrough 227. The
control nodules will execute the given task on their own. 3y allow ng
adaptive rel ati onshi ps as expl ai ned above, closed |oops are fornmed for the
basi ¢ und b%%ﬁ%l ub- processes required for the CVD 15 apparatus to gperate
efficientﬁ&. zrocess podul e controller 205~nonitors thepﬁr6ﬁ?%@%5%ﬁ -
each closed | oop via status data tha%_is provi ded from each control nodul e.
Thus, the process nodule controller 205 is fully aware of how a specific
CVD process is progressing 20 while the process is taking place. In this
manner, the,fr SS troll 05 n..r [ higher | evel
process, SJE %ﬁ? 'héﬂﬁgﬁﬁﬁﬁggg%ég'tgﬁﬁﬁg Hﬁa%% &ﬁﬁﬁ%ngg %Fﬁ% ePptg8l

control | er S207’ /e " Fheceysibng Shiler dimitadrftedredi iy tie ¢oweroR5 cl osed
oops and eoilvel, e 4 Nrd i gk ardLakenptocessyipddtecaar_trol | er
routine executing on the process nodul e controfler_ 205, and the naster
cluster ' EEPEGTRAGECT dite MeBRe8Bt LAgceRtrRelIefusPeBovesh EBAtrol | er
120 al | gws ¥ @ fHcCAH QNS b d¥ OCLSSHAEn COHeo3gnat hensykeupl vLQ Rave little
or no adverse inpact on the prograns or processes used ior ot her aspects of
the CVD pr6§€?§¢ ébd%??c%é%Fﬁgxﬁ¥?E%?ion@ynﬁaecPBtBH +38PetR®of the CVD
processi ngpungringxayaes], ithd hehfdtomleonsl ok BRoppswheah Haymhappen to

i npact the C i Qb | oops, will be properly accounted for due
to the adagﬁ“&e%%zl aq} g’]eshl pgtrtae:tg' f eedback of information between control

modul es. Thi s hiE&cdy &y tHdisEulgwsEemsill, 01€ 126021 §\0 95P53147

PCT/ USQ%/ 08IrR3.o e/ 182Dk LIR4E Vi U PRaRG -8Rt 8n ST EHkL ULeda Vi M onment
wher e feat ?{aﬁ;sag(r%]?él be added to qul—ﬁe area of CVD processing w1thout having to

re-tool or S0 RSt SRR oS ERBodi HRRt VAPRELI EYDIappaRat us 10 is

uigddto 5 @%@flbv&dﬁfﬂi&ﬂd | afud etk s edgeahd| 15 @He abstROEEnYRE REd T;ﬂ S .
enbodi nent .i_s i_gned ta operate at w pressure (0.001 t 0,0 torr) an
is aimed at™™t ﬁe%f} &sist%agr?%fv‘fsﬁ %\%?h n%’f‘??’ééto 16?228 itfons or

| ess. The samnesedditrenthe fiitdstcheegbsd onéyseh 180t Bopethéure and fl ow

cont ol sCompRenedisld) i disath | Liopiber SladLfleLapi grecsnses Lo

limt costs_and mai ntenance requirenents. : _deposi ted by
this system¥nEYSEE™ butt STt 97 eRdVessel k84 ol Yeiwhgl 1 gwikFAum from

15 di met hylinalwdienumoh wdirexisde ({AAH g6 coppelcé oM pBepBbcébe gas
Cul (hfac) (t rﬂé‘} g:evs, teovs) precursors, tantalumnitride froma solid
precur sor SO 3/'5 e’?‘al%rsc? titaniumnitride froma liquid precursor such as

t et r aki sdi et hyl &nmic¥® triddardieurh( TDEATYR o280t t By r alke sdanibdhy| ami do titani um

( TDVAT) qor i} 0 i td G 0| k| | pxape (HSQ or

a fluori natsegjs est%keédgt %%ﬂ%&?lqéc%leﬂ(ﬁ%&%&%ﬁ%@%‘tgf%u%m d% from

tant al um pErttdEERSEi RETSPACTV SR T 1%ieFedzonec or NzaIr@558s an exanpl e

]9]‘ | a progeaalp@rtfx@ﬁ:ré%d d %e%&cﬁii@ﬂcff_ﬂbrﬁ gtlfll_@‘ﬁ_aéh@é@‘é\tﬁ@ﬂmt ot ant aljum oxi de
ilmis deposited on a wafer using |igui a precursor and gaseous

N20 as an &Fﬁfﬁg?‘%Tﬁ’éfFefngcﬁslre’%o 9% W?l@\%vﬁ uioEh ei THEFTR th ¢ he

reservoi r 2® iidlpsacatias theisiestwemwroB0that hsdhe CESanvdile 20 tenporarily

renmovedcf o tikhhing.-.\hile dn .t ﬁaﬂg i . TA I ed at a
tenperatsurglaa&\}y)i thlw]r}'{eIJIet iéﬁg l&g'ﬁlns'{ u é/%e{l oigvp?%%?&% v JJ|'Qctlh (?tsé\(’;%conposes.

In this enFedukeni0 .t hEoTREIENES filtecere abhrirobiednpetzinrebe From t he

reservoir Rdude HhR1AEIQ isrReldyansdhio ¢tde ¥YapaLt zegs 28 t hrough the
axi al displ acenent pul se valve in _an anount that is just_sufficient to

generate a “\RSPRAFRE 1eRp SUGFYESST & 410 @ POwer input module 142, a
gas-flow-control subsystem 14, a process subsystem 16,

30 an elevator 96, a scrubber 85', and a gate valve 125.
Figure 7 illustrates a general control architecture

diagram 200 for control of a single CVD apparatus 10 and
its associated subsystems. Control of a CVD apparatus
10 is facilitated through a process module controller

35 205 operating under software control in a distributed
manner to independently control temperature control
modules 210, pressure control modules 215, flow control
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chamber 70. The tenperature of the vaporizer 28 is tightly controlled, GG 2002
one enbodi nent, at 1BOC, to vaporize the TAETO as it flows across the
surface of the vaporizer 28 w thout causing 5 the TAETOto thermally
deconpose. The vapor pressure of TAETO that is generated in the

vapori zation chanber 26 is a function of the tenperature of the vaporizer
28. Speci fyweadglsyiihor TAETO, the-1og of vapor pressure can be@Eq;sudleaised
with 10 the following fornula: . Log P = 11.693 - (4987.12 / T), where P.is
pressure, 11.693 is the estimted c@ekficient of vaporization, and T is
tenperature in Kelvin. The vapor pressure of TAETO (nmeasured in torr) is
provided 15 in Table 1, below, over a range of tenperatures from 100C to
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Tabl e 1.(continued) 110CT 2002 WO 99/53117 PCT/ US99/ 081 53 ~. ]glo%ztugz
the vaporizer 28 at a tenperature of Z80C, a pressure of 4.57 torr is
generated in the vaporization chanber 26 w thout significant deconposition
of the TAETO. Wth this pressure at the inlet to the delivery 5 conduit 40,
t he process chanber 70 is held at 800 to 900 mllitorr. Wth this pressure
differential, about 1.0 sccm of TAETO vapor along with 1.5 sccm N20 are

del i vered r heated to about 385C. Under these '

tant al um 0%29/ i 7§1vv| Il grow at a rate of 10 approxi rratelyri’%}qsgg/g%)w? -
angstrons per mnute. The wafer is_pye-heated to about the depcsition
tenperature or higher either in a preheat nodule or, |less desirably, in the
process chanber 70. Direct thermal coupling between the wafer and the

substrate ¢ %%Ckc}?Ag; e%nq_re b"eleacthel%a‘s% ttgia#sfae{ rm%e% the waf er and

the substrate c I’IITB. iy by way of I um gas W ng between the
substrate @ﬁthﬂ@lmné‘—n@ KéeuridaiesitderoMmayhalsgafeersinsl o rier@edadi nent, a

target fil mddiekress o1 1100 Ngllied ishaddavwed horanmdg dhe process
for 10 20 %econds at a redi%ied fl ow of reactants to seed the wafer with

tantal um o 5t Gcess A3E tHfan T ﬁlﬁls&\%o%y%’te‘?%llro flow to

buil d t Be desildetef idonthiuldlenedsy. aThd ddposiddamsa adiedwlbn be e=t hey reduced
or 25 slight rea r i 0Si.1] may reauire
an incr easleaofpr(l:xjtogg 5%% at‘b"\{}rté1 %%’ ?%%%&é’%éﬁ% e%%%!%ée)%gé%{rir ature of the
vapori zer 2Z&parduevert, tﬂmmr@c@@ﬁemdweb@dntmqld@n ®ADOC The TAETO

because ! hgpedetoad ietodifler .ottt vistls tahese}%z%p Shotscbdd I m wil|
suffer as a result of TAETO degradati on. erature of the

vapori zer @GV e SQREEP LT 20C, Pere GY& Wé&t% I310 be B r&®idion in the
rate ofioTAEEQtdepRTidd @}OC-E@%:LW' mémt@rleﬁ%ltr Aviai | eswdra30) the inlet to

t he gas-fl ow ontrol suhsystem 1 d to, about ae@(ﬁiorr ThIS
oGt on WA B ST PR E R B RS ety Y e in a

1 0 Cl 20p2tWeaehs3therPEHIUB02Le1ES lwm@cesﬁzprmwmia‘r about 450
millitorr téqdrseggl(aegﬁro%e%agr Ezmér ﬁ‘al‘ffgé?@@net' ition rate of

about 22- Zg angstrom per mnute. vapori ze It expands within
the 5 priné&igpgisig&jlomnder 30 and vapor outlet 32 of the vaporl zati on chanber

26. AllsconponenicguaiNglriddicie w@h\temari@ a;@a&g@@@@% pHd Tnd he
vaporlzatlon chanber 26 and del i.ver n are i nt ai.ne at the
t enper at ur ESERIANE TG e MOSSLES éﬁé E%FOFﬁé'ﬁ&éT r each o
individual operational components (i.e., valves,
temperature monitoring and heating devices, motors,
et¢.) in each of the subsystems. The modules can be

20 programmed to do specific tasks related to a specific
portion of that subsystem's functionality. When given a
task, each control module reports back to the process
module controller 205 when the task is complete, its
status, and/or i1f the task fails to complete.

25 For example, all of the temperature control
processing may be done in a distributed fashion, such
that the high level process module controller 205 can
mexely instruct one or more specific temperature control
modules 210 to set and maintain specific temperatures.

30 The process module controller 205 can then move on to
the next main task in the overall wafer processing
routine. Achieving and maintaining the set point
temperature(s) can then be carried out by the
independent temperature control module 210 in a closed

35 loop manner.

An example of a control module is the Intelligent
Module No. S$7-353 or the S§7-355, both manufactured by



10 .from.condensi'ng. As the pressure in the vaporization chanber 26 | T 2002
depl eted by the flow of vapor through the delivery conduit 40 and |nto 9%
process chanber 70, the pressure in the vaporization chanber 26 is
reest abl i shed by di spensing mare TAETO fromthe reservoir 20 onto the 15
heat ed vaporizer 28. Wiile the vaporization subsystem 12 can operate
continuously to maintain a pressurized supply of TAETO in the vaporization
chanmber 26yoioe/smitt | preferably maintain a | ow vapor pressur ecwwsvonsishe
chanber 26 until a demand.is signaled by the processor. 20 When no denand
is signal ed, the vaporization chanb@2-26 will be purged of TAETO and
evacuated. This cyclic process is established to accomodate the thernal
sensitivity of the precursor (in this case, TAETO. The precursor, if held
at an el evitenel2s Compeorattdos.forSumly hedglaésomayi e, usield fdeconpose bef
ore deli vemte%g vENe1BEQeRI%d @ac?%% Jgntfgit 8§EksW ;9@ ghul sel ection
of precursors, e apparatus an I's tnvention allowthe
sequent i al IBEEdSLERBH d@ﬁﬁf@Hauslnﬁ3%on%l%ﬁeﬁ?&ﬁ§agﬁu#§@ebyals in the

same chawbg&emehaoubrﬁawamgohhemwQﬂse #Sed@ f8EUbkechBlibhPlsegdgpOSi tion
st eps can be gerforned wi t hout er venment nd t he acco B\Fllng cycl es

of punp>dofA® bEFSElngeﬁyp&ptF§ r&#e PP E?EFemeéﬁHr Sheat up. 35
Cbnplenentarympbapa&seanthumahmmaukﬁﬁ|fe§ﬁltmngudﬁ e uk@kkavsngn titani um
n|tr|de (TEEQ Tigé, or TDEAT and anmoni a, followed by al um num from
tanta | TOO7 WO 99/531 17 PCT/ US99/ 08153 -53 nitride (TaN)
fron1TaBr4 and ahasniaartdtmdwgdcbynunpbenodubascuseahﬁac;hetnvs) ;. and
Litani um npELide G %ﬁb}.)dfﬂrr@ﬁ‘t-n B 1T DEA o R doaERnEa s Lol laed by
al um num from DVA 0.5 atom c percent cop rom | (hfac)
(tmvs)1® Tﬁ@mEVBe&SEaﬂétG§91@Y§§%ﬂemPEﬁﬁ%%%l@tféPWd§82§?€?ndlb8ruum
titanate, bariyumst mnbb:umct)l tanaiieStE® r@%htswghryaahakﬁée and ot her
simlar de 03| i ons-. %Q E %gparatus<§ E of this invention, and
many of the'prbc8Ssés ShgEsc FiBedHoAld & S%a Pi BuF¥PFY rel evant to
seniconducuntepﬁemensenglmhoma@mnadedﬁsftpamt|cnbarkylthge apparatus and
nmet hod of n I i e POS dvanced 15
dlelectrlcéggﬁak ?e%gg%n%% ﬁﬁéléfékéﬁ 5P t%gc? %599 120 for
senlcohﬂuc@ﬁﬁrpﬁéc@9§hné2ﬁsVpﬂﬁusxﬁe&%ﬁiV¢ﬂ¢ﬁg©wer15upmheesblgstrated
cluster tokth28chRe! Udes raaRURRN PoudPCossraRJuLesgagserbhed around a
transport nodul e 122 and interfaced with a 20 central control “system
AIternatlnggtaEﬁé ‘cluster tool 120 can have an inline, rather than radial
geonetry of proaessrandyles edlrelspidans tof tbentrabspbeyinndngewi2®. One or

nore of th [ I in a us . this invention.
I n addltloﬁﬁgogﬁﬁégééﬁqggHagggr3%J qﬁOLogégé Qﬂéiﬁé %f%ﬁ,g%ﬁe cluster too
120 i nePudesogrsensrksystiesad él.odcel Iandkedxby hoddlesckhieB, maypr eheat
modul e 13Obealﬁﬁgbeﬂﬁgﬂk§ 1%%tf@¥%éﬁtréﬂﬁFWﬁicHDQHEetﬂgﬁ hhfai be
illustrated enbodi nent, ree.  CVD apparatus 10, which can operate in
parallel tb gogéﬁﬁ§nééthP8u§ﬁﬁ&F'C&Fb provided. Alternatively, a variety

of other procesghepdubes, Cﬁﬁwb&eﬁr,O\ﬂrﬁbiihn@eg whér%@ﬁpééawﬁ 10 in
conmbi nation_w t ese _nodul e eratedt 9uentia||y

1_etch_nodu
hser e PEPviAep AREPEaR T3 oo O FATRI A 1905 CLHESH GReRC oS
accor dancemaiittheBESE, eshebitishdaddrdasigmratahi teshipse aﬂoprédrbyothe
sem conduckor nrguhPEREE 200 pMRLRIAlS dhat0at | eRakueREM L aficl bade

or gani zati on o
these modules can adapt thelr task without the need for

further instructions or tasks from the process module
controller 205. That is, two or more modules may

30 establish a relationship such as a master/slave or
client/server type relationship, and can adjust
themselves accordingly to either back off from a task,
or move ahead faster with a task, depending upon the
feedback of other inter-related modules involved in

35 adaptative relationships.

For example, a pressure control module 215 may be

used to monitor pressure sensor 34, which detects the
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Accordingly, a variety of other standardi zed conponents, such as process
nodul es for different deposition and etch processes, can be readily
integrated into the cluster 5 tool 120, as desired. Each process nodule in
a cluster tool 120 is generally designed to process a single wafer at a
time. Typical production requirenents are for the tool 120 to process 60

waf ers per Thi s rate is achieved by 10 inplenenting differe rocess
steps in sgﬁg&gg process nmodul es clustered around the trd 556559? ul &

122. The tool 120, illustrated in Fi gure 15, is designed for a 300 nm
t ant al um oxi de process system ~whi ch“uses an ei ght-sided transport nodul e
122 typically connected to 15 three tantal um oxi de CVD appar at us 10.

Opt i onaIIy the t ool t Iso ccommdate .rapiLd_ther an (RTA)
nodul e. I n% an Al ter noé'frg% oy Freht Y & o’ﬁ?‘u‘?gﬁ? ycg?“%aﬁ ér tgggs 120 are
i nt er f aced pEFesthEy Q;muﬁwlt rwpd/valf&aer:%nC@e sequénei dirgcpassedbbekween

‘tools 120 foory TSRl REACESHI 18351 8088 0 WA LOH! oBYBL LEMOVI NG L he
waf er fromthe va mestablls ed wthint uster too The
operation G aA4RR 62014420 TonmmcesOGrER Tafets ﬁ@Pﬁﬁo%ﬁﬁed into an

i nput casseto=® k36 41180 dsnidancesdDadi baCkales. 44, r eRebughMElsd

avai l able fr r ook ut tion) in the trans ort uIe 122 renoves one
Cafor ot & adRah SRR T et a i o anaE R bk Tar &PST Y. o

al i gnment sfzat,i ahel IMlovAtedriteral ingrndels 32 atcs):n dBBaJ.ﬁ stasdard notch in
each wafer Js 3¢ nreciselacAldaned Delore fULLher,poopessing, elim nating

waf er orien I ON e WI |n a process m) e and ai Ing I'n process
uni.form ty présssizd ISﬁTEEdDI t3e r dlivis adatd 3Mayobesusdd waf deteomanpr eheat.

modul e 1130 1‘@1‘3{1'%&19@"’3&?6 \%ﬁ@fe@%ﬁf’é ARPEQX] Héiﬂfé_(rygocéﬁ&@{‘gstéﬂh' le 35

bei ng heated to 300- apparatus 10 . becones avail able, the

vwafer is movedveF tti"fv‘;e p’?e(ﬁ%es'sst &hdnf¥ - of 11 nble RAPSPPEF at 8sE20 £8Y tant al um
oxi de " 'orl thd High 2@k S99/ it o PGI6 &ioD8/ 989 Sday pSdegpndihgon.

Deposition ur.s. over f conds ter

deBosi tion, %C%l 5 lmpllse'%%lveg: oq’l’t hé;f% tf'r%dt]l)(e ’g%‘?gﬁ%e‘}‘%d?ﬁ% waf er

resi des forccgttzsdd@nm?(a:nd:has: foreys: eﬁa@no@@ﬂm@o pt acempietadtdiee Stout put
casset g 144di dhoadduddadd ek, 125, The pLogsseshidtabepe 1apt al um oxide

deposition on fer 1s on r'der ? 120 seconds %or a 1-m cront hi ck
filmon a E@WerrSl%Jerlﬁmﬂenﬁlm?o@ri-%’%%thﬁp’iﬁ’ gassette 136, to

the al i gnneaipcitiatdtQonl Fharlder phik QM aPperal Usod@l @ndh baeke totan out put
cassette 140 wil | cons%% I‘OXI mat el% anot her ten seconds. The cl uster

tool 120, WiH$Hi%esH Bbpar SEIERT D, PRetP i have a
t hr oughput of oren wefrerr e«mr@sAmeeJceomise exetabl noroeeps ipg andl r anp- down.

The, t 0o 15:xARdd), Liies O LIAld:OT: £a00E05E85 Ut nd Syl er s per hour.

d
In this context osition process is used to formintegrated circuits

on the waf app%@quﬁégfanf@j R?iOrQﬁﬁSt medwl pfonarPhiee AUFHERth 2

transi st or snaster control routine, certain control module loops may

incorporate data from other modules to adapt or detect
changes in other system components, without the need for

25 communication with process module controcller 205, Most
freguently, this is done where the output of one module
directly affects the performance or operation of another
module.

Communication between the modules 210 through 225

30 and the process module controller 205 may be
accomplished in a number of ways. Direct Memory Access
(DMA) can be used to directly read and write data to
commonly accessible memory locations within a shared
memory 230, as shown in Figure 7. A data bus (not shown

35 in Figure 8), such as, for example, a ProfiBus data bus,
which typically operates at 12 Megahertz and uses DB-9

connectors to interface to modules, can interconnect



20. resistors, and capacitors connected together by netal lines. A 9?2%{1I
goal is to mniaturize the conponents to the greatest extent possi bl OCT 2002
Figure 16 illustrates a configuration of the invention in which nultiple
cluster tools 120a and 120b 25 are arranged to process wafer in conjunction
wi th each other. Wafer handoff nmechani sm 701 can pass wafers fromtransport
nodul e 122a in cluster tool controller 120a to an entire second cluster

t ool cont nPbleeks320b. Vafer handoff nechanism 701 may be, ferrRxanpies a
conveyor 30 belt apparatus which transports the wafers 88 fromthe robots
arm 134a to the second robot arm 132b-of transport nodul e 122b.
Alternatively, the wafer handoff nmechanism 701 can be acconplished by

physi cal |y passing indivi dual wafers 88 fromrobot arm 134a to robot arm
134b. 35 Tﬂﬂe]gGYEsapp?r athir>ubla-229 mjjﬂ‘rjkglwa:riﬁowh ta ba];encwseﬁefpgoaeeertai n .
processi ng_o e wafers, an en conpl ete,_the wafers can be transported,
Phrough varepule” c8Reepin B Gy R S AR §h fan 1 = MBnthiat ERegs 08583 handor |
mechani sm Bérihg otlfe isxfeoms tdant.i guitatiore ofbVbhdppatadbdstifd-f and
secondary o] ; f a . e Lhg ring the
entire roééfg@?glgggft%éﬁgléﬁ ho%‘rtcaon I gura c}%tﬁl?rgé F‘l%ﬁ?%éfg[%g gn&e waf er s
may be Pai Branaéplesderea opadamplateddietnimehikefed appaicebaei vel y

constant tegpebakiuhe ca®liReR thewddist@i i s doda andad@b are an entirely
cl osed system wafers experience reduced exposure to cor_tam nation and

out si de at TB¥BREFELFhite Heithg HFPrs¥essed. The large scal e waf er
processing illustrakedlisy Kogitreenplifitesi riaf egies iovdet £on esad factory

aut omat i on_wafer processi-ng. sysi em _According to one aspect of factory

aut omat i onfBngésgfln&q lﬁ%ﬁ s?\{'\&nvceoﬁ‘}p;%&rfnt[%qﬂ@’ N re %%(g of CVD appar at us
10a-f, 10r anbporfomeduitése L20@rdnicn] 22t wal widistdant oot sfd2Da and 120b may
all be con b ingl r%ﬁﬁﬁﬁ ﬁgng' 0 r 2 whi ch

handl es a1§5§%%§§6|¥ﬁ§“§fﬂﬂa?§{,proé§§§ﬁig fr%éﬁ%é§§%éi%%8t% %nd. Factory
aut omat i onPEENEAE! SMePERPAG? deshitGRtes Pragassorentonl epebceadithg unit that

governs thg;epenaihen of£ach drstiiodan] wifa ansbd20b11Patapbus 703

i nt erconnects each D apparatus 10a-f with factor%éautonation controll er
702. Fi gur BY 1PTPVEGEREa P @PRF G GITRARFE Cohr iRftr SR i B 28%for a factory
aut omated €¥Plpredesditipsy sremtilny Mot ecHel  erthiere nely st etual Thirponent s

i.e., CVD, tus, . 1Q, I 3 1.hg. nod
g:aﬁsport ﬁ%gggé%‘¥%j%9df%%§2%§% ngr%@ﬁ% gfb%%&%%%QT%gbgggéu%géfroIIed by
separ at e chast beenopiredwsted lagys 3G 1708a damhaBbbl £ Regtwryedutomat i on

control | ery 202,CoRMh% t8ACN ClistLrrod LN1FOl | &8y "Opanand, 7930, and can
control wafer handoff nechaniism 701, I n yet another alternative enbodi nent,

one of the38l ¥R EOS0ICEEH I oMATSE e 2015 exdtipt e0dwhR, ™@BnPontrol 35 the
waf er handeéblaeedarirs Medt iand ccamysiggialhd0 tedienddiermsadnsd er t ool 120b

that it havsvhg%gplm%.tye%ai}ges o%frerfor 1l:hle %Ltzofl{!lnc‘cW)logr?éﬁf’éL}}%f the
failed module. The swapping or redundant failover may
be performed without having to stop the wafer deposition
process, which saves wafers and reduces precursor waste
25 and reduces system down-time.

Figure 8 illustrates a flow chart of the main
processing tasks performed by the process module
controller 205 from Figure 7. The steps 300 through 305
are, in a preferred embodiment, implemented in software

30 or firmware and are performed when the CVD apparatus 10
is activated to process wafers. In the preferred
embodiment being described, the main process control
steps 300 through 305 are wafer-centric in nature. That
is, these steps focus mainly upon wafer handling and

35 execution of a process recipe which performs the CVD
operation on a particular wafer. Generally, the master

routine sets tasks to be performed, sets variables Ffor



PCT/ US99/ 08153 257 processing and that wafer are on route via wafer Mn%;fzpw
mechani sm 701 and shoul d be accepted by robot arm 134b. Each of these
arrangenents are shown by way of exanple only, and the invention is not
limted to only 5 two cluster tools in the factory autonation

configurations shown in Figure 16 and 17. Rather, there may be many cl uster
tools arranged in any nunber of ways, each having a cluster tool controller
which is controlled by one or nore naster factory automation 10

control | erwo By3d7stri buting processing as shown in these eX&wfiIseg/sis3

real -time wafer processing can be acconplished frombeginning to end in a

more efficient, clean, and timely mdRner. Figure 18 illustrates and exanpl e
of the typical 15 steps involved in controlling a single cluster tool 120a
via cluster tool controller 705a, as illustrated in Figure 17. In step 71D,

robotic ar rAhE3 thEdentandh SHTERET ARANAHEOR npRd cHRSEFEEt 38R which. is

~attached t@etdl%a%@d FEE 1P d PderdAhR. cHdec 49091 | cTRrpa2adiein 20 step
711, then al.i he wafer on the armature |tse|{a% Waf er fl{lnﬁnment on the

robotic ar i Hh§spé‘?af16’r REPCRSS HPU i fmet i ht iR 9%BIaWede a notch in
‘the side ofarche eroﬂ &)trmham:m.lﬁyexﬁ]}grademﬁin@ refieteagevhbdhcat or.

25 Once . the vafer | correc ente in step 712, which is an optional
st ep, t e WAFer: rrﬂa)? kérpr“ea ate Sp“}e At Todul & ?Lsf)ece SR | ng the

waf er brindeon hdhe swafagsaupft che trmtp:ar aureess sequeeet ke. eperating or

substrate il Letpenaldis dlodined IF 8l QM ARpAShYeedD. Loridar Wil

accept the wafer robotic ar {) fl aces the wafer
into one ofs‘lt}?‘l'@r@\ﬂ?%(ﬁﬁar@c ) (- Ta- E}l%-fr%-’neg’%ur?}%nt Q:I%%@ ltodTecontrol | er

120a for CYaghy é&qs;&_llqg 'tmétv%&ll%eﬂ%m-%ﬁé@é’s,ahﬁve@ vélisbi hasee CVD

appar at.us throu are |Ilustrated i.n._ Figure 16 |nvent|on IS
not |i % J]glr?dr T, PTRTES o‘Fh ?/rm)re such
system allp&cecmmeblcmrmtcd $1uig-lpercrccﬂmt1 C @trhmiaslub-/{bt@mem heay "110C¢C

T 2002 WO 'L UsS %Eﬁq %i@é ocessing in
step 714 |%9Jd%% appggaﬁtl %gfclﬂgslja%sst%% ‘t]he r obot édgn %Jtctg t he
waf er. Nexthousekegsfiag éirtqmsrm\ﬂessaeﬁﬁ‘ft}helfiffé@tlm B\W%usaréqi e., back

to step 713endH mlrgl-srgse 210688 NkAStep 716) by being cool ed in cool
nodul e (132 and exiti g éJro e cl us er tool 12a via out ut cassette 140, or the

waf er i passed o Wegdt PERESA £ WML HEHIGPHE HR& hani sm
701 (step &f7)Fidierersl Iohe \mzﬁ:erag@arm&i Y repeats-prepdrédeccorrect

seqguence of Ongat i Gk f WDT%r%c%g:s%gmaﬂqmceOé)ll&gr I@aﬁge?&géormd as

di ctated by t if er”processing programexecuting in c ool
cont rol | er PEEZ@sSomtT gl -gathiacofdratbdorrwisey ust aresepvoin®l New

generaz 'hon~°th<39c s x‘éﬁf‘%é‘?&d&&a&ﬁﬁ“@%ﬁ'@@.ﬁ%ﬁ%@ta Jﬁh:c%ééét%"fé’cirﬁ Sf?NUCt ULF
usi ng e es echnol ogi es an nen 0 crea he snal | est possi bl e
ontor GO KRR PE AR o e P SRR (e (B g e

capaci t or s,10and FaeSnenSs detuphaataddde Spaose @rd rﬂeoat@efcwlrsudsf ace, as
possi bl e, I’OVI d| e _devic 20 waf er g costs. As the
size of features (?ecr efsoé“s,annee\;g\ﬁ:rfe% €11 al s are \(I)%qéen Anéeedéd()jpt 0o nmaintain the
proper con(ﬁ;@tmp\hety sofclivsg efri fero Iniqaes: mamd athel t dpmctphcanadll ues of the
Smal| er - ar 63, L ARAAYDaratit ARPUAUS O A IIHENtd N ais spechfical ly

25 intended for th ‘déposition of th fi netals, dielectric |ayers

used agd i ﬁ@rsteﬁfmeqaf‘f—éis*ee n@tr§|5§u4%w%@q mférqfamp%%mr%sq%yy% and

capaci tor dicelrRchrdesssed d,qrmt Qd’l@.ﬁﬂdﬂ@:hd@) required for 0.25 mcron or

smal ler |inew dth processes. ces an be used to form 30 .

i ntegrated ci rCLﬁr{sa\HliarFeEr& %@gge& e"ﬁ%r%ary ?%%t%? UHY 238 Moit or

nore DRAM ten or more steps that constltute the recipe for wafer
processing. Each step allows a user who 1s processing a

30 wafer to select parameters, such as, for example, the

"step number", "step duration" (in seconds), "target
process pressure" (in millitorr), "precursor flow rate"
(milli-scem), "reactant flow rate" (milli-sccm) and
"wafer temperature" (degrees C). These parameters make

35 wup the recipe for a wafer and govern the general
temperature, flow, pressure and operation of the CVD

apparatus 10. For example, the last parameter, "wafer



Sem conduct'or deposition processes that can be perforned with a clus[]g“[m2
tool 120 incorporating a CVD apparatus 10 of this invention include the
deposition of 35 high-k capacitor dielectrics such as tantal um oxide; the .
deposition of liner layers that serve as barriers and adi zesi ons pronoters,
like titaniumnitride, a liner used ~ ~0 Ccr zooz WO 99153117

PCTNS99/ 08153 -59 for alum num and tantalumnitride, a copper |iner; and

t he deposig 99s39f7 copper netal for interconnects. Further, pbheusedbsnds and
apparatus of this invention are suitable for the deposition of stacked S.
gate dielectrics, which include su@messively deposited |ayers of extrenely
thin filnms (on the order of 15 angstrons for each filn) of two different
dielectrics to mnimze gate capacitance. Stacked dielectric gates nay

general |y tb@mp'éﬁéitthledeviﬁeﬁ Bluhbrgeametfr itte efudessatdd ¢hask0. 15 nicrons

and in devices wt eonet ri es_of tg 0.25._m.crons ere_. n i ncrease in
speed bey&ﬁﬁm@%ﬂaR¥EglsshggﬁedasFU??%e% S PR A AR e RS %ﬁ APpar at us of

this inventnooontéet wdvhnthgesubstrheepmﬁneSs|ﬁqrcmusmackeuhQStlmg _
d|eIectrlq?%rﬁggeﬁrggﬁgggﬁgal Pg%ltk%% aﬂé¥)§2é§é¥£ﬁﬁr€ éegtrlcs is

general ly a precursor de ery sys In
accordaﬁmc@wmewsthﬁ‘\'/eﬁypaaﬁaléw é@?sdé@ésﬂhm%ft%tfhu%telf‘@@ s in the

same proce§§e0\bé‘ﬁ@ertoA§n§tES§U| bndt RE WL b il ddPtmeBe be £XPOsed to
random oxi dati on, which estrog the gate. Further, because the wafer

need not b%e%%§%@cetﬁ%rs§§FeHFP§e§§p ECed®% 0 have an |ntr|n5|cally hi gher

t hroughput thangexpstongpsyshesas. <&t aercemt @ ivd Sedt had catghel sutbabl y
deposited cn 25 senlﬁonductor waf, rs with égﬁpgratus and mef hod of this

i nvent i on #hcFRbRTBRun'AORT BFEH 8%18&&&5n F19y WA T2Huced i ner.
requi resenvsjerbaandbeti rabhateafa potent ital be ghriKlalime@cinidetail), and

bari um S”fg«ggym Eh&é‘” 58 &%O%ggargtc@@ I odisel §%€ ﬁédﬁss g%c?,ﬁ g her

sui tabl e applTcati6ons appar at us “an i s”invention
i ncl ude pr@@@@grngsbepfﬁﬁﬁ phRREl carspiapseand o NEErRD. obi €8¢ Furt her

still, theyapparahts 8AE pebbeds @hah@e& 7tV eBid il £L3dmder Used-he deposit
optlcal dle|§CtrIC coatin antl-ﬁgf#h ion 35 coatings, and coatings to

reduce fri'¥®#+6h aﬂdtﬂﬁa?ugﬁﬁFFEetﬁ éntlon has been particul arly shown
and des®ri bed MFi@ureéeneacehrbugpreﬁdr@aﬁuaﬁmxﬂlyﬂﬂslusﬂrét@ thd 200Z WO

T TLeE88185108, R0AL 0GR Lol R R 0] g, Checart bl

under st andpf I OUS Changes rman
wi t hout dep@2ii hgtébr ohet pgoseagerﬁmbmr i"ventBash asxf demwx@dﬁbgurhe

appended c{ALfHges top and side perspective views of the process
chamber 70 area and robot arm 134. In Figure 1l2a,

20 substrate chuck 74 includes pins 74 a-c, upon which the
substrate or wafer 88 is loaded prior to the CVD
operation. Before entering the process chamber 70, the
wafer 88 rests upon an end effector of robot arm 134
outside of the process chamber 70. As shown in Figure

25 12b, as the robot arm extends and enters into the
process chamber 70, the wafer 88, carried on the end of
the robot arm 134, passes over substrate chuck 74 and
substrate chuck pins 74a-c and passes under showerhead
72, which is not in use during the process of accepting

30 a wafer. Figure 12c¢ illustrates the wafer 88 fully
inserted into process chambexr 70, prior to the
retraction of the robot arm 134. The wafer 88 rests on
pins 74a-c¢, after the robot arm 134 lowers slightly and
retracts, as shown in Figure 12d.

35 Returning to the main processing routine shown in
Figure 8, step 303 then runs the current process recipe
that has been programmed into the CVD apparatus 10. The
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,~.~~ ~ E control (step 303a), pressure control (step 303b) and
flow control (step 303c). The sub-processes in Figures
9a, %, 10 and 11 provide details as to the operation of

10 these aspects of the invention.

In one embodiment of the invention, a recipe loaded
into process module controller 205 governs the various
processing steps of the wafer according to, for example,
the "step duration" parameter. That is, this embodiment

15 can be governed by timers set by parameters that
determine, for instance, how long a particular vapor is
deposited onto a wafer.

In another embodiment, the sensor sub-system 19
(Figure 1B) can be used to calculate, measure, or

20 determine the deposition activity on the wafer itself.
This information can be used to determine when the next
step in the recipe is performed. For example, if a step
in the recipe calls for depositing 100 angstroms of
copper using a copper vapor onto a wafexr, the sensor

25 sub-system, by monitoring the deposition activity, can
indicate when this has been completed. As such, the
steps in the recipe in this embodiment are not driven so
much by timers, as by when processing steps are actually
physically completed.

30 The sensor modules 227, illustrated in the control
architecture in Figure 7 are used to control and provide
feedback to process module controller 205 from wafer
subsystem 19 as illustrated in Figures 1A and 1B. Wafer
sensing equipment 87 in wafer subsystem 19, for example,

35 may comprise a laser measurement system that can measure
the thickness of any layer of material being deposited
onto the wafer 88 during a CVD operation. This layer



LILkS/66:DM 1 1 0 CT ~0~~ WD 99/53117 -62 PCT/ US99/ 08153 6. The appar at us
of Caim2, wherein the flow neter includes a pair of pressure sensors,
each pressure sensor being respectively aligned with an open end of t1He0CT 2002
| am nar flow elenment. 5 7. The apparatus of Claim2, wherein the pressure
sensor is a capacitance nmanoneter. 8. The apparatus of Claim1l, wherein the
flow controller is a proportional control valve conmunicatively coupl ed
with the Wo/ster. 10 9. The apparatus of Caim 1l further PEGAINP/B8IAY a
reservoir for supplying a_precursor to the dispenser, the vaporizer -

i ncluding a heated surface for vapoPBzing the precursor as it is dispensed
fromthe reservoir. 15 10. The apparatus of Claim 2, wherein the dispenser
is controlled by the processor. 11. The apparatus of Caim1l, further
conpri si ngtht ckagses oad pressinte BENSeR PeRlEPBAEIDYnSeReosr B98ds eshanber ,

the pressupgrsenser BRING HOTWENY ot | &t ¥ 048! edoWahBsROokBe opr ocessor .
12. The apparatus of Caim2, wherein the delivery conduit' includes an

out| et posFPPBREd iR FFR s st HERRTST® hetABpAFREEE FEFLKEF Eorfpri si ng:
a substr at eaghdeldipedid itnathd pidee$H5 0reSS1 5c6H8PbEL erazsbovwekftead

di vi di ng tgsep&%%giacslhabnfp%é% n_upst @%n section angia downst r eam
section? thé®o < 1l ¥ U%®8%583835289 being in the
upstream segtiipmeautd tiaer substbateseduck densg CUDtpeodpenst megm secti on;
pstt eam SUEEIORE ARd S Moty o o ST CHaERelTeRE Pl Poned Lo measure
vapor preszeafaeich ivensgmvest ridmmwelket osnridce TheRapparat ustetrialai m 1
wherein theschamber thas ghto a wafer, the surface may become more
10 or less reflective thus indicating deposition progress.
Another sensing device may be an x-ray diffraction
system used to measure composition of the wafer surface,
thus indicating deposition progress. Those skilled in
the art will now readily understand that other common
15 real-time measurement and sensing hardware may used
within sensor sub-system 19 to detect and indicate
recipe step completion, depending upon the task.
After the recipe is complete, the wafer 88 has been
processed by the vapor and gases in the process chamber
20 70. Step 304 in Figure 8 then removes the wafer, which
is generally the reverse process of that illustrated in
Figures 12a through 12&. The robot arm 134 returns and
picks up the wafer 88 off of the substrate chuck pins
74a-c, and carries the wafer 88 out of the process
25 chamber 70. Step 305 then performs cleanup of the CVD
apparatus 10, which will also be described in more
detail later.
Figure 10 illustrates the steps of the vaporizer
sub-process that i1s continually performed during the
30 main control processing steps that execute as explained
with respect to Figure 8. The vaporizer sub-process
steps 330 through 334 generally control the vaporization
of the precursor in reservoir 20 and the maintenance of
pressure at the inlet port 76 to the process chambexr 7C.
35 The vaporizer sub-process is also responsible for the
cleanup of the vaporizer 28 between processing wafexs

during standby modes.



chanber . housi ng' and a processing volunme within the chanber. housing,
tenperature of the substrate being 10 higher than a tenperature °ﬂ1qHNZMH
internal surface of the chanber housing. 14. The apparatus of Claim 12,
wherein the upstream pressure sensor and the downstream pressure sensor are
bot h conmuni catively coupled with the processor. 15 15. The apparat us of
Claim 12, wherein the showerhead is active. 16. The apparatus of Caim 10,
further conprising at | east one pressure sensor positioned in the
vapori zat i W9 ¥¥f@bklfer, the_pressure sensor in the vaporizati #&TAFBUIDer ..
bei ng comuni catively coupled with the processor. 17. The apparatus of
Claim1, further conprising a heatef®n thermal contact with the delivery
conduit. 18. The apparatus of Caim1l, wherein a substrate chuck 25 ~
positioned in the process chanber is connected t o a direct-current or
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vaporizer positioned wifhin. the vaporization chanber a delivery conduit
j ol ni ng t h& SVRFHAHHS offthanbet Te HRTRYSRE WM EEF) ow net er
posi tionedThe ReAsIHiEz&RDrdDifd O tdel waRoligatdnlehapbessupé o t he

process .chanber, -and a flo ntroller positioned to control gas f1 ow from
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t enper at ur vapq i d ; r : st em conponent s]
%%ﬁjftt et process trfégg'ulégﬁpognét‘?l\ﬁlf%% Cgéécfflg &

as instructe ; plurality of pressure
control nodul es IAhE iR kit ¢ BEhRFES TR FoRISISWEDoTePISEsif e as

instructedoiystt b Rfrecass HHHH a0 Fddi@Ffs at pressure sensor 48.
15 In step 231, the pressure at pressure sensor 48 must be
greater than the pressure at pressure sensor 50. In
step 332, the pressure at pressure sensor 50 must be
greater than the pressure at pressure sensor 51. And

finally, in step 2333, the pressure measured at pressure
20 sensor 51 must, in this embodiment, be approximately 1.5
times (or more) greater than the pressure measured at
pressure sensor 53. If any of these steps 330 through
333 fail, feedback is provided back to the vaporizer
subsystem 12 by step 334, at which point the appropriate
25 modules in various subsystems are adjusted so as to
maintain the optimum pressure at the wafer, as measured
by the difference in pressure between pressure Sensors
51 and 53.
The recipe parameter "process pressure" is referred
30 to as the "target pressure" since this is the pressure
to be maintained by the system at the wafer 88, and is
attained in cooperation between the vaporizer sub-
process (Figure 10), the vapor phase flow controller
sub-process (Figure 10} and the process chamber rressure
35 control sub-process (Figure 11).
Hence, as explained above, during wafer processing,
the reservoir 20 deposits small amounts of precursor



a plurality of flow control nodules that control vapor flow as instructed
by the process nodul e controller; an elevator control nodule that contro

an elevator within the process chanber as instructed by the process?! frful2g);
controller. 110Ct ?200? WO 99/53117 -65 PCT/ US991 08153 22. The system
of Claim2l, wherein the process nodul e controller executes a main control
program that prepares the process chanber for wafer processing and prepares

to accept yah od£asd one wafer for processing, accepts the walpefraiddobfies
process chanber, runs a process on the water, opens a valve to permt .

removal of the wafer fromthe procegs-chanber and perforns cl eanup
functions after the wafer is renoved. Z3. The systemof Caimzz, further
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Ssaoo, 28- qpFelseuz= MoA ch ZzieSsaak zagu-low chemical vapor
deposition rate.

The wvaporizer sub-processes in Figures %a and 9b
may be in either a processing state or a standby state.
The processing state is used, as explained above with

20 respect to Figure S%a, after a wafer has been accepted.
The standby state governs a cleanup process and is shown
in Figure 9b and will be described in conjunction with
Figure 1A through 1D.

During cleanup of the vaporizer sub-process, in

25 step 340, no precursor is introduced into the
vaporization chamber 26. In step 2341, isolation valwve
42 isolates the entire vaporization subsystem 12 from
the other subsystems. Step 342 then fully opens valve
160. Next, in step 343, Argon gas provided from valves

30 161 and 162 and mass flow controller 165 is introduced
into the wvaporization chamber 26 until a pressure of
approximately 50 torr is measured at pressure sensoxr 34.
Then, step 343 evacuates the pressure in vaporization
chamber 26, by opening valve 170 and closing valves 161

35 and 162, and operating exhaust subsystem 118 to suck out
the argon gas. Step 344 then detects a vacuum pressure.
Step 345 then repeats steps 343 and 344 N times, where N
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99153117 PCT/ LJS99/ 08153 -67 Z~. The nmethod of Claimz~, wherein the
precursor is dispensed froma reservoir onto a vaporizer at a rate set as a
function of the measured pressure. 7. The nmethod of Claimz~ @ﬁe ein the
vapor f1 oW BEPREeA 5 the vapori zation chanber and the pr oceggT 3%‘3%?3_ IS,
measured by a pair of capacitance npnoneters positioned at opposite ends of
a lamnar flow elenent. 3~. The nethod of Caim 13, further conprising the
step of neasuring vapor pressure in the process chanber. 10 sl1. The net hod
of ClaimZz? erein the vapor pre re in the process i s measured
on opposi t@agi SOSF’at‘s”ﬁo%%r 8%& t .esThgor%t%}gad“poe'd gllt}%%?;% further
conpri si ngrepeast epust cent bel Vemd edapaierfdrgignchrmayh Wassages in the 15
shower head egul.at i,rg £ i f | It

passages. 33 na g e S T elr e of the
_precursor FEeN¥ABEreGatasorhEhGaEEE 25t it Et@Rerd7 JeintrinmttRl of O aim

Zf, whegei antheeVaRQhungeder ahpdriy a2Q drhe e 287 Rassesmsubst antial ly
undi | ut ed throﬁgh t he grocesg.changgJ. 35. The net hod of aimz7, further
conpri si ng PEBF E8CI NGPIA I PACEGRaEER- PGS aif e e gt 9%e
sem conductket isgbsbr Begin ptrote@sCng ARF2 40 99/ 53117 PCT/ US99/ 08153 - 68
The appar at us OEhglaigb%d Qggtgggc%@% E%t%%@mvéyéi tﬁgséﬁfﬂﬁf delivery
conduit is betweén TIMm-and 46 7rn.

controller sub-process and is illustrated by the

10 processing steps in Figure 11. During wafer processing,
this sub-process ensures that the gas-flow-control
subsystem maintains a steady flow of vapor to the
process chamber 70, in concert with the variations in
pressure that occur at various critical points in the

15 system as explained above during wafer processing. The
main objective of this sub-process is to maintain the
target mass flow and total aggregated mass flow of vapor
to the wafer 88. Unlike traditional mass flow
controllers, where pressures are typically 20 psig ox

20 more at inlets to the wafer and that flow into a vacuum
at or below the wafer, the present invention uses this
sub-process to control the flow of vapor in upstream
section 78, where the pressure is only one to five torr,
and where the "process pressure' is targeted at

25 approximately 800 to 1000 millitorr. '

To accomplish this, this sub-process uses the
proportional control valve(s) 44 (44' in Figure 1A, 44
in Figure 1C) to maintain the appropriate flow and
target pressure drop as measured from pressure sensor 34

30 to pressure sensor 48. Step 360 in Figure 10 monitoxrs
this pressure difference. Step 361 then determines if
adaptive flow control is operational. If so, step 362
is executed which calculates the desired flow ("Q") of
the vapor being applied to the wafer and adjusts, in

35 step 363, the process time system variable to compensate
for any variations from the target pressure experienced

during the normal set process time. That is, step 363



3~. The. apparatus of Claim1l, wherein the internal 5 dianmeter of the
delivery conduit is about 25 nm 38. The apparatus of Caim1, further
conprising a dynam c_| vari abl e- punpi ng- speed vacuum punp in fluid

comuni cation with the process chanber. 3 1. The apparatus of C ai{ BLT 2002
further conprising: 10 a showerhead in the process chanber; a substrate
chuck in the process chanber; and a flow shield attached to the shower head
and definiW§, 993! ¢oor di nati on with the showerhead and the sulsStPaP&8tRuck,
a confined process volune_having a 15 di aneter, defined by the flow shiel.d
no greater than 1200 of the diameter4df the substrate chuck. The apparatus
of Caim3'1, wherein the dianeter of the confined process volunme is no
greater than | 10% of the dianeter of the substrate chuck. 20 ~~. The

appar at us ofSTERNANS or SHRETENF e SHRMF Helie et SR afet eFmiBigEeat er
than the conféped pres8sse¥Ql Wik tizd thhe2dpaliad UsiDf Kdvé msé, further
conprising a re Igceable %e%aterl %\)%Iﬁg?g m)untelg around a side of,Zf t he
substrate cHOEkSCE §ipeqgt %GQ PPN NS PERFALRYD/ BBESE243 . The
~ appar at usb®in§l akgd3fbr, vhwchhedlaonpri sing an el evator for raising and
| owering. the substr o k wigthin the confine [ ss_volune. . The
appar atgss of d ai%ﬂﬁ gggp \%{%g‘r’ eij‘r‘f't tahd;apéclh'lg'{/eaté(;lrovéa%oxgm?cgfs%astlﬁ%ysﬂ%ﬁ??ate
chuck out ofisefie prepedé§4chamieamineg ifhelmpparesssrofactadsntie , further

conpri si ng g-Lioeat hransbarten hoMRASUN & 4 hey pei ghtpof the gl eyator. The
apparatus of (Qaim 1, wherein the~vaporization chanber,”the process
chamber, antftheIHERi VB/ y LE0ASHW HFIEE FA 3HAiRhT ntarssirde

deposition fogwl eatdheaapparateds ftdy adn Metadies eimid hendeppshaion nodul e
further |nctl__ udeS a_yacuum pu and a scrubber cou% ed to he,{)r cess .
chanbert®' t%° §8 Oagﬁﬁr 5¥0s S5 ERAGRFES Mhetet l?hteh%le%%%:i F%n 15 nodul e

further i nciﬁhdesriahe byovesydng Approhe appasdtings. Caim ~' ~ , wherein
t he deposition m_eggl SEE%§' %ﬁla%%gtg%%nvg %{?%a*}r?%lﬁt%a%@pﬁ%c%?% m sp. The

apparatus of Caim4"3 erein . as a W Ao greater
than about ®igune 200i5 alsoThesmspeidtis fofr Gentrell ingireedikeshe CVD

m)d_ul a hastl%a'ﬂ_eEQBt AR gheat @.fa_ttehf?:& RO iy Maxib adie AP adys of
Claim4 wherei n_t he vapori zation ch er_and the process chanber are
within C%§6f Oﬁga5n6§hep;trous oxide, for example, from valves

168 and 169 may be provided as a reactant gas along with
the precursor vapor, into the process chamber during
flow control of the vapor from the vaporization chambexr
26. Step 366 determines the flow rate of any reactant
20 gas by a "reactant flow rate" parameter provided in the
recipe. Typically, the reactant flow rate is expressed
as a ratio to the flow rate of the vapor from the
vaporization chamber 26.
For example, a target pressure that might be
25 typically set is 1.5 to 2.0:1. Since the flow rate of
vapor can vary somewhat (as explained above), the flow
rate of the reactant from one or more of the mass flow
controllers 165, 166 or 167 must also vary in concert
with the flow rate of the precursor vapor. Note that in
30 the embodiments shown in the figures, the system is well
damped such that variations are on the order of plus or
minus 10 percent of the target pressure or flow rate,
and are dependent upon variations in the lots of
precursor used as received from different suppliers, for
35 example. That is, oscillatory swings may not be noticed

within one batch of precurscr, but subtle shifts may be



110 C'T 200Z WD 99/5311? PCT/US991081~3 -70 ~3. The apparatus of Caim
4-G, wherein the CVD nodule is part of a cluster tool for sem conductor
processing. A nethod of formng a filin on a substrate conpri sing thF7%%?%ﬁ
of : vaporizing a solid precursor; neasuring uressure of the vaporized /
precursor with a plurality of pressure sensors; regulating flow of the
vapori zed precursor to a process chanmber with a lamnar flow el enent;
heating a_substrate in the process chanber; and reacting the precursor at a
surface o"9R¥¥lbstrate to forma filmof material on the E‘Eﬂp/fjé?:"é”.’“sﬁhe .
met hod of Caim~f, further conprising the step of providing confornal
coverage of a substrate surface by'ﬁ positing the precursor on the surface
of the substrate with the rate of deposition being limted by 15 the rate

of reaction,at th urface of the substrate. The nethod of C aim ~f,
further COMBPESVAE G SFT FREITH tES oneine SUBSPFATE S MRk 1o
_regul ate vapguretl aw tlelmsgle ltive qartec e ahastiiefts S~ The net hod of O aim

~ = further “copnil 9iaa. £, contagl i e rale ofogass 1 ow hetyeen the

vapori zation € process Inr s%onse tot measur ed
.gas flow t 5thodhvastayrer &F tShowubst rshandsgnghetethdd, of daim ~' ~,

fur t her sCOTREELAEHRY SRR By IUMAING £ 2A04 S 0l diienyapopd 2ed

precursor and depositing the precursor or a conponent of e precursor on
t he subs~r 8FEUFKEEhESEMWEEEs PTERANTE Sensen 4F IS 2pH2S SF 9 B &3y

pCT/ US99108353 anél canl usEhe hird hed «fl Had mbrsed Ut d hedy eonpEnsi ng
dispen;ingp&@gsﬁgecurs%r froma r%ﬁgrv I_r on&g a gq$o#}z§r..(§g. The net hod
of O ai m 5PEEEEHGF FEPSOGF ARH T He d5thH Ny 3 YaE 1w batidh t he
vapori zat i sabekagobet amdcii@etions while in active mode. Step 367
10 can also cross-check pressure measurements of sensors 48
and 50 in standby mode against pressure sensors 34, 51
and 53.
Figure 11 illustrates the third sub-process,
referred to as the process chamber pressure control sub-
15 process, which is associated with maintaining the
pressure at the wafer 88. In step 380, the pressure is
measured at capacitance manometer 53, which ig the
pressure in the process chamber 70 below the showerhead
72 at the wafer., Step 381 then directs throttle valve
20 58 to increase or decrease the pressure as measured in
step 380, to maintain the pressure as defined by the
parameter "process pressure'.
Figure 13 illustrates the processing steps
performed in a cleanup sub-process that runs
25 continuously and which is transparent to the other sub-
processes in the system. Upon startup of the CVD
apparatus, without a signal of an approaching wafer, the
cleanup sub-process is the default process. The cleanup
sub-process, in step 390 enables a mechanical circuit
30 breaker to isolate the electrical system components in
the event of a power surge. Step 351 maintains all heat
zones at the system set points. The parameter
"vaporizer temperature" is used as the temperature set
point for all heated zones except the reservoir 20 and
35 funnel 22 temperatures, and wafer chuck 74 temperatures.
This step can also detect heating wire breaks or shorts.

Step 392 ensures that adequate vacuum is present for the



5 process chanbér with a pair of capacitance manoneters positioned at
opposite ends of a lamnar flow elenent. Gl. The nethod of C aim 5%

further conprising the step of measuring pressure in the process charidd 2002
The nethod of Claim~ ~, further conprising neasuring a 10 pressure in the
‘process chanber on opposite sides of a showerhead. The nethod of Cairn
(~~, further conprising the step of controlling gas flow through passages
in the shwgesdmsart by regul ati ng the openings of val ves 15 pesi/Ussngds:at t he
passages. The nethod of Cl aim~ ~ , further conprising neasuring pressuLe
I n the vaporization chanber and dispensing a precursor onto the vaporizer
such that the dispensing step is controlled as a function of the neasured

20 pressure in the vaporization chanber. The method of Caim~~, further
conpri si ngpheateisagmbaeleebiyvere)stq@fgdwue V-Blﬁllléﬁﬁtm c&%ﬁ:&bm ~~ﬁté rtzger
conprisin nerating an. electr i e substrate (= uc
positioneg3$ FHBlBPgEe§§ T dé qﬁﬁ%kﬂ%ﬁi
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delivery sets up and calibrates the mass flow controllers 165,
166 and 167.- Step 398 cross calibrates the pressure
10 sensors in the system, and step 399 initializes the
system parameters to a default state.
Figure 14 illustrates a schematic architecture of a
CVD apparatus of this invention, with each of the
previously described sub-processes 600 through 604 of
15 Figures 8 through 13 illustrated as a closed loop.
Process module contrcoller 205 interfaces with the other
hardware components of the system via data bus 605,
which carries serial analog and digital commands to the
components. Each of the control modules 210 through 227
20 interfaces to the data bus 605, to communicate with
process module controller 205, and in certain instances
where adaptive relationship exists, with each other.
The process module controller 205 is also connected to a
Profibus data bus 607 via which provides deterministic
25 communication with any of a cluster tool controllexr, a
transport module controller, or another process module
controller. At higher levels of communication, not
shown in Figure 14, communication is generally via
Ethernet, which is non-deterministic.
30 In the vaporizer loop 600, a pressure control
module 215 monitors pressure from capacitance manometers
34, 48, 50, 51, and 53, according to the processing
explained above, and can provide data to temperature
control module 210 which controls vaporizer heating
35 element 29, in order to provide proper vapor for the
system to operate. To interface 606 between pressure

control module 215 and temperature control module 210 is
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5 a one way trigger since the sensor equipment 96 causes
the throttle valve 83 to open when deposition is
complete.,
In each of the aforementioned loops 600 through
604, the process control module 205 can merely provide
10 the appropriate tasks to each of the control medules 210
through 227. The control modules will execute the given
task on their own. By allowing adaptive relationships
as explained above, closed loops are formed for the
basic underlying sub-processes required for the CVD
15 apparatus to operate efficiently. The process module
controller 205 monitors the progress of each closed loop
via status data that is provided from each control
module. Thus, the process module controller 205 is
fully aware of how a specific CVD process is progressing
20 while the process is taking place. In this manner, the
process module controller 205 can report to a higher
level process, such as the main process taking place
within a cluster tool controller 207.
The "processing hierarchy" formed by the lower
25 closed loops and control modules, the intermediate
process module controller routine executing on the
process module controller 205, and the master cluster
tool controller routine executing on the cluster tool
controller 120 allows modifications to processing code
30 at one level to have little or no adverse impact on the
programs or processes used for other aspects of the CVD
process. Moreover, any modifications made to one aspect
of the CVD processing, for example, in the flow control
loop, which may happen to impact the processing of other
35 loops, will be properly accounted for due to the
adaptive relationships and feedback of information
between control modules. This hierarchy also allows
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legs. The same embodiment, with changes only in

10 temperature and flow control components, will be used in
a number of different processes to limit costs and
maintenance requirements.

Films that can be deposited by this system include,
but are not limited to, the following: aluminum from

15 dimethyl aluminum hydrcxide (DMAH), copper from one of
the Cu,(hfac) {tmvs, tevs, teovs) precursors, tantalum
nitride from a solid precursor such as TaBr,, titanium
nitride from a liquid precursor such as
tetrakisdiethylamido titanium (TDEAT),

20 tetrakisdimethylamido titanium (TDMAT) or TiBr,, low-k
dielectric films from hexasilsesgquioxane (HSQ) or a
fluorinated tetraethylorthosilicate (TECS), and tantalum
oxide from tantalum pentaethoxide (TAETO) and either
ozone or N,O.

25 As an example of a process performed in accordance
with this invention, a tantalum oxide film is deposited
on a wafer using ligquid TAETO as a precursor and gaseous
N,0 as an oxidant. The reservoir 20 is filled with TAETO
either with the reservoir 20 in place in the system or

30 with the reserveoir 20 temporarily removed for filling.
While in the reservoir 20, the TAETO is stored at &
temperature above its melting point but below that at
which it decomposes. In this embodiment, the TAETO is
stored at near room temperature. From the reservoix 20,

35 the TAETO is delivered to the vaporizer 28 through the
axial displacement pulse valve in an amount that is just
sufficient to generate a workable vapor pressure to
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TAETO, the log of vapor pressure can be calculated with

10 the following formula:
Log P = 11.6593 - (4%87.12 / T),

where P is pressure, 11.693 is the estimated coefficient
of vaporization, and T is temperature in Kelvin. The
vapor pressure of TAETO (measured in torr) is provided

15 in Table 1, below, over a range of temperatures from
100°C to 220°C.
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-1.3622% 282 110 11.883 0.042¢4
-1,22820 383 111 14.883 0.3470
-1.28428 384 112 14.889 0.0508
-1,26058 385 1773 11,893 0.0543
~-1,22700 286 114 11,683 0.0583
-1.18381 387 118 11.883 0.0840
-1,16040 338 116 11.533 0.0agt
-1.12728 3as 117 11.883 0.0746
-1,09448 3an 118 4+.883 0.0804
-1, 08178 agt 112 1%.893 0.08s7
-1.02924 ag2 120 11.883 0.0828
-0.98387 283 121 11.883 0.1407
-0.96465 384 122 11.883 0.1086
<0.83262 385 123 14.833 0.1453
-0.90074 188 124 11,803 0.1257
-2.A8802 ag7 125 11,483 0.1252
-0.83745 ags 125 11.903 0.1454
-0.80605 as9 127 11,5823 0.1823
-0,77430 400 128 11,823 0.1885
-0.74371 401 129 11.887 £.1304
0.71277 402 130 711.583 0.1937
-0.88188 403 131 14.892 2080
-0.68138 404 132 11.893 0.2232
1,62088 408 133 11.393 p.23c4
-0.53053 406 154 41.683 0.2587
-0.58237 407 135 11.583 0278z
-0.53023 408 138 11.883 0.2948
-Q.50045 408 137  11.883 0.3158
-0.47074 410 138 11.582 0.31283
044511 414 138 11.88a 0.3821¢
-0.44188 412 140 11.883 £.3678
-0.38235 413 141 14.833 Q.4%48
0,353 8 414 742 11,563 0.4454
032416 +15 143 44,883 0.4741
-0.29527 &18 44 17.8583 0 5087
028852 417 148 11.632 Q.5414
«0.33781 418 146 11.883 0.5782
-0.20943 418 147  11.883 a.5974
-0.18110 420 48 11.983 0.5380
-0.45288 421 148 11,863 0.7032
<0.12482 422 18C  11.583 a.7302
-0.09638 423 151 11.283 0.8001
-0.08308 424 182 11.363 0.8530
.04148 428 183 11.583 0.2091
-0.01288 428 124 11,893 p.oane
0.01355 437 155 41.583 1.0317
0.04085 A28 183 11.883 1.0888
0.084Q1 425 127 11.883 1.1888

Table 1
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0.43533 443 171 14,588 27252
0.48075 444 172 11863 2.8880
048588 445 173 11833 J.0878
0.51112 448 174 11.882 .3.2443
0.22842 a7 175 14.382 3,4386
0.55104 448 178 41.883 3.8384
0.58533 448 177 11,283 3.2833
0.81051 480 178 11,m93 40785
0.82508 484 378 41,883 4,3180
0.885855 452 18Q 11.583 4.8551
0.E5394 453 181  41.883 4.2295
R.7c31s A% 182 11.882 E.10B9
0.73230 458 183 41.333 5,3888
0.78933 488 184 19.893 8.708Q
0.78025 457 i85 11,583 £.0%83
0.80408 458 188 471,883 5.2gE3
0.92781 488 187  14.803 §.7233
0.35143 450 188 11.832 7.1028
0.87435 4¢4 183 41.823 7.4981
0.88837 462 180 17.883 1.913%
L9218 483 191 11.833 8.3498
0.94480 484 132 {1.893 B.B084
0.36301 488 433 11.882 9.2858
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1.01384 487 185  <4+.B23 10.22862
1.05678 488 196 41.803 10,8833
1.08943 488 187 1,883 11,4873
<.082%% 470 168 1+.z22 12,0811
1.10483 471 158 17,553 12,7243
112707 472 200 11,883 13,3558
1.14844 473 201 91,562 14,1061
1.17183 474 202 11.883 14.8474
1.18380 475 203 41.8%3 15.6243
1.21382 478 24 11,897 16,4383
123752 477 205 11,893 17,2811
1.25888 478 206  11.883 18,7842
1.28148 479 207 11.883 18.1185
130317 480 208 11582 2a.0968
1.32477 481 208 11,583 21,1236
1.24823 482 210 44.382 22,1862
1.267T0 483 211 14,803 23,3138
1.280G3 484 272 11893 24,4828
1.41028 488 213 11.89% 25,7204
143143 48§ 214 11.8E3 27.6045
1.45281 487 215 11.8E3 28.3470
1.47248 488 278 14.883 28,7553
1 45438 428 217 11.883 C31170
151220 480 8 11.8%3 32,7485
1.83823 434 279 11,383 24,2508
1.85858 452 20 11892 38.0238

Table 1 (continued)
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to a wafer heated to about 385°C. Under these

3|h L

conditions, a tantalum oxide film will grow at a rate of
10 approximately 75 to 80 angstroms per minute. The wafer
is pre-heated to about the deposition temperature oxr
higher either in a preheat module or, less desirably, in
the process chamber 70. Direct thermal coupling between
the wafer and the substrate chuck 74 is nominal. Heat
15 is transferred between the wafer and the substrate chuck
74 primarily by way of helium gas flowing between the
substrate chuck 74 and the underside of the wafer.

In one embodiment, a target film thicknesg of 100
angstroms is achieved by running the process for 10

20 seconds at a reduced flow of reactants to seed the wafer
with tantalum oxide. The process is then run for 73
seconds at full flow to build the desired film
thickness.

The deposition rate can be either reduced or

25 slightly increased. An increase in the deposition rate
may require an increase in the temperature of the
vaporizer 28. The temperature of the vaporizer 28,
however, should generally be limited to 150°C for TAETO
because there is a risk that the quality of the

30 deposited film will suffer as a result of TAETO
degradation.

If the temperature of the vaporizer 28 is reduced
to 170°C, the net effect will be a reduction in the rate
of TAETO deposition. The maximum pressure available at

35 the inlet to the gas-flow-control subsystem 14 would be
reduced to about 2.57 torr. This reduction will nearly
halve the possible flow rate and will result in a
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process pressure of about 450 millitorr. The reduced
process pressure will yield a deposition rate of about
22-25 angstrom per minute.

As the TAETO vaporizes, it expands within the
principal cylinder 30 and vapor outlet 32 of the
vaporization chamber 26. All components, including
valves and pressure sensors, within the wvaporization
chamber 26 and delivery conduit 40 are maintained at the
temperature-of the vaporizer 28 to prevent the TAETO
from condensing. As the pressure in the vaporization
chamber 26 is depleted by the flow of vapor through the
delivery conduit 40 and into the process chamber 70, the
pressure in the vaporization chamber 26 is reestablished
by dispensing more TAETO from the reservoir 20 onto the
heated vaporizer 28. While the vaporization subsystem 12
can operate continuously to maintain a pressurized
supply of TAETO in the vaporization chamber 26, it will
preferably maintain a low vapor pressure within the
chamber 26 until a demand is signaled by the processor.
When no demand is signaled, the vaporization chamber 26
will be purged of TAETO and evacuated.

This cyclic process is established to accommodate
the thermal sensitivity of the precursor (in this case,
TAETO) . The precursor, if held at an elevated
temperature for any length of time, will decompose
before delivery into the process chamber 70.

Further, with careful selection of precursors, the
apparatus and method of this invention allow the
sequential deposition of different but complementary
materials in the same chamber without moving the wafer.
As a result, multiple deposition steps can be performed
without wafer movement and the accompanying cycles of
pump down, purge, vent up to atmospheric pressure, and
wafer heat up.

Complementary processes thus far identified include

the following: titanium nitride (TiN) from TiBr, or TDEAT

and ammonia, followed by aluminum from DMAH; tantalum
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TiBr, or TDEAT, and ammonia, followed by aluminum from
DMAH, followed by 0.5 atomic percent copper from
5 Cu,{(hfac) (tmvs).

The CVD apparatus 10 is also suitable for
depositing barium titanate, barium strontium titanate,
strontium bismuth tantalate, and other similar
depositions-.

10 The apparatus and method of this invention, and
many of the processes, described above, are particularly
relevant to semiconductor processing procedures. More
particularly, the apparatus and method of this invention
are well suited to the deposition of advanced

15 dielectrics and interconnect metals on a wafer.

A cluster tool 120 for semiconductor processing is
illustrated in Figure 15. The illustrated cluster tool
120 includes a number of process modules assembled
around a transport module 122 and interfaced with a

20 c¢entral control system. Alternatively, the cluster tool
120 can have an inline, rather than radial geometry of
process meodules in relation to the transport module 122.
One or more of these process modules include a CVD
apparatus 10 of this iavention. In addition to the CVD

25 apparatus 10 of this invention, the cluster tool 120
includes an entrance load lock 126, an exit load lock
128, a preheat module 130, a cool module 132, and a
transport module 122. 1In the illustrated embodiment,
three CVD apparatus 10, which can operate in parallel to

30 enhance throughput, are provided. Alternatively, a
variety of other process modules can be provided, e.g.,
a CVD apparatus 10 in combination with an etch module.
These modules can be operated seguentially in series, or
in parallel. The cluster tool 120 is designed in

35 accordance with MESC, the standard design architecture
adopted by the Semiconductor Equipment and Materials
International (SEMI), a trade organization of
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300 mm tantalum oxide process system,'which uses an
eight-sided transport module 122 typically connected to

15 three tantalum oxide CVD apparatus 10. Optionally, the
tool might also accommodate a rapid thermal anneal (RTA)
module. In an alternative embodiment, a plurality of
cluster tools 120 are interfaced together so that a
wafer can be sequentially passed between tools 120 for a

20 series of processing stages without ever removing the
wafer from the vacuum established within the clustexr
tools 120.

The operation of a cluster tool 120 commences with
wafers being loaded into an input cassette 136 in an

25 entrance load lock 126. A robot arm 134 (available from
Brooks Automation) in the transport module 122 removes
one wafer at a time from the input cassette 136 and
moves each wafer to an alignment station 128. At the
alignment station 138, a standard notch in each wafer is

30 precisely aligned before further processing, eliminating
wafer orientation effects within a process module and
aiding in process uniformity. Once aligned, the robot
arm 134 moves the wafer to a preheat module 130 where
the wafer remains for approximately 230 seconds while

35 being heated to 300-500°C. When a CVD apparatus 10
becomes available, the wafer is moved to the process
chamber of that CVD apparatus 10 for tantalum oxide
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The process time for tantalum oxide deposition on a
wafer is on the order of 120 seconds for a 0.0l-micron-
thick f£ilm on a preheated wafer. Wafer movement from
the input cdssette 136, to the alignment station 138, to

10 a CVD apparatus 10 and back to an output cassette 140
will consume approximately another ten seconds. The
cluster tool 120, with three tantalum oxide CVD
apparatus 10, would have a throughput of one wafer every
45 seconds, excluding ramp-up and ramp-down. The tool

15 120 in this configuration can process up to 75 waiers
per hour.

In this context, the deposition process is used to
form integrated circuits on the wafer. An integrated
circuit is simply a large number of transistors,

20 resistors, and capacitors connected together by metal
lines. A general goal is to miniaturize the components
to the greatest extent possible.

Figure 16 illustrates a configuration of the
invention in which multiple cluster tools 120a and 120b

25 are arranged to process wafer in conjunction with each
other. Wafer handoff mechanism 701 can pass wafers from
transport module 122a in cluster tool controller 120a to
an entire second cluster tool controller 120b. Wafer
handoff mechanism 701 may be, for example, a conveyor-

30 belt apparatus which transports the wafers 88 from the
robot arm 124a to the second robot arm 134b of transport
module 122b. Alternatively, the wafer handcff mechanism
701 can be accomplished by physically passing individual
wafers 88 from robot arm 134a to robot arm 134b.

35 The CVD apparatus 1l0a-c in Figure 16 may be used
for a certain processing of the wafers, and when
complete, the wafers can be transported, through wafer
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handoff mechanism 701, to the second configuration of
CVD apparatus 104-f and secondary transport module 122b
for a second type of processing. During the entire
processing of wafers by the configuration in Figure 16,
the wafers may be maintained under a vacuum and may be
maintained at a relatively constant temperature. Since
the cluster tools 120a and 12b are an entirely closed
system, wafers experience reduced exposure to
contamination and outside atmosphere while being
processed.

The large scale wafer processing illﬁstrated in
Figure 16 is referred to herein as a factory automation
wafer processing system. According to one aspect of
factory automation processing in this invention, the
entire set of CVD apparatus 10a-£f, transport modules
122a and 122b, and cluster tools 120a and 120b may all
be controlled by a single factory automation controller
702 which handles all scheduling of wafer processing
from beginning to end. Factory automation controller
702 contains a master central processing unit that
governs the operation of each cluster tool 120a and
120b. Data bus 703 interconnects each CVD apparatus
10a-£f with factory automation contrdller 702.

Figure 17 illustrates an alternative configuration
for a factory automated CVD processing system. In
Figure 17, the individual components (i.e., CVD
apparatus 10, preheat modules 130, cooling modules 132,
transport modules 122) of each cluster tool 120a and
120b are ceontrolled by separate cluster tool controllers
705a and 705b. Factory automation controller 702
controls each clustexr tool controller 705a and 705b, and
can control wafer handoff mechanism 701.

In yet another alternative embodiment, one of the
cluster tool controllers, for example, 120a, can control
the wafer handoff mechanism 701 and can signal to the
other cluster tool 120b that it has completed its wafer
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10 controllers. By distributing processing as shown in
these examples, real-time wafer processing can be -
accomplished from beginning to end in a more efficient,
clean, and timely manner.

Figure 18 illustrates and example of the typical

15 steps involved in contrelling a single cluster tool 120a
via cluster tool controller 705a, as illustrated in
Figure 17. 1In step 710, robotic arm 134a accepts a
wafer from the input cassette 136a, which is attached to
the entrance load lock l26a. The robotic arm 134, in

20 step 711, then aligns the wafer on the armature itself.

Wafer alignment on the robotic arm 134 is performed
at the alignment station 138, where a notch in the side
of the wafer is mechanically aligned with a reference
indicator.

25 Once the wafer is correctly oriented, in step 712,
which is an optional step, the wafer may be pre-heated
in pre-heat module 130. "Heating the wafer brings the
wafer up to a temperature at or near the operating or
substrate chuck temperature of the first CVD apparatus

30 10 that will accept the wafer. Next, the robotic arm
134, in step 713, places the wafer into one of the CVD
apparatus 10 a-c of the current cluster tool coatroller
120a for CVD processing in step 714, as explained above.
While three CVD apparatus 9a through 10c are illustrated

35 in Figure 16, the invention is not limited to three, and
there may be one, two, three or many more such system
all accessible by a single robotic arm 134. After the
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10 heating, CVD processing and cooling has been performed,

as dictated by the wafer processing program executing in
cluster tool controller 705a controlling the operation
of cluster tool 120a.

New generations of semiconductor processing attempt

15 to build this structure using the latest technologies
and equipment to create the smallest possible features.
Accordingly, it is intended that the transistors, wires,
capacitors, and resistors occupy as little space on the
wafer surface, as possible, providing more devices per

20 wafer while limiting costs. As the size of features
decreases, new materials are often needed to maintain
the proper conductivity of the finer wires and the
capacitance values of the smaller-area capacitors.

The apparatus of this invention are specifically

25 1intended for the deposition of thin films of metals,
dielectric layers used as liners for these metals, low-k
interlayer dielectric layers, and capacitor dielectrics
(denoted as high-k) required for 0.25 micron or smaller
linewidth processes. The processes can be used to form

30 integrated circuits with clock speeds of 400 MHZ or
faster and 256 Mbit or more DRAM.

Semiconductor deposition processes that can be
performed with a cluster tool 120 incorporating a CVD
apparatus 10 of this invention include the deposition of

35 high-k capacitor dielectrics such as tantalum oxide; the
deposition of liner layers that serve as barriers and

adhesions promoters, like titanium nitride, a liner used
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10!@Ea9%& EE 35 microns and in devices with geometries of up
to 0.25 microns where an increase in speed beyond 400
MHZ is needed.

Further still, the methods and apparatus of this
invention offer advantages in the processing of stacked
15 dielectrics, where sequential deposgition of two '

different dielectrics is generally required. The design
of a precurgor delivery system, in accordance with this
invention, allows deposition of both materials in the
same process chamber. As a result, the wafer will not

20 be exposed to random oxidation, which would destroy the
gate. Further, because the wafer need not be moved, the
system is expected to have an intrinsically higher
throughput than existing systems.

Other materials that can be suitably deposited cn

25 semiconductor wafers with an apparatus and method of
this invention include aluminum, aluminum/copper (an
alloy with reduced liner regquirements), barium titanate
(a potential high-k dielectric film), and barium
strontium titanate (another high-k dielectric film).

30 Other suitable applications for the CVD apparatus
and methods of this invention include processing of flat
panel displays and coated drill bits. Further still,
the apparatus and methods of this invention can be used
to deposgit optical dielectric coatings, anti-reflection

35 coatings, and coatings to reduce friction and wear.

While this invention has been particularly shown
and described with references to preferred embodiments
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along a fluid pathway between the vaporization chamber and the process

chamber; and

a flow controller that regulates vapor flow from the vaporizer to a heated

substrate in the process chamber i response to the measured pressure, the heated

substrate having a reaction surface such that a film forms on the surface.

h2
H

The apparatus of Claim 1 further comprising:

a dispenser positioned for dispensing a precursor to the vaporizer;

a delivery conduit joining the vaparization chamber and the process
chambery;

a flow merer that measures vapor flow through the delivery conduit;
angd

a processor communicatively coupled with the flow meter and the
flow comroller, the processor bzing programmed to conrrol the flow

controller to govern vapor flow through the delivery conduir in response to
the measured vapor flow,

3. The apparatus of Claim 2, wherein the flow meter includes ar least one
Pressure sensor.

4. The apparatus of Claim 2, wherein the flow meter includes a laminar flow
element.

3.

The apparatus of Claim 4, wherein the laminar fiow element is & tube with a
pair of open ends.
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is a capacitance manometer.

The apparatus of Claim 1, wherein the flow controller
is a proportional control valve communicatively
coupled with the flow meter. ‘

The apparatus of Claim 1 further comprising a
reservoir for supplying a precursor to the dispenser,
the vaporizer including a heated surface for
vaporizing the precursor as it is dispensed from the
reservoir.

The apparatus of Claim 2, wherein the dispenser is
controlled by the processor.

The apparatus of Claim 1, further comprising at least

one pressure sensor positioned in the process chamber,
the pressure sensor being communicatively coupled with
the processor.

The apparatus of Claim 2, wherein the delivery conduit’
includes an outlet positioned in the process chamber,
the apparatus further comprising:

a substrate chuck positioned in the process
chamber;

a showerhead dividing the process chamber into an
upstream section and a downstream section, the outlet
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5 a downstream pressure sensor positioned to
measure vapor pressure in the downstream section.

13. The apparatus of Claim 1, wherein the chamber has a
chamber housing and a processing volume within the
chamber_housing, temperature of the substrate being

10 higher than a temperature of an internal surface of
the chamber housing.

14. The apparatus of Claim 12, wherein the upstream
pressure sensor and the downstream pressure sensor are

both communicatively coupled with the processor.

15 15. The apparatus of Claim 12, wherein the showerhead is
active.
16. The apparatus of Claim 10, further comprising at least

one pressure sensor positioned in the vaporization
chamber, the pressure sensor in the vaporization

20 chamber being communicatively coupled with the
processor.
17. The apparatus of Claim 1, further comprising a heater’

in thermal contact with the delivery conduit.

18. The apparatus of Claim 1, wherein a substrate chuck
25 ' positioned in the process chamber is connected to a

direct-current or alternating-current source.
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)? 20. The apparatus of Clalm 1, wherein the processor is
connected to a pressure sensor and is programmed to
control a function cf the measured vapor pressure, and ’
the rate at which vapor is generated by the vaporizer.

21.

A system for controlling chemical vapor deposition in a process

chamber, the system including a vaporization chamber having a vaporizer

positioned within the vaporization chamber, a delivery conduit joining the

vaporization chamber and the process chamber, a flow meter positioned to

measure gas flow from the vaporization chamber into the process chamber, and a

flow controller positioned to control gas flow from the vaporization chamber, the

system comprising:

a process module controller;

a plurality of temperature control modules that maintain temperatures of

the vaporizer and the flow controller [system components] as instructed by the

process module controller;

a plurality of pressure control modules and pressure sensors that monitor

vapor pressure as instructed by the process module controller;

a plurality of flow control modules that control vapor flow as instructed by

the process module controller;

an elevator control module that control an elevator within the process

chamber as instructed by the process module controller.
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prepares to accept at least one wafer for processing,
accepts the wafer in the process chamber, runs a
process on the wafer, opens a valve to permit removal
of the wafer from the process chamber and performs
cleanup functions after the wafer is removed.

23. The system of Claim 22, further including a vaporizer
sub-process executing on the process module
controller, the vaporizer sub-process detecting a
pressure drop across the pressure control modules and
providing feedback tc the vaporizer to increase
pressure in the vaporization chamber.

2%, The system of Claim 22, further including a vapoxr

phase flow control sub-process executing on the

process module controller, the vapor phase flow
control sub-process monitoring a pressure difference
between at least two pressure control modules and
determining if the pressure monitored is enough for
the process chamber to operate and signaling to at
least one flow control module to increase flow control
if the pressure monitored is too low, and signaling to
at least one flow control module to decrease flow
control if the pressure monitored is too high,
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26. The system of Claim 22 further including a process
chamber pressure control sub-process executing on the
process module controller, the process chamber
pressure control sub-process measuring a pressure
within the process chamber and directing a throttle
valve to maintain the process pressure at a set

pressure.

21, A method for depositing a thin film over a semiconductor substrate,
comprising the steps of:

measuring a vapor pressure of a precursor;

controlling a rate at which the precursor is vaporized in response to the
measured vapor pressure;

delivering the vaporized precursor into a process chamber using a laminar
flow element; and

reacting the vaporized precursor to produce a reaction product at the
surface of the semiconductor substrate.
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10 3'. The method of Claim 27, wherein the vapoxr pressure in

the process chamber 1s measured on opposite sides of a
showerhead.

32. The method of Claim 31, further comprising the step of
controlling vapor flow through passages in the
15 showerhead by regulating the. openings of wvalves
positioned at the passages.

33. The method of Claim 2¥, wherein the vapor pressure of
the precursor is measured in the vaporization chamber.

4. The method of Claim ZX, wherein the vapor generated by
20 the vaporizer passes substantially undiluted through
the process chamber.

35, The method of Claim 27, further comprising fabricating
an integrated-circuit on the surface of the
semiconductor substrate.
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31. The apparatus of Claim 1, further comprising:
10 a showerhead in the process chamber;
a substrate chuck in the process chamber; and
a flow shield attached to the showerhead and
defining, in coordination with the showerhead and the
substrate chuck, a confined process volume having a
15 diameter, defined by the flow shield no greater than
120% of the diameter of the substrate chuck.

4o, The apparatus of Claim 39, wherein the diameter of the
confined process volume is no greater than 110% of the
diameter of the substrate chuck.

20 #\. The apparatus of Claim 39, wherein the showerhead has
a diameter no greater than the confined process

volume.

}2'. The apparatus of Claim 39, further comprising a
replaceable gettering ring mounted around a side of
25 the substrate chuck.
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Paragraph Font chamber, the process chamber, and the delivery conduit

10 are all included in a single deposition module.

47. The apparatus of Claim ¢, wherein the deposition
module further includes a vacuum pump and a scrubber
coupled to the process chamber.

ty. The apparatus of Claim 47, wherein the deposition
15 module further includes the processor.

4. The apparatus of Claim Wy, wherein the deposition
module has a length no greater than about 1.2 m.

§0. The apparatus of Claim %1, wherein the CVD module has
a width no greater than about 0.6 m.

20 5i. The apparatus of Claim 50, wherein the CVD module has
a height no greater than about 1.8 m.

2. The apparatus of Claim 4, wherein the vaporization
chamber and the process chamber are within 25 cm of

one another.
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vaporizing a solid precursor;

measuring pressure of the vaporized precursor with a plurality of pressure

Sensors.

regulating flow of the vaporized precursor to a process chamber with a

laminar flow element;

heating a substrate in the process chamber; and
reacting the precursor at a surface of the substrate to form a film of

material on the surface.

55. The method of Claim 5%, Ffurther comprising the step of
providing conformal coverage of a substrate surface by
depositing the precursor on the surface of the
substrate with the rate of deposition being limited by

15 the rate of reaction at the surface of the substrate.

586. The method of Claim '5"", further comprising the step of
raising and lower a substrate chuck to regulate vapor
flow through the process chamber.

57 The method of Claim 5%, further comprising:

20 controlling the rate of gas flow between the
vaporization ckamber and the process chamber in
response to the measured gas flow to form a layer on
the substrate.

53. The method of Claim 5%, further comprising the steps
25 of inducing reaction of the vaporized precursoxr and
depositing the precursor or a component of the
precursor on the substrate in the process chamber.
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The method of Claim 5!, further comprising dispensing

the precurscor from a reservoir onto a vaporizer.

The method of Claim 3%, further comprising measuring a
gas flow between the vaporization chamber and the
process chamber with a pair of capacitance manometers
positioned at opposite ends of a laminar flow element.

The method of Claim 5%, further comprising the step of
measuring pressure in the process chamber.

The method of Claim 59, further comprising measuring a
pressure in the process chamber on opposite sides of a

showerhead.

The method of Claim (2, further comprising the step of
controlling gas flow through passages in the
showerhead by regulating the openings of valves
positioned at the passages.

The method of Clain191, further comprising measuring
pressure in the vaporization chamber and dispensing a
precursor onto the vaporizer such that the dispensing
step is controlled as a function of the measured
pressure in the vaporization chamber.

The method of Claim Sﬁ, further comprising heating the
delivery conduit.

The method of Claim 51, further comprising generating
an electromagnetic field in a substrate chuck
positioned in the process chamber.
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The method of Claim 59, wherein the vapor generated by the vaporizer
passes subsrantially undiluted through the process chamber.

The apparatus of Claim 1, firther comprising:

a detivery conduit forming a flaw path between the vaporization
chamber and the process chamber, the delivery conduit having a first end and
a second end; and

a first pressure sensor and & secand presswre sensor, the first presswe
sensorpositioned to measure gas pressure at the first end of the delivery
conduit and the second pressure sensor pesitioned tq measure the gas
prassure at the second end of the delivery canduit.

The apparatus of Cleim 68, further comprising:
a showerhead dividing the process chamber in1o an upsiream section

and a downstream sectian; and

a third pressure sensor coupled with the process chamber to measure
gas preassure in ane of the Two sections of the process chamber.

The apparats of Claim (9, further comprising a fourth pressure sensor
coupled with the process chamber to measure gas pressure in the section of
the process chamber nor measured by the third pressure sensor.

The method of Claim 5%, wherein the step of regulating flow of the
vaporized precursor to the process chamber includes flowing the vaporized
precursor along a gas flow path without a carrier gas at a contralled
temperature and pressure, and measuring vaporized precurser flow rate

through the gas flow path using a first pressure sensor and a second pressure
sensor,



