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1 CYCLONE EVAPORATOR 5 BACKGROUND OF THE | NVENTI ON Fiel d of the Invention
10 -2 This invention relates to the conversion of |liquid phase materials
i nto vapor phase materials, and nore particularly relates to the conversion
of liquid phase materials into vapor pQ@se materials in a cyclone
evaporator for use in a variety of applications 15 Description- of Related
Art A variety of applications use vapor (gas) phase materials. One such
application involves the fabricati ogYCLONBtEMKBORXTOR rcuit el ements on a
wafer in a chem cal 20 vapor deposition ("CVD') reaction chanber. To
deposit materials on the wafer in the CVD reaction chanber, a conposition
of reactant gases and carrier gases is introduced into the CVD reaction
chanber. The reactant gases chemically react to facilitate formati on of

the, 25 integrated circuit elenents. 1In a growi ng nunber of CVD
processes, one source ef the reactant gas introduced into the CVD
reaction chanber is an evaporated |liquid precursor. The liquid

precursor may be gpbRERoGED WE ML MVEREIONI NOrganic conpound and has a
characteristic vapor .pressure at .depends on the liquid precursor

cheni cal conpositEgﬁi§¥ﬂ£ﬁ&¥ﬁﬁiﬁ¥§§§$§nnetaI in a CVD reaction chanber,

met al - or gani ad i qui ds Ehis gimesntiion wsddites tbe theqebdvereion sof sliqud
Tetal -organi ¢ |1 duhgel! Galtesdbs a3 3ot RhRbL Y prHBUC nakRR a1k 0V anPPibre

pressures are-an econposi t 1 on quurd

2 precursors char&éFE#FE%ﬂr ¥%%P%Qﬂxﬁ°pr%sG@%E??E&RPrﬁ%s gphase
significant chal | pagerfalsnciensi Mapoke pRASE materials in a cyclome

evaporator for use in a variety of. applications.
15 S
Dercription ‘ of Related Art
A variety of applications use vapor (gas) phase
materials. One such applicatibn involves the fabrication
of  integrated circuit elements on a wafer in a chemical
20 wvapor deposition (*CVD') reaction chamber. To deposit
materials on the wafer in the CVD reaction chamber, a
composition of reactant gases and carrier gases is
introduced into the CVD reaction chamber. The reactant
gases chemically react to facilitate formation of the,
25 integrated circuit elements. In a growing number of CVD
processes, one source of the reactant gas introduced into
the CVD reaction chamber is an evaporated 1ligquid
precursor. )
The liquid precursor may be either an organic or
30 inorganic Eompound~ and has a characteristic vapor
prussure that depends on the liquid precursor chemical
ccmposition. When depositing metal in a CVD reaction
chémber, metal-organic liquids are generally used as the
liquid precursors. The wetal-organic liquid precursors !
35 typically have very low <vapor pressures at room
temperature and very fine decompoéition points. Liquid
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pressures of the liquid precursors to produce a controlled and econom cal
guantit'y of “vapor phase 5 precursor ('gas precursor') while controlling

| i quid precursor evaporation rate and preventing deconposition. The
traditional way to evaporate liquid precursors is to use a bubbler such as
t hose manufactured by Schumacher Inc. of Zarlsbad, CA. In the bubbler, the
10 liquid precursor is naintained at an.elevated tenperature while a
carrier gas is bubbled through it. As the carrier gas bubbl es t hrough the
| i qui d precursor, RYPEVEFO¥SE characterized &Yl dlow pvaPgrs Rresgires ghave g
transformation f rOﬁ’:&bQﬂté’d W%&%n&ﬁl&ﬂﬂ@rc!ﬂﬂ%hdeootoiﬁﬂ:ﬁ&siﬁy ¢ae vapor

precursor.  The carrier gas e il{ g@ recuror_and, trans ‘?rts |t to
the CVD reaction cRERBEPFSBuULY er ﬁav Ui PTHFEERERt s, P

the liquid precurscontuneliléd kapd ocdcaromiatadd tquamedsyur of f vapext eph%sle
periods of timg by&%ﬁﬁi‘&bfg @has | BPelefBSial Ukite AcontidRidy eﬁa\gmn

proxi mat e cont act ortion of I qui d_precursor
precursor portion PﬁeEPBR?ﬁa%’@m WPFR and prevantng éﬁ&@}“&?ﬂﬁ-ﬁ-’mn-

surface el ement often dihedyeadbgtsnsl w&mn&ﬁ&h;@&&agbﬁéeu&bfs
integrity of the IL'ngg Z%Seorgc ‘?%]ﬁ%, FF{‘E E#‘g)r%hogge E%I ow

rate is a sensitive function o recursor rrpera

the remai ni ng |i qughBrachesoingol Hﬁeca'ﬂlébéfl@r 't helB | Eh?dbﬁhb%%#‘solﬂhe
vol ume nust beovbniigugd precitios 4§ @5 Enieh e at! gHPEL SFratied] ddimpeature

accordingly 30 |nt a| a steady flow of SaPESSR - segond
approach to evaporg' Iarq b%%c#g fﬁ ng}ﬁ)gg?d i“rﬁ" it@e CA(ﬁJ Eh
precursor and evapsmﬁg tgas dbubbles mhmuybt the Jdquad Medal n

an abstract by Rgebaign U sECh. chét Blau olisod uﬁueeg gggducking
YBCO Fil ns Using an Aeroso Feed ? ystem " Exten ed Abstract meri_can
Institute of ﬁ;@gp ormation from liquid phase to vapor. age to form

15 a gas precursor. The carriler gas entrains the gas
precursor and transporte it to the CVD reaction chamber.
Bubblers have several disadvantages. For example,
the 1liquld precursor wmust be kept at elevated
te'mperat:ure_.s for extended _iaeriods of time by elevati."ng-
20 the temperature of a surface element in proximate contact
with a portion of the liquid precursor. The liquid
precursor portion in proximate contact with the elevated
temperature surface element often disadvantageously
decomposes which denigrates the integrity of the 1liquid
25 precursor. Furthermore, the gas precursor flow rate is '
a sensitive function of both the 1liquid precursor
temperature and the remaining liquid precursor volume.
Therefore, the liquid precursor volume must be faonitored
and the surface element temperature adjusted accordingly
30 to maintain a steady flow of gas precursor. :

A pecond approach to evaporating liquid' precursor
involves atomizing the liquid precursor and evaporating
the droplets in a bhot gas stream as discussed in an
abstract by Righard Ulrich, et al, "MOCVD of

35" Superconducting YBCO Films Using an Aerosol Feed System,*
Extended Abstracts, American Institute of Chemical



Engi neers 1994 Annual Meeting, Nov. 13-18, 1994, p. 16. However, this
approach is'unsuitable when used with.low vapor pressure ‘liquid precursors,
When used with | ow vapor pressure liquids, the initial evaporation cools
the 5 droplet to a poi nt where it has negligible vapor pressure (vapor

pressure depends ngiidiaedy %992 hﬁﬁggiaﬁ%?ﬂ%T%‘gaqj@jﬁcurﬁ% tBUS:Ls

formed provides an | su I Cl ent quant tg unst_ead | ow qf
precursor to efﬂmm‘ﬁﬁran&héécépafeﬂj‘ st8t WRsuitabjs b‘?‘@é‘eé@e d1 ien lowp

third approach to exgpy prempides 1iguiid premiresons.i n\Wiheresusédswith low
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Kiriin, et al. 15 SapiRt P FEOINVERereNithas nesdigibhe crapam R?\?@P%ﬁes
the di sadvant ages Otvat;m s At aegeﬂaef hbﬁugma&arpfodnca&@ﬁﬁc&ﬂz@)ent

quantity of gas pregursor aV| an approxi mat e] y uni.form_20 ul ar

conmposi tion to sustehth FFRF éﬁW‘J&n%ﬁﬂ é'dcée o‘&?&ﬁ&

present invention icuahtisyt edn&o axcynism:eadyvaﬁmvat @t V\/gash precuysct esot he

i ntroduction of i Oégﬂcg_reg &,sg ad58pl £l Sel ayt&&%ﬁvgp t Qgcggglrrber whi ch
ce

are 25 entrained by intro carrier g

eva or at or
directs the cat?ier gasMtiiEr: RRPFRAFY t&u?ﬂaﬁmﬁ%r‘nﬂ SORi n
| ayer of liquid prehwcﬂoxes S fkgh covaporlizirig/ |mqv.ut&lceplremﬁsdneateﬂ a

eVpor ati on chanber ‘y@g %nt{;\g +_. Ué&@é% Y gﬁvéi’géﬁﬁét%e carr| e

evapor at ed precursor, eX| e cycl one” evap

gas. In one enbodi rﬁﬁndeﬁqﬁ-%\de;i@nv $nv%%ﬁ¢”c¥nﬁ“§‘b&ﬁ' BvaPhr 3o bh-Xixdip,
systemthat utili zea-_ alcarrier gas and precursor. The evaporator includes a
body, a charrbei di sposed in the body, an atonizer assenbly having a
carrier gas in 2t and a l'iquid precur sor inlet, and

The present invention overcomes the disadvantages of
the related art and efficiently produces a sufficient
quantity of gas precursor having an approximately uniform

20 molecular composition to sustain a quality, commercially
viable CVD process. ‘

The present invention is directed to a cyclone
evaporator which facilitates the introduction of liquid
precursor droplets into an evaporation chamber which are

25 entrained by introduced carrier gas. The cyclone
evaporator directs the carrier gas and entralned liquid
precursor flow so that a thin layer of liquid precursor
is véry controllably introduced on a Heated evaporation
chamber wall where the liquid precursor evaporates. The

30 evaporated precursor exits the cyclone evaporator along
with the carrier gas. -

In one embodiment, the present invention is an
evaporator in a CVD system that utllizes a carrier gas
and precursor. The evaporator includes a body, a chamber

35 disposed in the body, an atomizer assembly having a
carrier gas inlet and a liquid precursor inlet, and



4 further having an opening into the chanber, and a vapor outl et extending
t hrough the' body fromthe chanmber. In another embodi nent the present

i nvention includes an evaporator, the evaporator including a body, an 5
evaporation surface supported by the  body. The evaporation surface

I's curved and inclydes.a first section that i i LSt cQutain ce
of a predeterm ned -rsbé?" Bgapna?gg?fé%ﬁ%%{% egcl;amsbee(?dn sf%‘c iOf that
defines a second cautdieteexspadingfthrdigh gheedsdyr fioadtbeosbaskeri onal
area less than the crosgy ?xﬁ&é&&ﬁaéfu}xﬂﬁﬁeﬁi: Eﬁd;é fefs%gmci?ﬂ&éiulf.‘f?&n $RAGdes

Langent 1 al |y to thed| FYABSERESEn (oRNRBPTRYRT odRicliiing sBechifipor @d
angentially to i o ace, sBc r

di sposed in the secampokationonisarfadespasapporbeda byrt bhe ebbdgi.nent ThHehe
present i nventi on Jyigliides od PLOEARSs O'1efV BRRLEAT i ihfties ThC AA5ESS
I ncl udes the steps of CAtroguci ng T1qui é‘ precursor 1nto the evaporator,

i ntroduci ng carri ersqfkdamt Ehake dafines agor L8Pt Qantalmedy gparea?faa
portion of the |iqyredeteswiaed ¢roddaddtiionl @dea, daRPinkladesh® second
and heating the cvBRTes ERpf adstases, Boaneaid bebatifEa gt oF &
precursor. 25 BRI EpRdetexrined CEoIsFs@RAMNGS sxdxriaase thamthe cross-

referring to the sajidiRaail CapeRCAlE NEHe Fikbt Pl SordtdHedS: aphlel e SHIE.
The features, aspects, and advant ages o} gr esent _30 inventiop wll

become better underSiERAFARCEh FUIERET OLP%E‘% B | dwi FFste R9TYt jYirected
appended clainms, gemeraddynangentidldyi hgs thecrfirdt aactibon |dveaporitesy a
side plan view of anppclQne gUaPA Algoon® port d{é;%bre% 215l 1 URLT al&Sodl
top plan view of the cyclone evaporator of EI gure I.
1 contained space. _
| In @ "further embodiment the present invention
includes a process of evaporating a liquid. The process
includes the steps of introducing liquid precursor into
the evaporator, introducing carrier gas into the
20 evaporator,. entraining at least a portion of the liquid
precursor in the carrier gas, depositing the entrained
liquid precursor on at least a portion of the evaporator
surface, and heating the evaporator surface toc evaporate

the deposited liquid precursor.

25
BRIEF DESCRIPTION OF THE DRAWINGS :
Reference numerals referring to the same feature
appearing in multiple fi.gure_s are the same. ‘

The features, aspects, and advantages of the present
30  invention will become better understood with regaxrd to
the following description, appended claims, and-
accompanying drawings where:
Figure 1 illustrates a side plan view of a cyclone
evaporator. )
3s Figure 2 illustrates a top plan view of the cyclone
evaporator of Figure 1.



Figure 3 illustrates a cross-sectional view of the cyclone evaporator of

Figure'l. Figure 4 illustrates a cross-sectional view of the cyclone
evaporator of Figure 2. 5 Figure 5 illustrates a co-axial liquid
precursor and carrier gas dispensing assegbly. Figure 6 illustrates a cl ose

up view of a co-axial noFigreFagylBugdtritestd atxsesdectdondilagiemn of the
chem cal 10 vapor d:arf;?_osi tion s%st emqé)l%TAl ED,DESCRPTI ON The descri ption
t

of the invention is TTERGFVEBCHR ?Y | e10nl y and not limting. 15

Referring to Figure 1, &dgukeustidluserates acrospaestdonadoviswsofnohe
Advant ageously, the diﬁéqb?xﬂee@é{?ﬁﬁé’&orofl% ey z¢ontrol lably and rapidly
w Tt ho

evaporates |iquid précursqr deconpdsi ng the Iiguid, precursor. The
cycl one evaporatbr 100 i $18YFEI éﬂit]\}“%ateﬂo%é?ﬂ”é@é&}sggﬁu%smﬁﬁ§ R
vapor pressure |iquichyrierugasrdispensing tassenblif.i cient to efficiently

sustain a CVD process. F?&%P‘E&”?rfllﬁﬁf‘rﬁ’ég ﬁ;:clg%o(;ﬁ?:tﬁ}éwlg‘} a co"aXiab/D

advant ageousl y al | ows S ecursor to exit evaporator into

react or assenbly 70&:"(‘%&&1% 7) while 25 si mul t aneously preventing liquid

precursor from exiting tpéguegcloftlustraraatpblddd diagiatmhofga chBfical

cycl one evapor r LS 4di lh.conjunction with a CVD process and a
P Ybok" o3RS aheial

CVD reactor assenbly devices may be attached to the
cyclone evaporator 100 in 30 addition to the CVD reactor assembly 706

(Figure 7) or as an t CVD reactor assenbly 706 (Figure
D, "ars ot proce RSt W R e s, Il

processes 35 will iddustrative ¢omlyamiviot ddmigdngion with the cycl one

evaporator 100.35 Referring to Figure 1, an illustrative cyclone

evaporator 100 is shown. Advantageously, the cyclone

evaporator ‘100 very controllably and rapidly evaporates

"liquid precursor without decomposing the 1liquid

precursor. The cyclome evaporator 100 is especially

20 advantageous in evaporating low vapor pressure liquid

precursor in quantities sufficient to efficiently sustain

a CVD procesa. Furthermore, the cyclone evaporator 100

advantageously allows gas precursor to exit the 'cyclone

evaporator into CVD reactor assembly 706 (Figure 7) while
25  simultaneously preventing liquid precursor from exiting )

_ the cyclone evaporator 100. Althou'gh the cyclone

‘evaporator 100 is discussed in conjunction with a CVD

process and a CVD reactor assembly 706 (Figure '7), other

devices may be attached to the cyclone evaporator 100 in

30 addition to the CVD reactor assembly 706 {(Figure 7) or as

an alternative to the. CVD reactor assembly 706 (Figure

7)., and other processes may utilize the cyclone

evaporator 100. However, for illustration purposes, the

CVD reactor assembly 706 (Figure 7) and CVD processes

35 will be referred to below in conjunction with the cyclone

~ evaporator 100. ' '



Figure 1 illustrates an enbodi nent of a cyclone evaporator. Figure 1
presents a‘side view of cyclone evaporator 100 showi ng an evaporat or body
102 and a carrier gas channel 104. The evaporator -body 102 5 i ncl udes
an upper surface 128 having flange 110 t . mat e mnth and support a cover

106. Al t hough upper surf Ce 128 I S cted i nd

fl ange 110, ot her enbodl &nghﬁagﬁlp %ﬂ%@(ﬁ?&y E béx%a?%ed

wi t hout flange 110.evapoxatoat. or EbgiyrdOB pxelpn& eaalsl:-;iel(‘newf aiﬁ i cyclohe

from a material %‘@éﬁcﬁ&td&ooﬁo ' 38cREhoC AlUELRYb I or MEbly 102 and a
orm ivity c

approxi mately uni thermal con racteristics.
Furt hernore,  evapor@@riefod@asoochaninglr 404y  y nbhe r SYRPOFALOE RPLY| A2
used in conjuncsi orﬂ.milddetéﬁarcmipu&e strfaeeanas hedindl fhamyen 150 Itto mate

b, L, 8 oy SRS SHE AR S, b
approxi mately ri ghtl%l‘imﬁ%%m FiguresTie and Qhﬁﬂhﬂhﬁlm&h@ormﬁhﬁﬁ/
102 fromthe top sushissEinnud) of Gl bnw@vh@o&aeobouo%?% B 2P Sdtdpdy

102 is 6.125 inches d t.he.di ane e_evapor e .
flange 110 is 3.25 Yhe oe%é.] q.ﬁaén ﬁﬂ éYT% ﬁ}?iy . #'L?ICB %*efﬁﬁhf he
hei ght of covet0l106fakrigratadl i nfhew. R | Imtqzj;kal wi havingonigeed r athemmak

0.20 inches", is 25condudiwabed qfidnhe pBRtkihgles) | NnitREC léhan
the exterior surface 112 of the eva orat of 102 eferrlngto %%gre 1,
1&531" 08

the cover 106 i ncl UGE Yy G SRAPR+ oF VIBPRRLor ¢
108 above the top shmd;acmmfis:@tetfei-aﬁlymdn-%eaduihes toThataﬁialsauudp.tnt

108 has an external 5 QSSJ d i a

i nches. The intef n | anenfogvrlggf tiﬁ% dﬂé ?agégé??'opfef gg@?’n&{nar ge
enough to pernd® a ¥YesPritrble o Matemial) %orW v okR a‘??@%%l oFle
evapor at or 100. Miﬁﬁrﬂtﬂo’k Bddyh a@2n0n nal 35 radi us of 0.25 inches, is

fabricated at the tranmﬂ hgge of evaporator body 102 below flange 110 is
that of an approximately rxight circular cylinder. The
height of the evaporator body 102 from the top surface of
20 cover 106 to the bottom of e'&aporator body 102 is 6.125
inches and the diameter of the evaporator body 102 below
flange 110 is 3.25 inches. The height of flange 110 is
0.37 inches, and the height of cover 106 is 0.220 inches.
Fillet 116, with a nominal radius of 0.20 inches, is
25 fabricated at the transition of the flange 110 and the
exterior surface 112 of the evaporator body 102.
Referring to Figure 1, the cover 106 includes an
integral vapor port 108. The height of vapor port 108
above the top surface of cover 106 is 1.25 inches. ‘' The
30 vapor port 108 has an external diameter of 0.5 inches and
an internal diameter of 0.4 inches, The intexrnal
diameter of the vapor port 108 is preferably large enough
to permit a desired rate of gas precursor flow out of the
cyclone evaporator 100. Pillet 114, with a nominal
35 radius of 0.25 inches, is fabricated at the transition of
the vapor port 108 and the cover 106. A 0.5 inch outside



t he vapor port 108 and the cover 106. A 0.5 inch outside 7 di ameter
t'ubi ng (staintess steel) connected with 0.5 inch VCR netal gasket. face
seal fitting is used to couple the cyclone evaporator 100 to the CVD
reactor 706 (Figure 7). Figure 1 shows a.,direct viewinto carrier gas 5
channel 104. Cadiawet ghisubingn¢stdinlldss stleel s atethdwsediwigh 00 einch
portion to acco i n | [ L 4 lgure 7) to
Phe. cycl one evaporak on iy Sadcan Sief 4L rikeRR3 SO 4G (% hubtlihe’) 1 © .
of carrier gas | nf¥CIRRDHEVAPOTALORaRR L Fhe1OVD Xeachare 795 iBigwre Alssed
bel Iowd In the enbodi rm%u@o?qssnﬁﬁ gilrzgdﬂfeé@tr we? Qﬁﬁ:&h%gﬂfieéo‘bas

i ncl udes carrger s .can a , and counte r . rril ey gas
conduit 118 h3s a&g‘?’?ﬂ% e#bgf Oc?‘ﬁxfge’r'ngﬁés.c Mtiggdasecgal?ﬁ ted
perspective of Fikawing anSinletheportion té accommodatenddrnettions of. G2

i nches of f the cegdpkiy ?@gclgggrggap t ofpifdeA N 0. i e I t he
bott om surface of cover .106. _The carrig?@ga(sF con(?ai ?Mlgéex?é%d:c@(% he

evaporat or body 1DPREFAHI% 1901 a8 13% ARFLGtenPOrELER ERorakidh @anber
302 (Figure 3). 2ntrdductien gfscarrierigad Khtal levaporaeiont civatidsds @v20f
carrier gas gyreciienisd %)tgf‘s @i%%%@khoﬂe‘igﬁfmei 30fe (EhiO8 i finetle SEHW ©F
gas conduit 118 can acconmpdate the Insertion of +he carrler gas

di stribution systEmPABREEFtgFRFTACY Gag, ghaghel 1L Qb dncdndgascarrien gaduced

}nll;o_ 25t dt Be evaq:ntmch.tiim_rncaban:hpr 33_02 ﬂm%@rb&wauggbor et 122 ijs oo
abricated by counter neh. di r._counterbore to.a. 0
0.41 inches. The tap 1 igr?a‘%arél)cg%%‘guﬁ/ ?gg Z)PISI I?négﬁr’ﬁ#ﬁ% Pﬁct?‘%%ltoe to

a depth of 0.41 i¥RIhes nedramdhe ciixert bolew paGpectivey el dgure 132
Tap 120 is t16 eadssk Wentelhbeadarhaut Nomalid G 80620 . 65T Badkte P Yed RE 1O
secure fittings (not,_shown) .caonnected to a carrier gas di_stribution_system
710 (Figure 7). (S acURiiRg (©VARSTaESY 199, and 0.53 inches belok
the bottom surface of cover 106. The carrier gas conduit
118 extends from the evaporator body 102 exterior surface
112 and opens into evaporation chamber 302 (Pigure 3).
20 Carrier gas conduit 118 allows the introduction of
' carrier gas directly into the evaporation chamber 302
(Figure 3). cCarrier gas conduit 118 can accommodate the
insertion of the carrier gas distribution system 710
(Figure 7) through which carrier gas is introduced into
25 the evaporation chamber 302 (Figure 3). ‘
Counterbore 122 is fabricated by counterboring a
1.00 inch diameter counterbore to a depth of 0.41 inches.
The tap 120 iz fabricated by‘ tap. drilling a 7/16 inch
hole to a depth of 0.41 inches measured from the bottom
30 of counterbore 122. Tap 120 is threaded with threads
having a pitch of 20 threads per inch to secure fittings
(not shown) connected to a carrier gas distribution
system 710 (Figure 7). Carriexr gas conduit 118, tap 120,
and counterbore 122 have the same center longitudinal
35 axis as shown in Pigure 1.
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and counterbore 122 have the same center longitudinal 35 axis as shown in
Figure 1. + 8 The carrier gas source 704 (Figure 7) is connected to the
carrier gas channel 104 via suitable fittings and line. For exanple, face
seal fittings nay be used to attach a St%l nl ess steel tube to the carrier
gas channel 5 104. ‘A- suitable fitti®ng -is the Swagel ock[err] O seal
straight thread nal e cSfhecanrierndes wonpee 3844@BiguoR Whnis aconmeckds

Swagel ock Co. of S@&%e Qexrrikhe aht&hw&ei N4 %&W&Lﬁ%dlfi& s Uha

system 710 (Figure i conéeg %Gﬁ]e' carrier g i fromthe carrier S. source
704 10 (Figure 759*%% t hE® Bleyafdrat §Fatodistipgpapry &6 wied drt
with the carrier gastaci td](uglinipssléteenimlmxh@ldakﬁﬁéi'l é].een

specified, it willyg readi | n osg_of di 3

art after readlwng this de§cr¥p¥|on {;113:%&59 %% c%l?érl g%&%& hann Tse_L

may be fabricated PHaighiy thapads ma&gscmw@m.amode} ofmbexresS+406-M0R h

facilitate the i ntm&dmtdme@f as&agélﬁlé dolt Bf té&l&\(aﬂﬁi at ippl fﬂ@i@fgﬁ 302
eat |

(Figure 3) as disc sed el o\ | ur ditiona | ust r at e$
el enent 20  124. @??ﬁ gof‘ﬁﬁgﬁg’ﬁﬁiBPen%}’é[ tem,y 718 o Bﬁﬂ'ﬂrﬂea'{)er
such as a Watl ow waiaxg)tha casriengas lfiramethe n:mian‘:.etwgaer s&UESE3idly) 1

manuf actured by VVajpOyu.fd opt rt‘.& éﬁ@é&ﬁiéﬁ%%%%? 1‘&)&%’1&' 8 ght

M ssouri. Heati ng%el enent 1 has es an
25 of 1.50 inch Shei GRFELSr ¥3&4 one evaporator 100 is shovvn

froma top view Hol emmmswﬁte@m& Hﬂmam@lioﬁevﬁidh%a@l@nsnhﬂvﬂﬁ’é&?

gﬁgvm(ﬁ;:l glr”ee:%g)’ %rt é(} It othg%idegeZ%faa%gog b3 SC a&s gé@ﬁ?e ver |
106 to flange 110.0%gk #Fidd Engthe maaﬂfmsgce@déngonmssammmon
15 that the carrier gas channel 104 may be fabricated in a
variety of ways with a variety of dimensions which
facilitate the introduction of carrier gas into the

evaporation chamber 302 (Figure 3) as discussed below.
_ Figure 1 additionally illustrates heating element
20 124. One embodiment of heating element 124 is a band
heater such as a Watlow 208V clamp-on resistance heater,
model number STB3B3E1J1 manufactured by Watlow Electric
Manufacturing Company of St. Louis, Missouri. Heat:ifng
element 124 has a thickness of 0.125 inches and a height

25 oﬁ 1.50 inches. :

Referring to Figure 2, cyclone evaporator 100 is
shown from a top view. Holes 202a-202f pass through
cover 106 and into flange 110 (Figure 3), where-they are
threaded to accommodate screws. Screws (not shown) are

30 inserted into the holes 202a-202f to removably secure
cover 106 to fl'ange 110. ' _

Referring to Figure 3, a cross-sectional side view
of cyclone evaporator 100 is shown. The interior of
evaporator body 102 is bored out to form walls ‘defining

35 evaporator chamber 302. Evaporator chamber 302 has a
physical shape to facilitate directing carrier gas,



of cyclone evaporator 100 is shown. The interior of evaporator. body 102 is
bored.out to formwalls defining 35 evapor at or chanber 302. Evaporator
chanber 302 has a physical. shape to facilitate directing carrier gas, 9
| i quid precursor, and gas precursor flow nto a cyclonic flow within
evapor at or chanber 302, Uppér portion_ 314 of evaporator chanber 302 is
cylindrical in shapsTid PEEGHRERAR c ARG JABSDESGIIROK SPW ABREQUR SCEFLRAES |

304- nge_rdS pf)lrti?)gmoammmlwa gg&_ﬁbr(?&l?dﬁftf&r atea.i hruﬂ»ﬁs&e@_die%@wa?ﬂ f
apered si dewa . wa is parallel. e. | ongi tudi nal, axis o
the cycl one evaporgf?%?of%%eﬁnﬁil‘? ?Og?ﬁcﬁﬁs ‘ﬁYbfngﬁ%Fﬁlnggs@&‘ggef V&ﬁ?‘tﬁe
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t he di
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of the evaporati onighg%%rg%agg?lﬁ Fgg%c&?tg{?ma ?‘lf?@t‘%eoﬁﬁd[ hek Y%‘?/?ffer%ra
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Che 11 near  reduct | SROBEET Hee qiatiiimita, SubRieRt chatraiall "SEov porithithg
at the sidewalb sl|epaporatey t¢hamk@is 392l.y Thel dnwagipudingh QGistéice fxom
produce |inearly tﬁép%@fﬁpyfi davehbe 30 to THRe top surface of the
evaporation chamber 302, which is the bottom of cover
106, is 5.0 inches. The shape of the evaporation chamber
302 sgsurface which includes sidewalls 304 and 306 also
20 offers a large surface area, while 6ccupying a relatively
small amount of space. |
Ideally, the diameter of the evaporation chamber 302
is reduced by a function that provides a uniform liquid
precursor thin film distribution along the sidewalls-of
25 evaporation chamber 302. For manufacturing efficiency
and cost effectiveness, the ideal situation 1is
satisfactorily approximated by the linear reduction of
the diameter of evaporation chamber 302 beginnihng at the
sidewall slope transition 318 only in lower portion 316
30 to produce linearly 'tapered sidewall 306. The
evaporation chamber 302 diameter reduces from 1.50 inches
at sidewall slope transition 318 to 1.00 inches at bottom
320. The shape of the evaporation chamber 302 may be
characterized by a vertical cylinder upper portion 314
35 and a conical lower portion 316 having a truncated
bottom. |



evapor ati on chanber 302 dianeter reduces from 1.50 inches at sidewall slope
transi:tion* 318 to 1.00 inches at bottom 320. The shape of the evaporation
chanber 302 nay be characterized by a vertical cylinder upper portion 314
35 and a conical 1ower portion 316 haV| a truncated bottom
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i sol ate evapgrat i Chanber B.ﬁ?_e?%ai} ﬂ'gr?t@]gﬁrégu i hg etg i6' §\‘d8
body 102. Thé&%-r RoCYindrical drnershams wikhdanfiznsx 2®iam%ml'abfe

non-reacti ve seal DngSnﬁ.hehleal wﬁfb@@eﬁf | Qoahetéd &8pal. ﬁﬁeriﬂd?@s Widdd a
effectively provi I gol at ween eyaporati on_chanber 2 and the
anmbi ent sur r oundi %g"% or%ajtt%lré@o&px 85 Fi éﬁ e Xa\pﬂrﬁgff’ﬁt
cross-sectional t&pmgy @#elzsuth:yr@mwepomaw dthoroughDhe outﬂ:ééstuﬂQZa
and 402b are idempgcal and have a dianeter of 0.125 inches and a depth of

0.7 inches. oThe hol esy 4022, agd A0gh acqqppdate thermcoupl es (not shown)
annular g;:ppve 310. Annular groove 310 accommodates an.
O-ring (not shown) to effectively isolate evaporation
chamber 302 from the ambient surrounding evaporator body
102. The O-ring (not shown) is pref_erabljr made of any

20 suitable non-reactive seé.ling mé.terial such as Viton®
Copolymer that will effectively provide the isolation
between evaporation c¢hamber 302 and the ambient
surrounding evaporator body 102.

_ Figure 4 illustrates a cross-sectional top view of

25 cyclone evaporator 100. Holes 402a and 402b are ‘
identical and have a diameter of 0.125 inches and a depﬁh
of 0.7 inches. The holes 402a and 402b accommodate
thermocouples _(not shown) which monitor the temperature
of*the evaporator body 102 and provide feedback to a

30 temperature <ontrol device (not shown) connected to the
heater 124.

Referring to Figure 4, liquid precursor channel 404
is ~shown from a top cross-sectional view. Liquid
precursor channel 404 1is fabricated having an inlet

35 portion to accommodate connection of a liquid precursor
source 702 (Figure 7) to the cyclone evaporator 100 and



of the evaporator body 102 and provide feedback to a 30 tenperature
control device (not shown) connected to the heater 124. Referring to Figure.
4, liquid.precursor channel 404 is showmm froma top cross-sectional view
Li quid precursor channel 404 is fabricated,having an inlet 35 portion to

accommodat e connection recur sourc. ur )
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tube conduit 407 iS In the center of cyclone evaporator 100
and 0.53 inches bel ow tFRbHigatdeons pff atigeid cpvecureer thbe| icondyulsr &% sor

t ube conduit 407 ekiivolies '@F111End 2@ 40868NdneRe W dniditext f&u%@mof}f&lé)n
chanber 302. qgr d pr ur.s ndui t 407 all.o t he nsertf on
r

of 8 Hi quid precur Lo 64 %988 visH aesrrartaNe (et FamL SBp FeRte
i ntroduced init8 thdigquixbhprecursorhtuber c@@uitCotat disb@r.85410¢ches foffff ithet ed
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20 408 is fabricat gk%%/tap drillin 16

i nch hol e th of
i nches fromthe bo'f' tom FHEFARR P 1‘EP"°I’%\ %03 |gh?hi’g‘§g’éﬂ ?‘H“Eﬁﬂreads
having a pitch of 'enlbe Fearabie tpan7i exbendssﬁmmetﬁe tttapn¢o8( anf opexvin)into
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same center | &Rgi tg@g@gt £97 allows the insertion of a liquid precursor
tube 406- through which liquid precursor is introduced
into the evaporation chamber 302.
Counterbore 410 is fabricated by counterboring a
1.00 inch counterbdre to a depth of 0.19 inches. The tap
20 408 is fabricated by tap drilling a 5/16 inch hole to a
depth of 0.34 inches from the bottom of counterbore 410.
Tap 408 is threaded with threads having a pitch of 24
threads per inch to secure fittings (not shown) coupled
to the liquid precursor tube 406. Liquid precursor tube
25 406, liquid precursor tube conduit 407, tap 408, and
countexbore 410 have the same center longitudinal axis.
The 1liquid precursor tube 406 is preferably a
stainless steel tube or other inert material with an end
for receiving 1liquid precursor from liquid precursor
30 source 702 (Pigure 7), another end preferably extending
into evaporation chamber 302 for dispensing liquid
precursor into evaporation chamber 302, and a body
disposed within liquid precursor tube conduit 407.
The liquid precursor tube 406 has an inside diameter of
35 0.040 inches and an outside diameter of 0.063 inches.
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The liquid precursor tube 406 is preferably a stainless steel tube or
other inert material with an end for receiving liquid precursor fromliquid
precursor 30 source 707 (Pigure 7), another end preferably extending into
evapor ati on chanber 302 for dispensing liqujd precursor into evaporation
chanber 302, and a body di sposed within Iﬁéﬁid precursor tube conduit 407.
The 1iquid precursor t&dauidcprecursey rgurceli7aRet(figurest) ig qppmectefes

and an outside di aiete D{qdidPYdcta’a®s chandel l4giivd aPERSESSTE ﬁ%t&%%smz
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| i quid precursor |, .40 ;H'H;- le, §itdd | I - seal
straight thr e}g na%&%g'r?ﬁécég?ém eﬁaQﬁuﬁ%%ri%@'&g’?%F%gngn%%fr ]é"(?q'by
Swagel ock Co. The % gudfable fikting i) afvrarlackd -isealsysraightothrmadur e
7) conveying the Irze ¢ophacubep mbdelnsinber 58 -koguiL dOR! GEmi St idd By 702
n

(Figure 7) to the eyapor r ef er abl n r t_aith

| i quid precursor. ﬁ%?%%%r é%t]r sgégt%%te%oif% i.@ol%ngé?ﬁgb %‘?o‘f&%ﬁ%ﬁlﬁ
precursor channel S¥Etegnd0Bx{Rigure ) ocepdpyingithe ldquidhpnecursgay from
paral l el to adorizmniauiidpfe Qir<di€ sonceV 902" fdurel 99. to tHE cydiWied

precursor tube 406 .is prefer §) y direct copnected to_the liguid, .
precur sor source 'ﬁYf"Pé&SFe $vipé"'etf‘l'ees"t"“ﬁigut Bn Rkt &RFSs Y’*:Yqﬁu id an
atom zer nozzl e 4prxecurexned at the dispensing 20 end of liquid

D e o 25 TSRSt S0t e Eok s Mgty oSG IR ©
liquid precursor MASSURSST,sFRENRCLyi40h| AnfeatXtepdp ciRkR| evaneraking
conpl i ment ar y18 hr efAgedbelre B0F epardlldl atonazboriasntal4planed dfi Giidlone
precursor tube 406e'-a£>%raton "100. The 1liquid precursor tube 406 is
preferably directly connected to the liquid precursor
source 702 (Figure 7) via distribution system 708 (Figure
7). An atomizer nozzle 412 is formed at the dispensing
20 end of liquid precursor tube 406 as an integral feature.
Alternatively, atomizer nozzle 412 may be formed
separately from liquid.precursor tube 406 and secured to
liquid precursor tube 406 using a suitable means, for
example, -forming complimentary threaded features in
25 atomizer nozzle 412 and liquid precursor tube 406 and
screwing atomizer nozzle 412 and liquid precursor tube
406 together. The dispensing opening of atomizer nozzle
412 is preferably beveled at a 4S° angle. The dispensing
opening of atomizer nozzle 412 faces away £from the
30 carrier ga:s channel 104. During operation, atomizer
nozzle 412 is preferably centered in the carrier gas flow
directly exiting from carrier gas channel 104. Centering
is accomplished using the Swagelock® connector which also
‘prevents displacement of the liquid precursor tube 406
- 35 and atomizer nozzle 412 during operation.



sgrew ng atom zer nozzle 412 and |iquid precursor tube 406 together. The

di spensi ng openi ng of atom zer nozzle 412 is preferably beveled at a 450
angl e. The di spensi ng opening of atom zer nozzle 412 faces away fromthe 30
carrier gas channel 104. Duri ng Operatlﬂ{l atom zer nozzle 412 |s

preferably centered inqhep g_g{lgég(r) gaﬁgﬁ%l o%g#{a&i* ph1eXi [,bflgetrqm e’

gas channel 104. Centering Swage [err
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carrier gas channe i‘l%&%ﬁ?ﬁéaé\é/g@%?a < ?)%i%%g r83%§et§§t ﬁougheg:f ﬁfa

i quid pfecursor 1 294 ingol Fﬁﬁlﬂ"i‘i’ chapbex0808ave been
specifically descm]hﬂﬂ;ugw thé | augdiar w&aoehmeanchu | gHdd JAigRGdr sor

tube variations f rod on, of pr [ nto
the evaporation c%garé) é?(ftzaélug% é‘?ﬁss‘é%’eoeggwgnar? %"ii?&%gigb’ ‘fﬁé&é‘?"séf
of 'l1iquid prek%rsdri‘ﬂ*i@pl Precurgopecchannel agd | lbqu 8 ppresuUraQy t lrabe of
15 ordinary ski |¢aﬁirhﬂif&xsarﬁozaf£ﬁilri%%¢'i e/hiaS idft&%ﬁhlétieﬁ oEn liquid

channel 404 | nto" tREBERES, JREGn Lo AIAPOS0I R T T 0] BE, (affRiEdey
i ntroduced into tmel&»apamdtt produbinyer Mine hsprqh oﬁr lilguidapragursor
(Rt 100 o D S by le 1 et 4 e
precursor witk®n tRdinAROEk F-i'-bnl%ﬁd’ﬁoért ﬁ@%maﬁlﬁsdthfﬁ (HepgRintdono
the carrier gas, and vapor opfa€ibnfUial DLEEYAS Precur@dy is introduced
through the 1liquid precursor channel 404 into the
evaporation chamber 302. Carrier gas is also introduced
into the evaporation chamber 302 through carrier gas
20 channel 104 at an orientation to intersect the introduced
' liquid precursor. The carrier gas entrains the liquid
precursor and distributes the liquid precursor within the
evaporation chamber. The entrained liquid precursor, the
carrier gas, and vapor phase liquid precursor (“gas
25 precursoxr™) flow within the cyclone evaporator circularly
and toward bottom 320 i.e. cyclonically. The shape of
the evaporation chamber 302 rapidly changes the direction
of the entrained liquid precursor, and the momentum of
the liquid precursor carries it to the sidewalls 304 and
30 306. The liquid precursor then deposits and spreads into-
a thin film on sidewalls 304 and 306. The thin filwm
“wets” an area of the sidewalls 304 and 306 which is
referred to as a “wetting area.” Heater 124 heats
sidewalls 304 and 306 to evaporate the thin film of the
35 1liquid precursor on the sidewalls 304 and 306 to form
vapor phase liquid precursor (“gas precursor”).



25 precursor ') flowwithin the cyclone evaporator circularly and toward
bottom 320 i.e. cyclonically. The shape of the evaporation chanber 302
rapi dly changes the direction of the entralhed |iquid precursor, and the
momentum of the liquid precursor carries i't to the sidewalls 304 and 30

306. The liquid precur t hen ts and spreads into a_thin filman:
sidewal | s 304 and 306. iefﬁg ?ﬁg %% I r?'r%l% Lin ld're%\n%fathgag%ﬁﬁ/aﬁﬁg 384
and 306 which is mrpefferablyo intradunedt taggentially Eoasdédewdallhadfgs and
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preferably an iner e car es not react Wfth any _ot her
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sui tabl e carrieer mn&r withinagesn e[vab]raa&dhoehaw 302.) Foxfhexaniple,d
precursor is intrqgy qgg E?H ur.sSar 6
into the evaporation cha er ‘3%0§£§e er gﬁt&g@g% y(lggrala?\,g/g%omq?éebg‘

l'iquid precursor @xpl et s are |ntroduced I nto evaporation chanber 302.
Carrier gas velocity amnghe i1qeudd gidtudor’ |V iR IV I BFEERive

drop ets 20 navi el i hrredasth ibe ¥ Shra. e Arapttakton,
gas. The bot t3hn r ezfiambeaf 302apor Breferablyheon2? smadlydetdudizednm shquist e
320 and a conti QU%CJI‘%W; droplets are introduced into evaporation
chamber 302. Carrier gas velocity and liquid precursor
flow rate are proportiocnately adjusted to prevent the
formation of relatively large liquid precursor droplets
20 having a sufficient mass to avoid entrainment in the
carrier gas. The bottom region of evaporation chamber
302 includes bottom surface 320 and a contiguous, lower
portion of sidewall 306, which meet preferably at a
continuous surface, and serves as a liquid particle trap
25 to prevent liquid from exiting the cyclone evaporator 100
" through vapor port 108 during operation. To avoid the
introduction of the relatively large droplets of liquid
precursor into the evaporation chamber 302, the liquid
precursor tube 406 produces a fine spray of liquid
30 precursor droplets. The gmall diameter of the liquid
precursor tube 406 and a Venturi effect assist in the
production of the £fine spray of 1liquid precursor
droplets. = Additionally, orxrienting the carrier gas
channel 104 and liquid precursor channel 404 at right
35 angles to each other further reduces the size of the
liquid precursor spray droplets. The carrier gas




portion of sidewall 306, which neet preferably at a continuous surface, and -
serves as ‘a liquid particle trap 25 to prevent liquid fromexiting the
cycl one evaporator 100 through vapor port 108 during operation. To avoid
the introduction of the relatively |arge gropl ets of liquid precursor into
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l'iquid precursor 15:&3&11%@: tabk W0 &/ %Siébeiféﬂéﬁb 'z%g‘i@zalﬁdci”@ﬁe& Iﬁ‘éar

b | ed at le 412 I t
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past the liquid prec rsorc{ ntlal ntroductlon
of the carrier ga"'s,h RFeCRXEPEr eFite imkothe rpr%ﬁﬁ}‘r@ntzie&iﬁed

liquid precursor 4 of {mé | spkayeisofoeedoiwhibh bedewesl entrained in the
carrier gas flowing past the liquid precursor tube 406.

20 " The ta.ngent:l.al introduction of the carrier gas
forces the carrier gas, gas precursor, and entrained
liquid precursor to follow the contour of the sidewalls
304 and 306 in a circular flow. CVD reactor assembly 706
(rigure 7) is connected to vapor port 108 via

25 distribution system 712, The CVD reactor assembly 706
(Figure 7) is at a somewhat lower pressure .than the
pressure in the evaporation chamber 302; this creates a
differential pressure between the upper portion 314 and
the lower portion 316 of the evaporation chamber 302,

30 The pressure differential between evaporation chamber 302
and a CVD chamber of CVD reactor assewbly 706 depends
upon distribution system 712. Variations in tubing
diameter, the number of bends and fittings used will leac .
to large variations of pressure differences. Also, the

35 absolute pressure of the CVD chamber pressure and the
interior gas flow rate will affect the pressure drop.



304 and 306 in a circular flow CVD reactor assenbly 706 (Figure 7) s
connected to vapor port 108 via 25 di stribution system 712. The CVD
reactor assenbly 706 (Figure 7) is at a sonewhat | ower pressure than the
pressure in the evaporation chanber 302; thps creates a differential
pressure between the upper portion 314 and the | ower portiqn, 316 of the
evapor at i on chanbeFOBOQ.Péggicqﬁérpﬁ¥¥@kﬁqs(ﬁqqﬂﬁggﬁﬁ Pnbgﬁﬁbe é&éﬁéﬁﬁ?ion
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differential was meaatir €iie tpressuie witfAin thé @vaporadiiohnehadipsy 30z, eheof
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evapor ati on chanbereag2iniet Bidsdsr dowerothast thebpreesunadinn thee uppesr
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portion 314. The péessure 8rag| ent Detween_t'he upper and I;c})'\éﬁ% portlonge314
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and 316, respectivePyeTof PPRELERE P4t i FRLh Feenenh s Pfe ©

| ongi t udi nal direcevaporatibhe chanbierr 392s dnfileehces neche | ilomgd tuddaaidsor
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flow and downward flow are two flow components which
combine to cause cyclonic flow of carrier gas, gas
precursor, and entrained liquid precursor. The carrier
20 gas and gas precursor are drawn into outlet tube 308
through inlet 312 and out of vapor port 108. The cyclone
evaporator 100 functions adequately in any desired
orientation although an upright position is preferable.
The liquid precursor . spray dropleta in the
25 evaporation chamber 302 are subjected to various forces
during operation of the cyclone evaporator 100. Forces
acting on the liquid precursor spray droplets aid in
depositing the 1liquid precursor spray droplets on
- sidewalls 304 and 306 and help create a thin film of
30 liguid pre‘cizrsor on the sidewalls 304 and 306. Creation
of the thin film in tuin aids in evaporating the. liquid
precursor to create the gas precursor.
In areas of cyclonic flow, the flowing carrier gas
and entrained 1ligquid precursor spray droplets are
35 continuously subjected to angular acceleration forces due
to the rapidly changing direction of carrier gas flow.



through inlet. 312 and out of vapor port 108. The cycl one evaporator 100
functions adequately in any desired orientation although an upri ght
position is preferable. The liquid precursor spray droplets in the 25
evapor ati on chanber 302 are subjected to varjous for ces during operation of
the cyclone evaporator 100. Forces acting the |iquid precursor s
droplets aid in deB8si tinRFtimeof| | Bl d L3RSy BEPCURERE,y & P&Pé’pl‘éfggi%%

sidewalls 304 andog ﬁasasdthelﬁngxﬁm& cadcdleratiohnforc@d. Whemia biguid sor

on the S|dewaII334 ti i he It |
evaporating the Ii %"g‘?g gglayﬁod%?%g%% ?hebgogi%%'ég]ur%or%h n ar aisa[%f
cyclonic flow, theaﬁngngtMrlﬁQTQﬁs aad ana%#med'-bfﬁﬂquﬂ:beprééﬁﬁéﬁ)r ebr ay
droplets are 3% eaafam&&éy tHéb gl fdﬂ&&i@%&aépﬁf@xzz kOBepRF£6ss due

to the rapidly cha i rection of “catrier ga Th ertja
of the liquid precggg r %%Igéﬁs%gﬁﬂogﬁs f’hé’é’ﬁd‘u ﬁ%riaf
forces. Wen a li qpt‘dcgreonrsmta)s glraplatophdergoap Jdsiexitdalt sepbmaimn ar
accel eration for ceﬁebﬁuyeeﬂ@fuah% abfeéerfgﬁrogtméisaaiawm@s Lh8 {4, dh gui d

precursor spray dro te rom.t | ow or
words, the liquid &B@B ‘FEO %r%ﬁﬁ%%p QFc&ﬁd%Y%cé’é‘gecQWePFPHPrE%%it?%n
Because i nertil® i scdrriet! yoau opellbehty) tlaryess, eatraimed adldquiad spray

accel eration forcearg#gegbr-gﬁ%yg%gggi%o he£ ol%xerffa{ |§é g@%ﬁq o&ty,

| ar ger entrained I|q sSpra y under |n Tl
separation at |owe ROWEE ¢ Sﬁad@lncééilem di scussed above the flow of

carrier gas and entrai nnsl ua%ugsaae%w YHeAYEXBWPbEL %a&ﬂé?e%%stod@dd
15 bott om 320. Thg # w carél er as and_ent |ned Ilga§ war
precursor is great&8F-F %&dt?ﬁﬁ 'éﬁ'_%" PR 2 ﬁ)EFPFS 1gewarq
the | ower poriSon Bettomhaz2@i anBher velloptbyeofipoastrien gasnded &0Craipeds.
As the liquid precursor is greater in lower portion 316 than in
upper portion 314. In tha lower portion 316, the
diameter of the evaporation chamber 302 tapexrs. Aas the
diameter of the evaporation chamber 302 tapers beginning
20 at sidewall slope transition 318, the flow rate of
carrier gas and remaining entrained liquid precursor
droplets increases. As- the carrier gas velocity
increases, the aagular acceleration force also increases
so that liquid precursor d:oplets of insufficient mass to
25 undexrgo inertial separation in upper portion 314 undergo )
' inertial separation in the lower portion 316. Therefore,
very small liquid precursor droplets impinge on. the
sidewall 306 rather than remain entrained in the carrier
gas flow and exit the cyclone evaporator 100 as liquid.
30 When— the liquid precursor spray droplets undergo
inertial s'e;iaration from the carrier gas flow, they
impinge on an area of the evaporation chamber- 302
sidewall proximate to the location of inertial
gseparation. The impingement assists in spreadiﬁg‘ the
35 1liquid precursor along the sidewall of evaporation
chamber 302. The liquid precursor present on sidewalls



di anet er of the evaporation chanber 302 tapers begi nning 20 at sidewal |
slope transition 318, the flow rate of carrier gas and remaining entrained
| i quid precursor droplets increases. As the carrier gas velocity

I ncreases, the angul.ar accel eration force qégo i ncreases so that |iquid
precursor droplets of insufficient mass to

un%‘qa%e #nertral Egﬁ %} on
in upper portion 3BP4inaedgd0inalgo| URIEIRT oft i 6.
Therefore, very smiddrdiledUi adr &alr 6Re driopiiel Sprépungeromrddmwlmmhe

306 rather than renmf entis aégsd ah§ S0, S L 13 FBQWeancgféfaéJLe the

cycl one evaporator ¥ [ ecur sor spray
dropl ets undergo i Heékquid pxeswrsoronormain tnetbarﬂﬁecgmnfq%vrzortw and

lthl nlge 0{1 an agfea 91:&1{&% & 1 9 CI h 3@&@6@3@& Ar enimRtE I 0
e location of Jinerti ement. assists. i
spreadi ng the 35 eﬁga i%ﬁﬂfg ‘L’HE g‘gv‘\'ﬂﬁat@f e@g%%?afgttﬁ.ng

chanber 302. The Ilmal. precursor present on sidewalls 18 304 and 306
al so undergoes a shear d £y9 0 [ e or
e CeREERALY BPARRELLEEYIRT OBy gsdww 8ol CoP

present on the sidewal | s shea orce atcel erates

liquid precursor not¥apsfers Reag; H@BPFBﬁerbﬁc#ﬂaéar ﬁr?‘lﬁ’éﬁa%ﬁ)r%:ads
the |iquid pregorsosvapdratddmichatben abmrmémimglemlehane@aom&am

create a |large wettng saicfe%i&l-égeﬁbﬁeml flélt)(: ag%@gprt&%}e

102 transfers heat genhera eater to e sur ace
evapor ati on chanbertizgp fhbm yek ndl Q‘Fb@vﬁﬂm PR SR %e"-%?d%‘l’%l]ﬁm

and 306 tranﬁfer Ej hMtlléffﬂncBBQGQy Tie i il thehcdvdpopttbadapauESDns gas
Porns gas precur sorPrediaRke | HESPTe Khags Chickheld, R, Ry ' Hu'4s
appr oxi nat el y 18i f cappraxisatedyeunidoamor cyeloope eyapagabar akel copexating
adj usted to control,evaRalald 0a@ e adjusted to control evaporation and
prevent decomposition of the 1liquid precursor, and

produce a gas precﬁrs_or of uniform composition. The gas

precursor enters the cyclonic flow of carrxier gas and

20 proceeds toward the bottom surface 320. 2As a vapor, the

thermal energy of the gas precursor reduces the

probability of reabsorption onto the sidewalls 304 and

306. As a result, the gas precursor remains in the

carrier gas flow. The low pressure within the outlet

25 tube 308 draws the gas precursor through inlet 312 and

into outlet tube 308. The low pressure in the attached

CVD reactor assembly 706 (Figure 7) draws the gas

precursor through the outlet tube 308 to vapor port 108.

The gas precursor then exits the cyclone evaporator 100

30 through vapor port 108 and proceeds to the CVD reactor
assembly 706 (Pigure 7). : .

It is desirable to tailor the gas precursor flow

rate to the desired reaction kinetics of the CVD process.

By adjusting several variables, a desired gas precursor

35 - flow rate is achieved to efficiently and accurately

' sustain the CUD process. Several variables affect the




prevent. deconposition of the Iliquid precursor, and produce a gas
precursor of uniformconposition. The gas precursor enters the cyclonic .
flow of carrier gas and 20 proceeds toward the bottom surface 320. As a
vapor, the thermal - energy. of the gas Hﬁecursor reduces the

probability of tion_gn t 3

the gas precursoraﬁb%%ﬁ% ﬁgﬁ cé?er er \ggsk’? ogvﬁe'alﬁ%lg‘g%ardéz?%rae Wi

the outlet 25 tubS0&0Fidurss The gBerpesaupier theoltgRPeARatY r%2°§nﬂhpnto
outlet tube 308. Haﬁ—zl;%w %%S%uaeu&ulae phEasbes DE rBRFcductisaihyo’06

Figure 7) draws t as precuysor rough the outlet tube 308 to

E)or'? 108. )The gas gﬁ?’% Pra &‘Fg‘b‘P e ¥l oﬁg \ffﬂ\?ﬁfﬁgp gﬁe

t hrough vapor $or tevipdratd opr ehataﬁsrt B02 hgufflre emxudiaxgsesﬂde}valmﬁ @PBiagure
7). It is desirabl f d
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reaction kinetics the'’ process. ng several varia
desired gas precurs¥fape, evappragion; & Pé'vé@zt georetEYenthp segrier

?lccur at tel y fsust ai @a&@eweiay?mt P lzq‘ﬁ@def)ﬁécﬂ?é¢ﬁtﬂl%$tl i&%g?ttrl&@:arrlég
ow rate or gas precurs Q eacl Qr _asse ) ure

For exanple, the t d&tﬁﬁ i&n't %&’%gjﬂ‘gﬁ %e HE (fL?"?C’B&E%gPSOP‘%pon
i ntroduction 3®to t:hee aaxmmipm ahiamblear 33@2 pxtelsoucrerrpmeatalﬂe vairiaid es

evaporation chanbefeQ2 ik R CpLHGh & &Y a?xiaie.%u §a§Q4oﬁr§Ls?%ecfu&%o
surface area of the eva oratlon chanber 30 sur aCE‘BY’ %ﬁoratlon chanber

302 geometry, the X% 8¢ YBEBFYIPOY U PRAEFNTZA B2 t he
carrier gas conposlkdaw (ﬂecdmmltq.ondppﬁawrlﬂquxdomesurson TBEAT 1@sinfea
evapor ati on chanbe,{,_ ol eg&g §a§| lix?/aE&\%Ebﬁﬁ eg a@gr h_Eoé)r onIgt i on

and fl ow rate of S ecur sor or exa en evapdrating t ow vapor
pressure and ¥ Mﬁ%mmsaa he W’éﬁﬁ'@- @k fotterpertize ngf
nitrogen carri er Giffe idargiehrOgaseYaPohtieduddd atf e temperature of 120'c,
the evaporation chamber 302 surface is heated to a
temperatura of 120°C, the flow rate of the carrier gas is
6 slm, the liquid precursor flow rate is 0.2 ml/min
20 resulting in a TDEAT gas precursor flow rate out of vapor -
port 108 of 15 standard cubic centimeters per minute
("sccm®). Any suitable flow rate of the TDEAT liquid
precursor may be used; flow rates are preferably between
0 and 0.5 ml/min. Evaporation is aided by higher
25 temperatures, higher carrier gas flow, larger wetted
area, lower evaporation chamber 302 pressure, and lower
liquid precursor flow rates.. The cyclone evaporator- 100
may be used to evaporate any other liquid precursor and
particularly may be low vapor pressure liquids such as
30 Copper! (iaexafluoroacetylacetonate) Trimethylvinysilane
(*Cu(hfac) (TMVS)}*) Triisobutylaluminum (“TIBA")}, and
tetraethylorthosilicate (“TEOS™).
In the event of a heater 124 failure or a carrxier
gas and/or liquid precursor distribution system failure,
35 . liquid precursor may accumulate at the bottom surface
320. In order to detect a failure before an uncontrolled-



15¢ liquid.precursor is introduced at a tenperature of 27C, the carrier
gas is introduced at a tenperature of [err] the evaporation chanber 302
surface is heated to a tenperature of [err], the flowrate of the carrier-
gas is 6 [err], the liquid precursor flowrate is 0,2 mi/Mn 20 resul ting
in a TDEAT gas precursor flow rate out of \?gpor port 108 of 15 standard
cubi ¢ centi net er s geapardanica ("ot ciiiquidin\pmrdurssre fdagNnsat e aof ]ti’mliTDEAT
| 1quid precur Sor Igkdit i3Plschadtt (BLES ikl o1 AREADEXaREIHCER £ 5

m /mn. Evaporation 1s al ded her ] erature carrier
gas flow, |arger \RARSRFaFeY, PP %m P-BH°C aPsyat BFi%éYéozand
| ower |iquid precurlsor 1igoddr atesectibme smkme (Do-P O 18GwrL) 1aaba?ysba-.msed
to evaporate agy i €

pressure i quisy Aot B Mo RllaPibh G Xrindiied S SulaERE"
Tri met hyl vi nysi | arsiqnady tof ancpperafey of cm"-l‘?ébdteyﬁ-sﬁum ihe Tafiwge ),
and tetraethyl ort hasild casrﬁn( BBOSdiagthé@e a@ntap@mrblaeéercéﬁﬁeé@i‘wre

or a carrier gas and/or i qui,d precursor distributio tem f ai re,
l'i quid precursor BE ‘?lﬁet%o?’?omﬁ? ﬁ%@fégoev??f’ tgé’f" t‘?Jfs

detect a failure bbiq}xizd Preauasox.ol | ed 20 evaporation of liquid
precursor OCEWS a i G hdGheEEIYR %@%6 Qimefe! ofh é&#}@& an
opti cal sensor, be | cor or at,ed Id%é i Horf':lt Oeygio 10 ox
liquid detection c?1%'0r qui eP ecw%%-'éneéaenel 49 is
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measures taken prior to an unco evaporat I on o §5¢F ectir
In an al ternative BYRRFEAINt 288 Spaxdes éﬁ@po#ﬁ?ob@‘!}l}o diternsnﬂeéattbrmwh

l'iquid precurssr c&mxﬁéx@% cBaffiél IR0k aPbrofihet &Ry iteigentiialiydto the

precursor channel wa?fl of evaporator chamber 302 and approximately parallel
to a horizontal plane of cyclone evaporator 100.
Additionally, in this. alternative embodiment 1liquid
precursor and carrier gas are dispensed through a liquid

20 precursor and carrier gas dispensing assembly 500 shown
in Figure 5.

Referring to Pigure 5, the liquid precursor and
carrier gas dispensing assembly 500 includes a liquid
precursor/carrier gas conduit 502. Liquid

2S precursor/carrier gas <conduit S02 is preferably
cylindrical with a 0.25 inch outside diameter and
includes an integral, annular carrier gas tube 506 having
a diameter of 0.069 inches. Multi-port elbow &onnector
508 includes multiple attachment sites. A first port of
30 connector 508 is attached to the liquid precursor/carrier
gas conduit 502 opposite the co-axial nozzle 512,
Carrier gas inlet tube 510 having a 0.25 inch outside
diameter is attached to a second port of connector 508.
Liquid precursor inlet tube 512 is inserted through a
35 third port and at_t.ached to connector 508 with a 55-400-~1-
OR Swagelock® connecting device. Liquid precursor tube

10



Is sealed. -+In this alternative enbodinent, |liquid precursor and carrier
gas are both dispensed through 15 carrier gas channel 104 approxi mately
tangentially to the wall of evaporator chanber 302 and approxi mately

parallel to a horizontal plane of cycloneﬁfvaporator 100. Additionally, in

this -alternative enbo |rrent Uld prec sor an | ef_gas are

di spensed t hroug?3& 1HaY¥H gHameketa 9t F- ‘bga% ﬁ?%ffe?] 35, an
assenbly 500 showmsliﬂeFldgametEr &ef era2oginehds guternds theoughucdrpierur sor
and carrier gas %%pemgg s%%senblﬂ/éng% gg&gggéog |irﬁléltd Qﬁggurggr/ rrier

gas condui t cursor/carrier condui t
502 is pref eramryfmbhnmmemzmaélw abigned mmea@rmséﬁ Ewee

i ncl udes an gt egosl bu&naﬂ?abecaiépﬁécwslﬁ%miﬂ/ ldi&e@:td.bﬁ”ﬁlehiﬂf

0. 069 inches. |\/U|t| co ct I_nc t nt
sites. A first porat gwh% ?gg @h ’a‘!‘f’a ’Eefﬁu?stqk %1”1‘aq§gi 2LeH®
precursor/carri ergagasdéepqasingozaaqmﬁdm esﬂﬁe i8- anyeferahdsm cmade. Chirrier

gas inlet tube SHaNaYeRE t@edd d1tHbugH Juiferdi AHEBHE mateAd1r Rty (BB
second port of connector 5£g Liquid precursor inlet tube 512 is inserted

through a 35 thi¥%§%38Pt V&hd- attached to'connector 508 with a 55-400-1- OR
Swagel ock| er¥] connecRefigrdtngceo Figurel gy ec Wwlame beriew T Sh2akaalng an

out si de di anet er rRJzz@.eOGQﬂ nc_LI;es E%‘gs% é&Sl de &_amﬁr ﬁBz 182G 4ncg§; .

extends through c rrler as tube |qU|d precuysor 1nlet tu
preferably conce F’gYaI#%ﬁﬁ?q}ﬁ t B n thear diepersing  88ds ohs lpguiday be
di spl aced in any pﬁﬁﬂ!u&bod]/é&ﬁi'i@ﬁ #4é heohdaliy is02 .gasxﬁninm-S%erhe agui d
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Referring t ot¥i gand &hey IGiapdd precudwort indesxitabe 512 continues into
co-axial nozzle 514. Liquid precursor inlet tube 512
terminates -at liquid precursor dispensing opening 602,
and carrier gas tube 506 terminates at annular carrier
gas dispensing opening 604. Although some axial

20 displaceinent is acceptable, the liquid precursor inlet
tube 512 and carrier gas tube 606 preferably have
coincident openings, 602 and 604, respectively. ~The
carrier gag tube 606 has a diameter of 0.069 inches. The
diameter of carrier gas tubes 506 and 606 may be varied

25 depending upon desired flow zates and carrier gas
velocities. The size of the carrier gas dispensing
opening 604 is preferably less than or equal to ths size
of the carrier tube 506 and serves as a restriction to
carrier gas flow. -

30 . Referring to Figures 5 and 6, during operation
carrier gas enters carrier gas inlet tube 510, and liquid
precursor enters liquid precursor inlet tube 512.
Carrier gas and liquid precursor are isolated from each
other within wmulti-port connector 508 and liquid

35 precursor/carrier' gas conduit 502 and co-axial nozzle
514, Carrier gas in the annulus between the outside wall



nozzle 514 is illustrated. Co- axi al nozzle 514 is threadedly fastened to
the di.spensing end of liquid precursor/carrier gas conduit 502. Annul ar
carrier gas tube 606 is directly aligned with carrier gas tube 506, 15

and the liquid precursor inlet tube 512 continues into co-axial nozzle 514.
Liquid precursor inlet-tube 512 term nak2s at |iquid precursor dispensing

openi ng 602, and carrier gas _tube 506 tern nates at annul&%S arrier
di spensing openphgthe0diquid APrABUESCY stRket okihE 542 3 ﬁ?‘ﬁcéﬁﬁﬁt"

acceptabl e, the khguichés 6308 s@id icnlserlbubepaial ball wr]ricpndgqnfebuhGOBOG
preferably have |nC|den n 602 a 0 ?ﬁﬁ; ly

carrier gas tube B% st é taﬁ nié?‘g‘ii%fpff%g@?‘%ﬁh Jee ed:gglr%eter %Fﬁd
carrier gas tubeprBo8rand 60@nday maxxiered Xms dep&hﬁl ngtiigon ldail

flow ratesg and rEéﬁ%hSi-/Séﬁri/@iOCghbes condme S'Z@z of thieul B.”'l@.rqtﬁas
di spensi ng openi gg_ﬁ604 IS pr.e

é qual e .size of the
carrier tube 506 SuEEPgesdégpﬁnFé 9r| 8??’8?1“?0 58 ri d;as‘c TIRE 3§28
Referring to Fi gdiepebsdng 6pedingn§Odéperaspentiseliver Fhe smre:risrcgam er

gas inlet tube SL Qaicr{apgqlchaueqremugaerdfeg@ﬁélﬁg%&ﬁagecwé tube

512. Carrier gas an uld precursor are_isol ated from each O?:Taer Wi
mul ti-port connedtd¥ kg nyetegitieas Ihehighr Fedrrity FRrTagxdgas 502
and co- axi alo nozzjn@a&t& 16agei siiegaLdrreshenatie | Lispiied wrecurberoas sitee

wal | 22 of th [ u 2 d rr ubes
506 and 606 flowg' ;#Sfr}'g I 8?@885’:%89 %‘Hé:?%c%r?%ro Ict):vm%n ﬂ%“?‘% #)Pé &? ol
precursor inlet td}t?@e@fznguomnénsr &8 rsoil‘hesanaheaeagprees aeetslze e
the liquid 5 mgﬁwsga:/eemw iges mmdwt s:ﬁfﬁ& droplels |havisy
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604 exits at5 carrier gas flow and having suff:.c;ently Large mass - to

| undergo inertial separation from the carrier gas to form

a thin film on evaporator chamber 302 (Figure 3 and 4)

sidewalls as discussed above, The co-<axial nozzle

produces the same performance as discussed above with

20 regard to the transverse alignment of the ' liquid

precursor tube 406 and carrier gas channel 104 while

‘eliminating the preferable centering of liquid precursox
atomizer nozzle 412.

The liquid precursor and caxrier gas. dispens:mg.

25 assembly 500 is secured to carrier gas chammel 104 by a:

Swagelock O-seal connector, model no. 55-100-1-08. The

Swa.gelocko-seal connector, model no. 55-100-1-08 sets the

radial displacement of the assembly 500 so °‘that the

asgembly 500 preferably perpendicularly intersects a

30 tangentiai. plane .of sidewall 304 (Figuxe 3}. The

dispensing end of assewbly 500 is set to extend into the

evaporator chawber 302 a distance of 0.43 inches from the
sidewall 304. '

The cyclone evaporator 100 may be used inu

35 conjunction with 1liquid precursor and carrier gag

digpensing assembly 500 for dispensing any liquid




very hrgh vel ocities. The high velocity carrier gas 10 I nparts | arge
shear forces on the liquid precursor as the liquid precursor energes from
the liquid precursor dispensing opening 602. These shear forces atom ze the
liquid precursor into liquid spray droplets having sufficiently small mass

to becone entraine A h | o
ar atlogiéfonﬂ%}e car ?’763 Brator C:uﬁﬁ ih
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one
liquid precursor arffxrsy rﬁ@eag’aén@l Hegisi rﬁpmﬁblt? the |h9tr§‘-§’é'd ofp cover
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striations impart mechanical directionality to the

carrier gds flow, entrained liquid precursor, and -gas

precursor flow and to the liquid precursor deposited on

the sidewalls 304 and 306. The striations increase the

20 surface area of sidewalls 304 and 306 allowing the
establishment of a larger wetting area.

Referring to Figure 7, a block diagram of a chemical
vapor deposition system 700 is illustrated. A liquid
precursor source 702 and a carrier gas source 704 are,

25 shown coupled to cyclone evaporator 100. Cyclone
evaporator 100 is coupled to CVD reactor assembly 706.
Liquid precursor distribution system 708 conducts liquid
precursor from liquid precursor source 702 to cyclone

_ evaporator 100 and is preferably made of stainless steel

30 tubing. -Carrier gas distribution system 710 conducts
carrier gas fz:om' carrier gas source 704 to c¢yclone
evaporator 100 and is preferably made of stainless steel
tubing. Gas precursor distribution system 712 conducts
gas precursor from cyclone evaporator 100 to CVD reactor

35 assembly 706 and is preferably made of stainless steel
tubing. The end 'a..rrows of liquid precursor distribution



of . evaporation chanber 302 can be increased and the carrier gas flowwthin
evapor ati on chanber 302 can be prescribed using structural features

i ncorporated within 10 evapor ati on chanber 302. For exanple, sidewalls
304 and 306, rather.- than being snooth, may be fabricated with striations.
The striations approximate a finely pi t chedscrew t hread and begi n adj acent
to. the bottom of ceystem (8. Ticarsieragasndistyiutioneyssenr dldotansingas

surface 15 320 apfedieFdbAi®edlibuBeoROLyAre® U iRARd3ete tHE CaStddAldONS
i mpart mechani cal dlregalo ality ¢t t he carrlerrq%s fipo . entrai ned
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deposited on the ssuiveble OBl zedcEOP. asbemblyi auchnasi n€oraexampde?0 a
surface area of sigenglls 34 ?Fch’:Q? thsgéﬁbi@ faﬁeaegh%@das 4 &vp

| arger wetting area. Reterring to Flrgure a” bllock diagramor a chem cal
vapor deposition syedeirzosspemblyust rki@uld Rrerunsex peeuErsor?®ouise 02

and a carrier gas ppasseridt Bottldbor £ WiheeOspltibld 0iquis!PAecursor

evaporat or 100. cl one .ev. r at.qr 0_is coupled react or
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di stribution ggst epréd&s’a_d;’ adig iZeq@.direction of fluid flow C\VD react or
gsse”b' y 706 may be anypsu| 3Rl §SVRESACE QLS IHLY YeBY C a3 atiShs AW ©
modifications to the embodiments described above are
possible. For example, the cover 106 and evaporator body
102 could be integrated and the heater 124 separated from
20 the evaporator body 102 to form a single integrated
eyclone evaporator. Moreover, other angular and
positional orientations of ligquid precursor channel 404
and carrier gas channel 104 are possible, such as
orienting the ligquid precursor channel 404 to introduce ,
25 ligquid precursor perpendicularly to sidewall 304.
Additionally, the liquid precursor tube 406 wmay be
modified by cutting the dispensing end at angles other
than 45° such as 90°. Purthexmore, the liquid i:recursor
tube 406 may be positioned in different locations to
30 extend further into the carrier gas flow or retract
toward or into the evaporator body 102. - Also, a channel
could be provided through evaporator body 102 to bottom
surface 320 to drain any accumulated liquid precursor.
Additionally, structures other than curved sidewalls 304
35 and 306 may be used to facilitate a rapidly changing
direction of carrier gas flow within evaporator chamber



S thermal CVD reactor assembly or a plasnma enhanced CVD reactor assenbly.

Li quid precursor source 702 is a pressurized bottle or any other suitable
i quid precursor source containing liquid precursor. Carrier gas source 704
is a pressurized bottle or any other suitahle carrier 10 gas source
containing carrier gas. It wll be recogn ?ed by those of ordinary skil

in the art after r3xi ngbrhéxadpkeriqndamalﬂhaechﬂayébgtcnnanxnnuaay0106 may
be any CVD reactor maqri*&w o¥ hll10PCEALLO pﬁ@f&'ée%r 2% Mbrdnae s

accommodat e the part] cul ar gas precursor_or precursors .ufi

It will be appreci®iddfRsetede #RA aSuEVe an&“ﬁﬁ&F??catloﬁngﬁlpﬁé
enbodi ment s descrlatiﬁﬂlmighves i firs sdbhensfons eandpllmcatdi@mowmvemﬁeend

evapor at or bo g%ct:g.%. be Qt%&‘h@t%’ arllg tdg?r. géé:g%&gﬁ:ﬁe%@geedoyom

20 the evaporat or forima Stngle e one

evapor at or . Nbrc&simary Gi‘hél inrthe art &ﬁ@eposﬁﬂﬂmwhﬂfﬁ dessriphionf
liquid precursor oahwnel v%Q‘ie%Qdoiaalineﬁsﬂé&s CAxed) b calt¥ory %a?O%%'iQthdSUCh

as orienting the

liquid ecursor channel 404 to _introduc
precursor per penditul B ‘%" &%ﬂe SYAPO ﬁ&hf’ﬁ off%F thecﬁ’g grg
precursor tube 40&Wrb$oumanm edAbyordingm tmi:b\a)e:ﬁm:g emiddimentgl es

other than 45 guch,fs u{da'irf]zcﬁ'd%ﬁﬁr HR&eug%B@vérhé}wéj ﬂw%s%%bkub%?éﬂﬁnmy
be positioned in dlffegenti iops to end furth into t

cat
carrier gas flow J1¥ ePPac¥ttRifhr 08, RAY hadR8y f7988 of bo’fﬂ;e 18FeS8PSo, a
channel coul d be plrentdent, hasudatvexddnatudre fodlow@agt oldbms om surf ace
320 to drain any accunul ated liquid precursor. Additionally, struetures

ot her than curved sidewalls 304 35 and 306 may be used to facilitate a
rapi dly changing direction of carrier gas flow w thin evapgorator chanber

25 302. For exanple, sidewalls 304 may be constructed of a plurality of

mul ti-faceted surfaces or a conbi nation of




multi-faceted and curved surfaces. Addi tional ly, although specific
di mensi'ons and 1 ocations have been 5 specif ied, it will be readily
apparent to those of ordinary skill in the art after reading this
description that a variety of dinensions and |ocations may utilized to
produce a cyclone evaporator such as 2&yclone evaporator 100.

Accordi ngly, vari ogsatierciaiaed a8Rts 10  and nodificati ons and
i mprovenents not described herein may be within the spirit and scope of the
present invention, as defined by the foll ow ng clains. 26 What is

clained is: 1. A chenmxal waphemdepbsvapan chg;sisémiwmy'stsémgcomptis:iméi
precursor source) a cargilqrgg@sp%gﬁggbrasggfégpal vapor deposition reactor
a-gas

assenbly having 5 . precursor 1nlet; an evaporator body; an
evaporation chanber @& SHFEEF WRLhFRAVEERE evaporator body; an atomi zer
having a carrier gas ird ethenitad Wagorddéfosition reactopr assembly imdwiing and
further having.an opening ing h t} hanber; a vapor outl et

ext endi ng thro%gh t he evapo%a oa% §6§§ﬂ?§éﬁ1 %ﬁgﬂg\/aporat i on chanber; a
liquid precursor distridutewaporpsornbedypl ed 15 bet ween t he

liquid precursor sourcea@ndeba?okhe%ﬂ Prefanbad’ | 8ifposed CakltRindathe
di stribution system coupl ed between thgpgar rier gas source and the carrier
gas inlet; and 20 a FYBRLELQFsBPMistributi on system coupl ed

bet ween the vapor outl aén atbutilzerghavingcarcarrier gjas 2nletTand chehniqald

vapor depositign system as iy echiser InYHE! eidd FAlidner A4vIng’ 88 Wding
source 1s - a into the evaporation chamber; -

a vapor outlet extending through the evaporator body
from the evaporation chamber;

a liquid precursor distribution system coupled

15 between the liquid precursor source and the
liquid precursor inlet;

a carrier gas distribution system coupled between
the carrier gas source and the carrier gas
inlet; and

20 a gas precursor distribution system coupled between
the vapor outlet and the gas precursor inlet.

2. The chemical vapor deposition system as in
claim 1 wherein the liquid precursor sourxrce is a
container enclosing a pressurized low vapor pressure
liquid, and the low vapor pressure liquid is selected

5 from the group consisting of Copperx!
(hexafluoroacetylacetonate) .Trimethylvinysilane,
triisobutylaluminum,  tetraethylorthosilicate, and

tetradiethylaminotitanium.

3. The chemical vapor deposition system as in
claim 1 wherein the carrier gas source is a container
enclosing nitrogen,

Iy



contai ner enclosing a pressurized | ow vapor pressure |liquid, and the |ow

vapor ‘presSure liquid is selected 5 from t he group consi sting
of Copper (hexafl uoroacetyl acet onat e) Tri met hyl vi nysi | ane,
triisobutylal um num tetraet hyl orthoailjgate, and -

tetradi ethylam notitanium 3. "The chem vapor deposition systemas in

claim1 wherein the carrier gas source is a container enclosing nitrogen.

27 4. A t [ t.utilij . &nd '
ot ccursor conpri Sing: & body b SREAHEFSR, loteProPrEchotre Mutine, &

assenbly havi ng a cE&RFFHRYT (g iandePracuracki qumprisigwgsr sor inlet, and
further having an openi ng nddy, t he chamber; and a vapor outlet extending

t hrough the body fromthe (‘1}ha er...5 The evaporator as in claim4 wherein
the atoni zer assenbly cofpT as“g%.r £1ispeged prekhe Sdyrassage ext endi ng
through the body and havam@Emizitr assprbly OHawhRfiaG¢artiert §8s Clididiean®

carrier gas passage extendin he. body .and, havi an,outlet. portion
opening into the chanber, thgeh ggﬁgggﬁpé% uﬁfa?s%&@'@%éﬁfb&] megnl&v%lgq an
atomi ze |iquid precursor and QR$7dingt Apbat the hehamkerizamd i qui d precursor on
the first surface in thea chaptieroutlet Bx2efURRG' HB6UGSE e By frorl the

atom zer assenbly further i nCJhléSlh,% a liquid precursor/carrier gas conduit,
wherein the carrier gas passage Is i'ntegrally disposed within the |liquid
precursor/carrier gas conduit, and the liquid precursor passage is disposed

within the 5. The ewvaporator as in claim 4 wheérein the
atomizer assembly comprises: .
a liquid precursor passage extending through the
5 body and having an outlet portioa opening into '
the chamber;

a carrier gas passage extending through the body and’
having an outlet portion opening into the
chamber, the carrier gas passage being

10 positioned to atomize liquid precursor and to
distribute the atomized liquid precursor on the

- first surface in the chambex.
6. The evaporator as in claim 5, the atomizér

assembly further including a 1liquid precursor/carrier gas

‘conduit, wherein the carrier gas passage is integrally

disposed within the liquid precursor/carrier gas conduit,

and the liquid precursor passage is disposed within the

carrier gas passage, the atomizer assembly' further

including a co-axial atomizer nozzle having a first end
coupled to the liquid precursor/carrier gas conduit and’
a second end opening into the evaporatox chamber.

7. An evaporator as im claim 4 wherein the chamber
is at least partially defined by a wall, the evaporator
further comprising a heating element thermally coupled to
the wall. '

T



carrier gas passage, the atom zer assenbly further including a co-axial
atom zer nozzle having a first end coupled to the liquid precursor/carrier
gas conduit and a second end opening into the evaporator chanber. 7. An
evaporator as in claim4 wherein the chan% is at |least partially defined

by a wall, the evaporator further conprisi‘hg a heating.el 1 thermally
coupled to the wall. 8. 2838 evaRﬁréggﬁo?’ét_ g? %ga B 'gﬁ'gﬁfg wherein: the
evaporator is thermal IpheC @RApiratexr dsdthbemablyi condhenive: c¥bri ses a
heating col |l ar clanped.,to the, evapo o] i sesPNa EVIRY AP ca3lhf
claim4 wherein: the cHshb aitgngt %géa‘{s?%n‘gartigﬁlfedef?ned by a generally
vertical wall: the atoni zerclanpesitp thel GHaRPoRaLPELPAYYr ecursor 5

channel disposed in the body, the liquid precursor channel having a
i quid precursor tube which extends through the wall into the chanber, and

a carrier gas channel approanTevabyraecpeadi £nl eXaymdd sgasieichf rom t he

| i quid precursor channel, whigh ng _t hrou t he . ' e apber
proximate to the |iqui epr‘é‘gfﬁ'ggf é‘ﬁan%‘lgl q%x Slelns#é\%#.u%:g]fy Tﬁgkggggorbg]orgbas
in claim9 wherei toenrrdllquivensiesdr ¥82lsube i ncl udes a 45 degree bevel ed

di spensing end positiongh PAierhidde 49sdiS1EathéBid€aSa Qhganal pgrecursor
facilitatea\éenturi ef f.ect [

liquid , prectrsor<PamRgt arﬁ}s%%s grgéggt%%f g{o f’el glrlg)?é%nﬁ?}%me#eéc&ﬁ%g%
regi on of the chanbeanpnehdhaméngi ra t hdquagopresursorcdigre sebick extendsgn
outlet port di 5p05€$$ﬁ$ﬁntﬂﬂp%alrle%ﬁb Of hE h@Hav®ReY, atfid bedyargidr ¥as
condul't extending Lﬁggne{]eaggggf:{ma%oerfy %g%p%gaglé%garly displaced from the
liquid precursor channel which opens through the wall
10 into the chamber proximate to the liquid precursor

channel extension.
10. The evaporator as in claim 9 wherein the liquid
precursor tube includes a 45 degree beveled dispensing
end positioned proximate to the carrier gas -channel to

facilitate a Venturl effect.

11. 2An evaporator as in claim 9 wherein the liquid,
precursor inléﬁ and carrier gas inlet are disposed in an.
upper regio_n of the chamber, and wherein the vapor outlet
. comprises: .

5 an outlet port disposed in an upper reglon of the
evaporator body:; and . i
' a conduit extendin§ from the outlet port and through
“an upper region of the chamber into a lower
region of the evaporator chamber.

12. - An evaporator as in claim 9 whexein:

the vertical wall is a cylindrical wall in an upper
region of the chawber, and the chamber further includes
a lower region defined by a truncated, conical wall.

I



an upper region of the chanber into a | ower region of the evaporator

chanber. 12. "An evaporator as in claim9 wherein: the vertical wall is a
cylindrical wall in an upper region of the chanber, and the chanber further .
includes a | ower region defined by a trun gted, conical wall. 29 13. The

evaporator as in claim4 wherein the vapor outl et extends through the cover
and opens into the chanber_,, and the Body_in¢l udes. &RV IRQRL Or
further conprising: ahoutTR§ SYARETA PEﬁﬁEc%Pnggl?H£q¥§%§?'ougﬁét gng
extendi ng i nto t betthantextents imowghapbhet croveyr | ANE| ARANE  WREP ethet he

evaporator body i,abufi nifl Lhe BRagYaRRNIAGE GOMEYVEN NGhed datptratior
evaporation surface supportediggnthe body, the evaporation surface being
91

curved and havi nfugther compr rst section that defines a first
contai ned spate of a predetketi bebeccbssussctilohey theayapon outdety amd

second section that definegxgﬁﬁ§f£§m&ﬁggnéﬂéugh > of a predeterm ned
than The

cross-sectional area |ess cross- 1 sectional area

of the first contained space; a first port directed generally fangentially
to the first section %@apdpﬁ?oFV§BPF§ng #l FFse pdrt ﬁggﬁ%ggdtpﬁ t he
second cont ai nedesppoeatdf. bodyn v aylamdinmm.as in claim1l.5 the first
section being of a first dianmeter and curved about an axis,- and the second
section being of a second dianeter |less than the first-diameter and curved
about an axis. 17. AnlevapdRa@WAPRERYIF QARRISEBAther ei n t he evaporat or
surface is curved about anaaio&y;the first

an evaporation surface supported by the body, the
evaporation surface being curved and having a
5 first segtion that defines a first contained
space of a predetermined cross-sectional area,
and having a second section that defines a'
second contained space of a predetermined
cross-sectional area less than the cross-
10 sectional area of the first contained space;
a first port directed generally tangentially to the
first section evaporator suxface; and
a second port disposeéd in the second contained
space.

16.. An evaporator as'ih-claim.ls,.the first section
being of a firat diameter and curved about an axis, and
‘the second section being of a second diameter less than
the first.diameter and curved about an axis.

; 17. An evaporator as in claim 15 wherein the
evaporator surface is curved about an axis, the girst
section being of a first diameter over a first portion of
the axis, and the second section being contiguous to the

g first section and of a diameter decreasing from the first

T



section being of a first diameter over a first portion of the axis, and the
second ‘section being contiguous to the first section and of a di aneter
decreasing fromthe first 30 di ameter over a second portion of the axis
extending fromthe first portion. 18. An eygporator as in claim17 wherein
the first section is a cylinder and the second section is a truncated cone.
19. An evaporator as in claim15 further conprigi ) i ne0 £réR
evaporator as in ¢iafeRer AWFer &i ASTRRA R ’rzggrf ogoggtra?ébéf}} %ﬁdsﬁr%ggﬁdui t
havi ng an inlet egfke afikraitdesttiend, the outlet being outlet orifice of
the 5 _ atom zer; and a second conduit having an inlet end and an
outl et end, the second conduit being traverse to the first conduit and the

outlet end of the secaqnd c%ﬁp%k&ﬁg?ﬁgkgaggngni515{53jdrwﬁegaimduhb.fzistAn

evaporator as in:claim19 wherei e, atom zer conprlsegi a f%rgt Gondyi t
having an inl et e#RE%IRA afSoud| Ay hfex hanguiFRE SFFDE ngSPht Butitet
orifice of 5 truncatd® v zer; and a second conduit having an inlet
end and an outlet end, the second conduit being disposed within the first
conduit and the out!| et*Send A% 3Fﬁé°§éﬁﬁﬁoa%dﬁﬁﬁg?lﬂ HF RSN TABEELGARS t he
10 out l&d sguwhider.he first conduit. 22.- A process of
evaporating a liquid in an evaporator, conprising: introducing liquid
precursor into the evaporator; introducing carrier gas into the evaporator;
20. An evaporator as in claim 19 wherein the

atomizer comprises:
a first conduit having an inlet end and outlet end,
the outlet being outlet orifiqe of the
5 | atomizer; and

a second conduit having an inlet end and an outlet
end, the second conduit being traverse to the
 first conduit ‘and the outlet end of the second

conduit terminating in the first conduit.

21, An evaporator as in claim 19 wherein the

atomizer comprisges:

a first conduit having an inlet end and an outlet
end, the outlet end being the outlet orifice of

5 the atomizer; and ' _

a second conduit having an inlet end and afi outlet
éndl the second conduit being disposed within -
the first conduit and the outlet end of the
:gecond conduit being coterminous with the

10 outlet end oﬁ-the first conduit.

22. A process of evaporating a liquid in an-
evaporator, comprisging:

introducing liquid precursor into the evaporator;

introducing carrier gas into the evaporator;

Ll



31 entraining a portion of the liquid precursor in the carrier gas;
deposi-ting the entrained |iquid precursor on a surface of the evaporator;
and heating the evaporator surface to evaporate the 10

deposited liquid precursor. 23. The pragess as in claim?22 further
conprising the step of: spreading the gibosited liquid precursor into a

thin filmon the evapo&gg(}cgilgﬁ{ zac%orggonng ég'@cg%@& predi@op 24 vherein
es s | :

the spreadfng step inclu ar | cngthe deposi ted qui d precursor with
carrier gas. 25. The proces@Xd4N 9% m 22 wherein the carrier gas

i ntroduci ng step incl udepositimfuecheg éheraimed erligasidat pEAcappeOXiarat &l y
paral-l el , coincident ori ent%#é)gcé Q}énq._%el '&Vagg%%gr!;i gukd precursor. 26.
erern rrier

The process as in claim22 e carr gas introducing ste
i ncl udes introduci ng theatingi shegavaporatQy | SHEERFEn HHpPYRPAEREEy the

perpendi cul ar to the introdggsssi t&ish QIieT Wrtdursde.. The process as in
claim22 wrein the liquid precursor introducing step includes introducing

| iquid precursor under a pressure, and the carrier gas introducing
step includes introducing the carrier gas ,at an orientation to intersect
the liquid precursor 28-cr ZheePEovRAEURS &RfEERLIT023r EWFBRET aFRMREISHINE t he
l'iquid precursor the sgdp28£:The process as in claim22 wherein the liquid

precursor is tetraethylort ROSL! LAt AN N1 GREE! S 8SadS iRk Q98n

film on the evaporator surface.

24. The process as in claim 23 wherein the
‘spreading step includes shearing - the deposited liquid

1

‘ precursor with carrier gas.

25. The process as in claim 22 wherein the carrier
gas introducing step includes introducing the carrier gas
at an approxiwately parallel, coincident orientation to
the introduced liquid precursor. ~

26. The process as in claim 22 wherxein the caxxier
gas introducing step includes introducing the carrier gas:
at an orlentation approxiwately perpendicular to the-
introduced liquid precursor.

27. The process as in claim 22 wherein the liquid
precursor introducing step includes introducing liquid
precursor : under a pressure, and the carrier gas
introducing step includes introducing the carrier gas at
an orientation to jintersect the liquid precursor to'
create a Venturi effect to draw out and atomize the
liquid precursor.

UL



29. A process of evaporating a liquid in an evaporator, conprising:
introducing |iquid precursor droplets into the evaporator; introducing a
flow of <carrier gas into the evaporator; entraining a portion of the
liquid precursor droplets in the carrier gas; accelerating the carrier gas
flow angularly.in the 10 3@vaporator; depositing a thin film
of the entrained liquid precursor on a curved surface of the
evaporator; and heatifg. t htheVissdetisOrasC Wry sl st f2ec ardexredvapdreatldqhid
the deposited liquid precursor ., thip, fi C [ |
wherein the evapgrﬁf%&?’gr’t%e LERE ﬂﬁiéég%hgig%ls{b#{eeol %L?\l%aggea&slg%%nd regi on,
and the |iquid piecoitovegemd carrier gas are introduced into the first
section, the process further conprising the step of: creating.a negative
pressure gradient fromthe_first region to the segond regggn,iﬁherein t he
carrier gas flows towdPd tfe BERDSRE st i GYIPPFALANG, oAesdiquid, 13 4i9h 30,
t he process furt esaporapoirsi cgmphesitep of : mai ntai ni ng an approxi mately
constant angul ar accel; 13QN t ri é&ﬁ&' kst IO d
t he second region. lg?%ggel%&pr ocC s%ia i C gzr% ?%%\%)Egﬁzgl nﬂti\ e 2%1?% er
as flows cyclonically towaP¥2PREAS@EHNd section. 33. A process of
evaporating a liquid lihtadodtldgfigCak VAo deyfosiddrariedyStigds haimty athe
| i qui d precursor source, afg%éBEgE?gas source, an evaporator having a 5
ace, a

vapor outlet, a curved sur Ifst region, and a _ |
entraining a portion of the 1liquid precursor

droplets in the carxrier gas:

accelerating the carrier gas flow angularly .in the
evaporator; . -

depogiting a thin £film of the entrained 1liquid
precursor on a cuxrved surface of the

10

evaporator; and
heating the evaporator curved surface to evaporate

15 the deposited liquid precursor thin film.

30. A process as in claim 29 wherein the evaporator
further includes a first region and a second region, and
the liquid precursor and carrier gas are initroduced into:
the first section, the process further cowprising the
step of:

creating a negative pressure gradient from the first

‘region to the second region, wherein the
carrier gas flows toward the second sgection.

31. A process as in claim 30, the process further
comprising the step of: _

maintaining an approximately constant angular’

acceleration of the carrier gas in the first
region and the second region.

AR



second region, and a chem cal vapor deposition reactor assenbly, the
process conprising: introducing a liquid precursor into the evaporator from
the liquid precursor source; 10 introducing a flow of carrier

gas into the evaporator fromthe carrieg,gas source; entraining the
liquid precursor in the carrier gas flow, accelerating the carrier gas
angularly in the 15 evaporator; creating a negative pressure

gradi ent between the %\Qaporhabgbcgggsis ragicQRin be ehepeiattthe secoadrragi on,

and the chem cal vapor deposition reactign_ass ; t3 spreadi ng the
entrained |iquid %*%r‘?&rl%qallréye&&ﬁﬁfa‘t Bgecggg% ds%??a%:oeni nto a thin
film evaporating the liquid precursor thin film and drawi ng the

evaporated thin film o§3_ I ilg:ﬂzir%cgs%fwfs@&a aingd e 19¥anar ah o dhemaugh the
e

evapor at or 25 vapor ou I'nto e c¢chem cal yapor. depositi
reactor assenbly.vador Ardenegidiiator SYS&PPY i BANGSnedRs }g&{% r‘%(ﬁf(‘:ﬁrﬁég

| i quid precursor gg‘tlgﬁépeaevmﬁaprgaé sourteansan f evappratexiubaving a
carrier gas into _the eyvaporator_t tral e 1i gui-dePrReYhR0 and a34
means for facslitXePRY Qﬁéggﬁr 5‘ccce“}z§'re§]i%%%&{]’he£cgrri er %g' to deposi t
the entrained |iqeedopdecegson,oand surdhemicHl (YRPQF PR HrLom xp

for heating the e r f 3f6céSs I&bmprising: evaporate the deposited
‘A%g%%g EHE ?f c Omprisi

| i qui d precursor. evaporator _as in clai.m 34 further conprising:
means for forning a | otnpredeaingraglbguiMitprecyrsor into the evaporator

from the liquid precursor source;
10 introducing a flow of carrier gas into the
evaporator from the carrier gas source;.
entraining the liquid precursor in the carrier gas
flow;
.accelerating the carrier gas angularly in the
15 evaporator;
creating a negative pressure gradient between the
evaporator first region, the evaporator second
region, and the chemical vapor deposition
reaction assembly;
20 spreading the entrained liquid precursor on the
evaporator curved surface into a thin film;
evaporating the liquid precursor thin film; and
drawing the evaporai:ed thin £ilm of 'liquid precursor
out of the evaporator through the evaporator
Y vapor outlet into the chemical vapor deposition
' reactor assembly. B
34, An evaporator, comprising:
means for introducing liquid precursor into the
evaporatoxr; _
5 means for introducing carrier gas into the
evaporator to entrain the liquid precursor;

Ty
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| ower portion of the evaporator; and 5 means for drawi ng the

evaporated |liquid precursor out of the evaporator through a vapor outl et
an upper portion of the evaporator.

in

34
means for facilitating anqular acceleration of the
’ carrier gas to deposit the entrained liquid
precursor on a surface of the evaporator; and
means for heating the evaporator surface to

10 evaporate the deposited liquid precursor.
35. The evaporator as in claim 34 further
comprising: o
means for forming a low pressure region within a
lower portion of the evaporator; and
S

means for drawing the evaporated liquid precursor
out of the evaporator through a vapor outlet in
an upper portion of the evaporator.
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