SELECTI VE SEPARATI ON PROCESSES Fi el d ofthe I nvention
[0001] This invention relates to a separation process
wa@oemphbdasng (i) introduci ng a vapor phase m xt BCEUSIND006269
a condensi ng apparatus, said vapor phase m xture
conprising at | east one desirable conponent and at
| east one undesirabl e conponent; (ii) controlling the
tenperature in the condensing apparatus utilizing a
heat -transfer gas; and (iii) operating the condensing
apparatus at a tenperature and pressure sufficient to
sel ectively condense at |east a portion of said vapor
phase m xture and thereby yield a recovered content
contai ning said at | east one desirable conponent.
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deposition conditions. [0003] The cost for the
production of a thin filmby chem cal vapor deposition
depefipskgrund.of thelnvenfiomhe or ganonetal |i ¢ conpound and
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Pr eCLchr sor.utilization in conventional
eposition precursor, also known as a chemical vapor deposition chemical

compound, is decomposed thermally, chemically, photochemically or by plasma
activation, to form a thin film having a desired composition. For instance, a vapor
phase chemical vapor deposition precursor can be contacted with a substrate that
is heated to a temperature higher than the decomposition temperature of the
precursor, to form a metal-containing film on the substrate. Preferably, chemical
vapor deposition precursors are volatile, heat decomposable and capable of
producing uniform films under chemical vapor deposition conditions.

[0003] The cost for the production of a thin film by chemical vapor
deposition depends on the cost of the organometallic compound and on the ratio
of the amount of organometallic compound consumed in the deposition reactor to
the amount of the organometallic compound vaporized in the precursor delivery
system, that is, on precursor utilization. Precursor utilization in conventional
chemical vapor deposition may be as low as 10% or less, and most of the

introduced source gas containing organometallic compound may actually be



chem cal vapor deposition may be as | ow as 10% or
| ess, and nost ofthe introduced source gas contai ni ng
wee@anaeet al | i ¢ conpound may actual |y betreat eBCEHESENT/006269
exhaust gas. In conventional processes, the
organonetal I i c conmpound in the exhaust gas may be
di scarded even if the organonetallic conpound is in an
unreacted state. The production cost of a deposition
filmin such a case where the precursor utilization is
lowis further affected by the cost of the
organonetal | i ¢ conpound. [0004] Organonetallic
compounds are generally expensive as they require a
multiplicity of steps for synthesis. For exanple, even
when the netal itself is not so expen3|ve t he cost

f tl wh .
Syt HERFLH T3P B 08 P REBUAR BIGeEnar Ay prgmetll

conp @b&ﬂﬁonnﬁ he thereRHAIGt gaaAnaydst dm:imhd £vémif the organometallic
conventional. chemical vapor depos

i ncr 83@8%“’@&%‘“@8 ‘\"ﬁe@cﬁﬁ %g ﬂ‘ edué%’(‘g)necds'fs 6 &Blidion fim in
or ganrestef akd where dmmremnisor uG02Hidn As Itolm if ﬁfrtuem@fct@ by the cost of
prec%ous net%g §qun 5 jutheniumis expected to be
heaV|W%P%%$%P i o Ure as a material for a thin
fil medoagt r o@egahomytaﬁiocbomphugdm& geverably cBPeIsve ap HigK reqare a
preci g R 1itself is not
brcp o Gy Bt R DRle) FBy GARBITELA whiAtind ot iseifis no
si gnisé emmkny, tm(@snsgmécamb'omr@hsa@wyen hpaetad iyatebindly

et alco{nvéﬁ@h 'irﬁ%gr{ g%uﬁ&?etgm G%ﬁ&ﬂk' %@ :pr&lh&ﬁ@rﬁiﬂst & by

deposition orm ng m can
expeseentional gheampies] vapRidspagition @euejvlyofxgrgﬁsgﬁg\leaqq the.price of

CONP QUG pBh e S fHomedlc sbt8bubd t he production of thin
filns. Future fIrlmformng processes

or gar®Msl al | AchindalgLRhfPreaets el sughag Wﬁ‘%ﬁ%’? 14 %f’“ﬁeidgtﬂ be

CONMPidadyaRed intR8 filted ab b Al firfaithin dihdielectdde to yleld a high-
applications where co ou_nd reCfver%‘ lsr?j usétmf %
A B R o2

e cer B3 n
conp %Etﬁéi{sﬁze,( #hdGts,orgiinofetatlic @aippond srgnimut13e¢xmﬁslv¢q e

haust t t.h
e)c(,r :xctcg l)é\ijeB?Fy?r fw"%{}g%ta'lﬁl% s gxrorqa% 4B n &eixtlggal %Pemxcal
Wi th x@p&\/&ﬁbdxmﬁﬁ ther cesidfoe formirigaciilssan be$xp¢n@ed tnefmﬂhen‘ ingrease.
o S ShRGAL Y e PR i FRIBSDS M (U 68 B OB of

t he oSIt1on sys
thin films. Future ﬁlm-formmg processes may JllStlfy organometalhc compound

recovery, on the basis of high compound cost and low process efficiency. In
applications where compound recovery is justifiable, it would be beneficial to be
able to condense certain components (e.g., original compound molecule) of the
exhaust gas, while preventing other components (e.g., coreactants and byproducts)
from condensing. A problem with conventional recovery processes is the inability
to selectively separate multi-component mixtures from the exhaust of various thin
film deposition systems.

[0007] Accordingly, there is a need in the art for developing new methods to
selectively recover from exhaust gases unreacted organometallic compounds used
in chemical vapor deposition, and thereby reduce the production cost of a film,
especially for chemical vapor deposition of thin films using a precious metal such

as ruthenium.



[ 0007] Accordingly, there is a need in the art for
devel opi ng new nethods to sel ectively recover from
wezansds6yases unreacted organonetal | i c conpouPdBEUSRET006269
in chem cal vapor deposition, and thereby reduce the
production cost of a film especially for chem ca
vapor deposition of thin filnms using a precious netal
such as rut henium Summary of the Invention [0008] This
invention relates in general to a nethod for enpl oying
a variabl e tenperature condenser to selectively
separate and recover conponents of a process gas. The
condenser is operated at a tenperature of from about
200C (293 K) to about -196C (77 K), preferably from
about 200C (293 K) to about -1000C (173 K)5and nore
preferably from about -300C (243 K) to about -1000C
(173 K), and at a pressure of from about 10,000 Torr

t o akgiina &&gﬁﬁgﬁﬁm preferabl y from about 1 000 Torr
to about and nore prefe

ah|
10 TOM08] o ABbistmEan elits in genecalfe p yredp i Uy STPURE £y yariable

Sepakerang cbﬁ&éﬁ&!&rto @élébn@ély@@;ﬁa@at@ @i@ﬁ:ﬁ&fﬁr%ompoxtehe of' a
ef fluent | eavj n% a chanb

0S 0 o
chanBEwessgIg (BRERRIERsTh'Si °§°‘§P§’8%ﬁ"ﬂ) fengi?é%“ B)ﬁ i:rfgrarl'n"%’ out20.C (293
heat KyhaasdutF19586 ('smn pheserably drom dong20?C (29PKhto about -100°C

hel d d o~ Tr
O e
f | owandal a)pretsafqlﬁffanm atwud 10,00 Tore &t a':topah éﬁ‘ W’ Bas Pl’eferably

[ 000Q, !ﬁmt 1B RboR il #5€f ForP Ak pldle freiEifly AbmMBout 10
proc (o] § uc:| ng a vapor phase

m xt (Hoer tmabwté) QioTﬂiam(s saﬁg}y ap@aﬁﬁateaﬁy sergfaie PRTeFOVPHRRSeer more
m Xt %%%P Y ﬁﬁfl@é‘lﬂgént &8 aUREMPESE. Eagld@p&:ﬁfm‘%ﬁﬁﬂﬁer The

and a one undesirable conmponent; (i)
cont pghdqnppgg ush@cplgn}p@p@\bu p@amsrpftaﬂvgam@ﬁ gqlsnsglch as cold nitrogen,

appary ll’lshé'iﬁlg‘tl }5@%&9 chYB8h dokfie of Bfeald @S aif Mhe(cohdehser

operat nsing apparatus at a tenp eratl?jég
and mmm@ ig aﬁtrtélleé RY aqlJBS%f@l thetlpy any/ ot typerbEe gt the heat
Ieasgﬁﬂsigpégsl on of said vapor phase m xture and

there ield a recovered content contajni n?%ﬁsal

| eastl® dedisABYtien FBAERPAT DB IR P ?Fecﬁﬂpgﬁmg @
al SO ihRIRERS al VApPFpHasd MixurBBith 8 Gofidehsing appapatiry) §aid wapor phase

mixture comprising at least one desirable component and at least one undesirable

component; (ii) controlling the temperature in the condensing apparatus utilizing a
heat-transfer gas; and (iii) operating the condensing apparatus at a temperature
and pressure sufficient to selectively condense at least a portion of said vapor
phase mixture and thereby yield a recovered content containing said at least one
desirable component.

[0010] This invention also relates in part to a method for recovering an
organometallic compound comprising (i) heating and vaporizing said
organometallic compound in a dispensing apparatus to yield a source gas; (ii)
introducing said source gas into a reactor containing a substrate and allowing the
source gas to react on a surface of the substrate to yield a metal-containing thin
film, e.g., a metal or metal compound such as an oxide, nitride, carbide, and the
like; (iii) removing an effluent gas from the reactor, said effluent gas comprising

unreacted source gas; (iv) introducing the effluent gas into a condensing



organonetal | i c conmpound conprising (i) heating and
vapori zing said organonetal lic conpound in a
walr@pamabsng apparatus to yield a source gas; (PC/US2007/006269
i ntroduci ng said source gas into a reactor containing
a substrate and allowi ng the source gas to react on a
surface of the substrate to yield a netal -contai ni ng
thin film e.g., a netal or netal conmpound such as an
oxide, nitride, carbide, and the like; (iii) renoving
an effluent gas fromthe reactor, said effluent gas
conprising unreacted source gas; (iv) introducing the
ef fl uent gas into a condensi ngapparatus; (V)
controlling the tenperature in the condensing
apparatus utilizing a heat transfer gas; and (vi)
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and composition of the process gas at different stages throughout a thin film

deposition system.

[0013] Fig. 2 is a schematic of a variable temperature condenser apparatus
used in Example 2 below.

[0014] Fig. 3 graphically depicts the history of the condenser temperature and
the nitrogen flow in Example 2 below.

[0015] Fig. 4 graphically depicts vapor pressure data for ammonia and 1-
ethyl-1>-methylruthenocene in Example 1 below.

Detailed Description of the Invention
[0016] As indicated above, the invention employs a variable temperature

condenser. The variable temperature condenser has the ability to control the rate
of heat removal, and resulting temperature of the condenser. The variable

temperature condenser utilizes a heat-transfer gas which is first cooled by a low-



the nitrogen flow in Exanple 2 below [0015] Fig. 4
graphically depicts vapor pressure data for ammoni a
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Det ai | ed Description of the Invention [0016] As
i ndi cat ed above, the invention enploys a variable
tenperature condenser. The vari abl e tenperature
condenser has the ability to control the rate of heat
renmoval , and resulting tenperature of the condenser.
The vari abl e tenperature condenser utilizes a
heat -transfer gas which is first cooled by a
| owt enperature heat-sink (e.g., liquid nitrogen) and
then directed at the condenser. The rate of heat
renoval fromthe condenser and its corresponding
tenperature are primarily caontrolled_ by
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from condensing also increases the capacity of a batch condenser. In addition,
certain components (e.g., ammonia and oxygen) may develop high pressure in a
condenser, if it returns to room temperature (e.g., idle state, replacement upon
reaching capacity, unintentional loss of heat removal). The low pressure (about 1
Torr) of thin film deposition processes generally requires a low condenser
temperature (-100°C to -30°C), in order to efficiently (greater than 99%) condense
organometallic precursors. Unfortunately, using a fixed temperature condenser
may result in the condensation of unwanted components. This may result in
accidental worker exposure, in the event that the equipment pressure limit is
exceeded, upon absence of heat removal.
[0019] Using a gas as the heat transfer medium is a cleaner and safer

alternative to using a liquid, such as a closed loop glycol/water circulator.



condenser, if it returns to roomtenperature (e.qg.,
idle state, replacenent upon reaching capacity,
wandoitieqas: onal | oss of heat renoval ). The | ow PCEES200E006269
(about 1 Torr) of thin film deposition processes
generally requires a | ow condenser tenperature (-1000C
to -300C), in order to efficiently (greater than 99%
condense organonetal lic precursors. Unfortunately,
using a fixed tenperature condenser may result in the
condensation of unwanted conponents. This may result
i n accidental worker exposure, in the event that the
equi pnent pressure limt is exceeded, upon absence of
heat renoval. [0019] Using a gas as the heat transfer
mediumis a cleaner and safer alternative to using a
l'iquid, such as a closed | oop glycol/water
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[0022] The advantage of this invention is increased flexibility of the
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precursor recovery equipment, compared to prior art (fixed temperature
condenser). The increased flexibility allows a single design to accommodate
separation of multiple types of mixtures.

[0023] As a general example, consider precursor A is a component of a
process gas, and is combined with a carrier gas B and coreactant C to form the
process gas. In addition, at least one byproduct (D) is generated as a result of the
film forming process. The mixture (A, B, C, and D) exits the film forming reactor
and is passed through a condenser. To determine which, if any, of the
components will condense, we need to know the (1) flow rate of each component,
(2) pressure in the condenser, (3) temperature of the condenser and (4) the vapor

pressure curves for each component.



[0022] The advantage of this invention is increased
flexibility of the precursor recovery equi pnent,
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The increased flexibility allows a single design to
accommodat e separation of nmultiple types of m xtures.
[0023] As a general exanple, consider precursor Ais a
conmponent of a process gas, and is conbined with a
carrier gas B and coreactant Cto formthe process
gas. In addition, at |east one byproduct (D) is
generated as a result of the filmform ng process. The
m xture (A, B, C, and D) exits the filmformng
reactor and is passed through a condenser. To
determ ne which, if any, of the conponents wl|
condense, we_need to _know the (1) flow rate of each
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t he and separauon selectivity (% of desired component condensed / % of undesired

component condensed). The ultimate goal of condensing the unused precursor
from the exhaust gas mixture is to reuse it as a raw material for thin film
deposition. Prior to reusing the precursor, it desirably should be purified to
remove contaminants introduced by the process. Subsequent purification costs
can be minimized using the variable temperature condenser as the first step in the
purification process.

[0026] Purifying the recovered organometallic compound is optional. In the
purifying step, a reaction byproduct may be separated and eliminated from the
recovered organometallic compound cormponent, since a reaction byproduct (a
decomposition product) formed through a reaction of a source gas is introduced

into the exhaust gas in a film-forming step by deposition.



absence of experinental data, vapor pressure data can

be used to determ ne the optinmum tenperature which
woreoo7meaes both retention of the desired conpoP€nUSENT006269

separation selectivity (% of desired conponent

condensed / % of undesired conponent condensed). The

ulti mate goal of condensing the unused precursor from

the exhaust gas mxture is to reuse it as a raw

material for thin filmdeposition. Prior to reusing

the precursor, it desirably should be purified to

renove contam nants introduced by the process.

Subsequent purification costs can be mnim zed using

the variable tenperature condenser as the first step

in the purification process. [0026] Purifying the

recov organonetal I i c caonmpound is tional .. .In the
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for mé§™R%the thin filmformng step and an unreact ed

sour qeozRs t Becausd an Sfpafbmaallic @bnpoltiezenbra 8364186kt a low
sour ce gas to thereb Xlel a recovered content
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organometallic compound. This invention can recover a component containing an
unreacted organometallic compound and can extract the organometallic
compound in a state which can be recycled. This invention therefore can reduce
production cost of a thin film through recycled organometallic compound, even
when the utilization efficiency of the material is low.
[0029] In an embodiment, this invention relates to a method for recovering an
organometallic compound comprising: (i) providing a vapor phase reagent
dispensing apparatus; (ii) adding a reagent which is a liquid or solid at ambient
temperature to said vapor phase reagent dispensing apparatus, said reagent
comprising an organometallic compound; (iii) heating the reagent in said vapor
phase reagent dispensing apparatus to a temperature sufficient to vaporize the
reagent to provide vapor phase reagent; (iv) feeding a carrier gas into said vapor

phase reagent dispensing apparatus; (v) withdrawing the vapor phase reagent and



In accordance with this invention, an exhaust gas is
cooled to introduce phase change of the organonetallic
w@ompooad2 f rom a gaseous state into a solid stBCEUS2007/006269

liquid state to thereby recover the organonetallic
conmpound. The recovered organonetal lic conpound is
optionally further purified to yield a high purity
organonetal | i c conmpound. This invention can recover a
conmponent contai ning an unreacted organonetallic
conmpound and can extract the organonetallic conpound
in a state which can be recycled. This invention
therefore can reduce production cost of a thin film
t hrough recycl ed organonetal | i ¢ conmpound, even when
the utilization efficiency of the materi al is | ow.
(0029] In an _enbodi nent, this inyenti.on re
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reage r OV]. a
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andc a({ﬁ)e}agﬁ g‘f@%o‘n&&ﬁinﬁ%h rXt% Xa t@%ﬁéﬁnﬁ@%ﬂ?ﬁ%ssure sufficient to

di spe S|ng apparatust sal d vapor phase reagent
di sctealegvely epndegsgiay 1°P%téd?°ﬁ'§?nt Qféaléawa‘%acfﬁﬁ HaROT pg%.sgé?ﬁgem and

and Qﬁéréﬁﬂleﬂaasreb%%d%oﬂfeﬂ%ﬁahﬁﬁ‘g GRBHNET érginbnietallic compound.
contacting the va phase reagent with a ¥bstra

a hedf@Hle sfied “‘WP R ST e REREE] v AP FRTRER

(Vi | ipa) ks s34 &id s iRl nnuseﬁlfaésuamc& Ricough fatthe flow
ef fluent discharge. line connec d to the_ depgpsiti
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chanti®d COK“PQ?)‘“?%%fdPﬁ@WﬁSé ga 4 dilerpnt sfagss Ry
aﬁ p ar&baﬁnmﬁs'ysténﬁffﬂetmianﬁmmﬁ)l 16 iand) fromr éaelt hedt iv dgxignated by
phase re ent control Lin ratur “nt

cond eﬁ‘???ﬁ%‘gtsa(ﬁﬁar(‘é% ‘EY§“E]( ﬁﬁ‘?‘q’ ?ngmge ﬁé%? n%)‘? SR 5? 53" e flow
and (ofiprecupof ﬁtdeﬁhgndt&i?bﬁﬁmﬁﬂmﬁml’tg' “amoans ﬂleu;sbsatlpla(e g., the flow of

t enper at ur e .an r.e .suffj gi. o sel ectively
condéﬁg%"§¥ﬁ“855§e g'fﬂﬁwg‘Fﬁ g unreacted vapor

phas eoozEgentA axpiarizktmmy (o ehlckogt_:rr, ergou@né telvwptiensed to
cont UorbdPmd E‘a&%ﬁ&%&exdap%%ﬂm‘? ﬂ%tpqyuks%r 9%9%0@ 3) to the delivery

system (node 5). The mol fraction of precursor in the gas mixture exiting the

mg mass

vaporizer is designated as Xpre3s. If we assume that the mixture exiting the
vaporizer is saturated with precursor, then the theoretical value of Xpress is equal to
the precursor vapor pressure divided by the total pressure. In practice, the mixture
may not be completely saturated and the degree of saturation (0 to 100%) can vary
depending on the equipment and process conditions. The degree of saturation can
be measured and correlated as a function of process conditions. For the sake of
simplicity, we will assume that the degree of saturation is 100%.

[0032] Additional gas species, including coreactants (e.g., hydrogen,
oxygen), are added to the process gas mixture in the delivery system. From the

delivery system, the process gas is then sent to the reactor. A substrate within the



[0030] Fig. 1 describes an illustrative process flow
and correspondi ng nmass bal ance associated with this

w0 noenvdsen. Thi s mass bal ance accounts for thepdT/os20aneh6269
conposition of the process gas at different stages
t hroughout a thin filmdeposition system The overal
flows) to and fromeach node is designated by
subscripts (e.g., the overall flowfromnode 1 to 2 is
designated "Fu"). The flow of precursor is designated
by an addition of "pre" to the subscript (e.g., the
flow of precursor fromnode 2 to 3 is designated
"Fpre23")- [0031] A vaporization gas (e.g., nitrogen,
argon and helium is used to convey the precursor
vapors fromthe precursor vaporizer (node 3) to the
delivery system (node 5). The nol fraction of
prec lﬁ?‘@%/ﬂ‘ i§ ¢prfasiedguith the R’E"ﬁi"'%" ga5 pt the desire condiRAns 188 i s
desi ghapRstuRand PkddGe) to Idfepm a&ﬁm tWhtdtthd Appropristelpreperties
eX|t|n t he vapori zer éatur m%ﬁh precursor. o a
¢ hen (¢ e P06 ABRS PR 85 The WO RTHRaTY SO For
prec lﬁéi:ﬁfsob’acﬁﬁﬁmpﬁﬁﬁﬁlllh@redd:tw dedgx’ﬁ%dt BEF prL@tagé the film deposited
pressure. i ce, re. may. not
G P bl ARt and prrv i PRy =3 g poes of
t o 1@RA4eacan Adstiongh éfieagingndesirdbie peguispnmayg alasibe consumed by
process condlt%ons The degree of saturation can be

meas GPEBNRRIPCEM el ated as a function of process
condi[0033hs. Hhe atnoentsdipecofsos¢ansiined Fyres7)is the ltebctasﬁwded by
t hat

G T o

hydr dglen refqugte m} depmsition dffesibnc). tlfve npnp ¢hin £y aEocesses,
m xt i&&u&%ehgﬁzaqgﬁ ﬁs\ﬁgsrs)fha%yﬁ()%n Fdz' QJ‘Qegéggwﬂnge IpYeehdsor utleatxon

syst rocess gas hen sent to react or
substis warE law («hg nlesShtémebe .low §feébfﬁt“a‘§tl’é‘a“% iy prRabit the use of

Pr OCe3&uddss Which B tﬁ@ﬁ:‘efeﬁ@d %Qlﬂgbﬁ it dnfQedhnical erformance
tenperature and pressure) to deposit a th|n fi 1anvmue

the &sydepsingand fEﬁYsbég pised prgcngrsor ey eehledlec use o
CONMPGsséduk<ors, MhsthBenakRlopEMhm FiReplopeities.i Mary rout es

for precursor consunption in the reactor,

as FAPRH} aldapsh eraammﬁtalé‘ﬁ SO e ER ATEErbed sbove

S ubstallsatcan 88 dtosfiveind dprhyeddile p eabsirate0 A tbhzaticr #1dispraying

o e Ok B2 i A LY bl o v oown

phasah¢ &act i ons. [0033] The anmount of precursor

cons lw&%] (Fpr r? ch)ferre% ril%d{Ir?Call(ES‘: &r t;hé:l {n\\/'é:rﬂleo%, ?r}/ organometallic
compound, such as described above, is employed in gas phase deposition
techniques for forming powders, films or coatings. The compound can be
employed as a single source precursor or can be used together with one or more
other precursors, for instance, with vapor generated by heating at least one other
organometallic compound or metal complex. More than one organometallic
compound precursor, such as described above, also can be employed in a given
process.
[0036] Deposition can be conducted in the presence of other gas phase
components. In an embodiment of the invention, film deposition is conducted in
the presence of at least one non-reactive carrier gas. Examples of non-reactive

gases include inert gases, e.g., nitrogen, argon, helium, as well as other gases that
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t he anmobunt of precursor vaporized (Fpre23) is defined

as the precursor utilization (also referred to as
waelewaedodsson ef ficiency). For many thin fil m prBCEESHS7/006269

precursor utilization is |less than 100% For processes

where precursor utilizationis very low (e.g., less

than 10%, |ow precursor utilization may prohibit the

use of precursors which are the preferred sol ution

based on technical performance. Condensing and

recycling unused precursor may enable the use of

hi gher val ue precursors, which generate optinmmfilm

properties. [0034] Liquid organonetallic conpound

precursors such as described above al so can be

atom zed and sprayed onto a substrate. Atom zation and

sprayi ng neans ﬁuch as nozzl es bul i zers and
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descrorgret camwend dwaas thaforpwtionpf b?’é@ﬂ pride firyen

proc [ 00%@% Qﬁg&ﬁh‘e 1toﬂy(ﬁ'aébnbﬁ ah QREUE&RSh g!istnﬁ? be used ina

presgnce of hase conponent s. I n an
b oBRlntagk cache ey eml@hyelfqep?ﬁlwgvetsﬁ gifemperatures below

condughedsd tﬂatttl?@déi;ro@ﬁ.%n ¢en B catfied QR a Qﬁﬂnd?@ﬁmb@tﬂﬂ& VMR the
carrier | es of non- xeactlveggases i.ncl

i ner tresy agté\g B@Ig‘meﬂ‘i‘l‘ttqné&éﬁgy af\B Spstratiys afoicay FH"SH’?’
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conmpound precursor, _under process,.conditions

it R A e L
pres Qﬁﬁ&uﬁfn ahld cbﬁpesteleaﬁec}fem H&@sﬁaﬁ, HSdrogewfedudible ruthenium

reactlve ases t cl ude
not |°Pmp &5 gy ﬁ(;a&% &8%3’ Icfl}g grhmm lll{tl\'ﬂﬁ §tacked cell

OXY g PR AN ¢aphieitbrai I, ozone (GB), ni t rous Oxi de ( N20) ,
vat er[08 or, ]%rpgsqg(lng m\é 085r ééscr?bmrél'ea}n Qaqldbe conducted to form a film,

powder or coating that includes a single metal or a film, powder or coating that

includes a single metal or metal compound such as an oxide, nitride, carbide, and
the like. Mixed films, powders or coatings also can be deposited, for instance
mixed metal oxide films. A mixed metal oxide film can be formed, for example,
by employing several organometallic precursors, at least one of which being
selected from the organometallic compounds described above.

[0039] Vapor phase film deposition can be conducted to form film layers of a
desired thickness, for example, in the range of from about 1 nm to over 1 mm.
The precursors described herein are particularly useful for producing thin films,
e.g., films having a thickness in the range of from about 10 nm to about 100 nm.
Films of this invention, for instance, can be considered for fabricating metal

electrodes, in particular as p-type metal electrodes in CMOS (complementary
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others. As known in the art, the presence of an

oxi di zi ng gas, such as, for exanple, air, oxygen,
we@xyganm4enr i ched air, O3, N20O or a vapor of anPCT/US2007/006269

oxi di zi ng organi ¢ conpound, favors the formation of a

metal oxide film [0037] In an enbodi nent, hydrogen or

anot her reduci ng gas may be used in a BEOL (back end

of line) atom c | ayer deposition process at

t enper atures bel ow 3000C so that the deposition can be

carried out in a manner conpatible wth the rest of

the BEOL integration strategy. An illustrative atomc

| ayer deposition strategy for form ng BEOL

i nterconnects using rutheniumis as follows: |ow K

repair, tantalumnitri de atom c | ayer deposi tion,

rut henl omc | osition a
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depogid 6@&&%1@&&%&19 t&&ecb&pswﬁuffbm EaY8h %&Bbarate
desired thickness, for exanple, in the range of fr

aboutl0082] un e erganometaklie camRONdITRUEIIFSCag e CRIPIAYE in

here 'cﬁexﬁfcﬁl P61t depbliad or, Hived dPecitioflly) iPA@1dAghnidEimical vapor
films films_ havi a thickness in the rantgﬁ]cof

ng
fro mdaweﬂonmsoqeaﬁs keow, B‘lﬂ’e o AINSTRRe e STEAPNPE
| NVeRbi@Bund ﬁécdﬁfdﬁd dREihed@BBvdAND®S ﬁ18¢d11araeﬂo§phénc, as well as in

fabricati ng ne ectr de arti ar

ot SRt BabeniRl rprsroption Brbrea s R BRuRiskPte
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ot notreLPe e b RS Bl et TR g e i SR i biPuapor

wher @ieposition, 8 &shnique in whlch only the substrate is being heated.

[0043] The organometallic compound precursors described above also can be
used in plasma or photo-assisted chemical vapor deposition processes, in which
the energy from a plasma or electromagnetic energy, respectively, is used to
activate the chemical vapor deposition precursor. The compounds also can be
employed in ion-beam, electron-beam assisted chemical vapor deposition
processes in which, respectively, an ion beam or electron beam is directed to the
substrate to supply energy for decomposing a chemical vapor deposition
precursor. Laser-assisted chemical vapor deposition processes, in which laser
light is directed to the substrate to affect photolytic reactions of the chemical

vapor deposition precursor, also can be used.
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two of the layers differ in phase or conposition
Exanpl es of |ayered filminclude

woredoalied4nsul at or - semi conduct or, and PCT/US2007/006269
nmetal -i nsul ator-netal. [0041] In an enbodi nent, the
invention is directed to a nethod that includes the
step of deconposi ng vapor of an organonetallic
compound precursor described above, thernally,
chem cal ly, photochem cally or by plasna activation,
thereby formng a filmo a substrate. For instance,
vapor generated by the conpound is contacted with a
substrate having a tenperature sufficient to cause the
organonetal I i c conmpound to deconpose and forma film
on the substrate. (0042J The organonetal | ic conmpound
precursors can be enpl oyed in chenm cal vapor

GepodP¥dbn ot he feiedias s inyeaipR gan becapdyeipdingaripts chemical
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r eacitorn; eleaibibicides, elpea¥iBi, Cafliz, MiSh; emicondeabrimaterials e, Si,
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al so sﬁgﬁra%? tl#ﬁ G143 BlBETRoRo f%%r&%sa%ﬁ L, 34ifin “fﬁx%gla{:@daungs
vapor epositi on processes, 1 n wh e energy roma
pl as wan be fasined on glhragy vetaimicseplestiyy, thergnppet Polyeriz m4terials, and on
used gl @&Iﬂnﬁ?&eﬁmf‘a veR el Geferéd Eﬂbocﬂﬁi&ﬂé' ﬁm@epomn isona

precursor e CO olnds al so can
| on- iselayateaysed iy thep ﬁ%&é‘afﬁ?ta?s‘?fﬂ‘é‘és%‘%%?ﬁ eé@frrowaﬁemponents In

depogiitdr eMbBdiRRARSE fubshatdh &kployeatd §1€ﬂﬂo¥t%| Ww rédistivi conductor
beam or el ectron beamis directed to e substrate to

suppldgpesifdhatys stahle gutbs RErseicR gl an eﬁewrrcaér igfippyperature or an
gepO%bhmmgta@gﬁuﬁﬁgﬁknLas;;-a;s:sted chenrcal éapor

epo n processes, .in i C as is.,direc
C oPe Abb4e] b PafE ShoLats ey B cordled Ao S i on o
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r eac poocessing dior astartgrthé methad can bedamdurted ol dipost 4 film on
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Furthermore, the method of the invention also can be integrated with other steps

in wafer manufacturing or processing, e.g., masking, etching and others.

[0047] Chemical vapor deposition films can be deposited to a desired
thickness. For example, films formed can be less than 1 micron thick, preferably
less than 500 nanometers and more preferably less than 200 nanometers thick.
Films that are less than 50 nanometers thick, for instance, films that have a
thickness between about 0.1 and about 20 nanometers, also can be produced.
[0048] Organometallic compound precursors described above also can be
employed in the method of the invention to form films by atomic layer deposition
(ALD) or atomic layer nucleation (ALN) techniques, during which a substrate is

exposed to alternate pulses of precursor, reactive gas (e.g., oxidizer) and inert gas
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beam assi sted or | aser-assisted reactors, as known in
the art. [0045] Exanples of substrates that can be
weoawaa4enpl oyi ng the net hod of the invention PETUSE7/006269
solid substrates such as netal substrates, e.g.
Al 5N 5Ti, Co5 Pt, Ta; netal suicides, e.g., TiSi
CoSi , NISi ; semconductor materials, e.g., Si, SiCe,
GaAs, InP, dianond, GaN, SiC insulators, e.g., SiQ2
Si 3N, H 2, Ta20b Al 203, bariumstrontiumtitanate
(BST); barrier materials, e.g., TiN, TaN or on
substrates that include conbinations of materials. In
addition, films or coatings can be forned on gl ass,
ceram cs, plastics, thernoset polyneric nmaterials, and
on ot her coatings or filmlayers. In preferred
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waf et ABRRER liH ok BSCKRE, e Clcxﬁﬁﬁﬂngﬁr(rﬁnﬂ rraskl ng,
etchl ng and ot hers. [ 00 Chem 03 vapor EOSItIfﬂquonthe

fil ndo be The prrsrsards decornpsed todarm A maglegua

ex a?‘l%h@stt)rlafé :'I'Hé r@é%ihlﬂﬁ alsé %éhe@ﬁeé d2ganid¢ Materialfrer e pricutdor. The
preferably |ess t na ter

pr ef SFEARiGmpteaal iy ngir’;k"gfﬁﬁl W&ﬂ%ﬁ “ﬁﬂ“&‘famﬁ TPRQvEdagyay from
are ligesubkinae SRt axideElns slsé &inde, fofmasd, forskamnple by fusingsn

t hat have a thickness between about 0.1 and about 20

nanofHF8E 88% 5o can be produced. [0048]
O garjoosaal | Is af exapplé) dhpdepositionpocess sceandecedingmaction

a1 %0 AR TR St bnblSy BRI RL cliiBale L YB A
desired temperature by heatmg the entu'e chamber, for instance, by means of a
furnace. Vapor of the organometallic compound can be produced, for example,
by applying a vacuum to the chamber. For low boiling compounds, the chamber
can be hot enough to cause vaporization of the compound. As the vapor contacts
the heated substrate surface, it decomposes and forms a metal-containing film,
e.g., a metal or metal compound such as an oxide, nitride, carbide, and the like.
As described above, an organometallic compound precursor can be used alone or
in combination with one or more components, such as, for example, other
organometallic precursors, inert carrier gases or reactive gases.
[0052] In a system that can be used in producing films by the method of the
invention, raw materials can be directed to a gas-blending manifold to produce
process gas that is supplied to a deposition reactor, where film growth is

conducted. Raw materials include, but are not limited to, carrier gases, reactive
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(ALD) or atom c |ayer nucleation (ALN) techni ques,
during which a substrate is exposed to alternate
w@osass46f precursor, reactive gas (e.g., oxi dP@ED¥20aT006269
i nert gasstreans. Sequential |ayer deposition
techni ques are described, for exanple, in U S. Patent
No. 6,287,965 and in U S. Patent No. 6,342,277. The
di scl osures of both patents are incorporated herein by
reference in their entirety. [0049] For exanple, in
one ALD cycle, a substrate is exposed, in step-w se
manner, to: a) an inert gas; b) inert gas carrying
precursor vapor; c) inert gas; and d) oxidizer, alone
or together with inert gas. In general, each step can
be as short as the equipnent wll permt (e.g.,

mlliseconds) and as | on t he requi res
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I eac ubedto atraovegmy emmmSm@maﬂa:frmtﬂmaxahuSIt gy Ehigaleposition
precursor. The ot r
sol vEGe® PR l:ae equl eagvll zn—fvzz?%rﬂll déxsss\%gtglnr RJciudi_"rﬁql rYidddl Gas
subs tnalyzer, Wistaperonits d@ﬁuremmt af do mmswsfcemmhoﬁ ok control

ex alT'g+ Q‘%( ﬁ&ﬁﬁ epOSI tgfﬂ Sh7dgoPRs vat{laggn]nlceg afdineters (e.g.,

exanpl e on process I s conduct |n a
reacltqmcram&nbeissumﬂpwmfes%) .one or nore substrates.

The $oi3| r at §he big %n&ﬁé}m@ chQp&hﬁ ﬁi’@c%ksro?éjde%&méﬁ aBé¥ fAn be
by heating the entlre chanbe or i1 nstance q %ﬁ
of aemplayadto prodyssfilys thap @C&ds asBametel o ady H‘p%ﬁ‘r}ac B

be pLRdiaadal §&de, ﬁ?ﬁ@dﬁ%&bxdé)br gHenlkgi rmed\ﬁmwea, tdh Behe
chanmber. For Iom1b0|I|n ounds gﬁﬁgﬂ can Q d,
hot SreRsifrd-tfer imstencs mix *Bﬂmd's higre rgauce
t he YaRaabmpRNbREhBEloYng sb&@il%ﬂgﬁbﬁ%ﬁl&t[&e&w&ﬂ QOdetal films also
deconpo e??é’?‘ ‘Slfrorms taI -containin "1] BsrJourcd of
net alaRPe HEpg 85‘??‘;38’8 %‘ﬂg 19 AR5 ap°f1? a8

car bioslggenand the |ike. As descri bed above an

or ga al | 0 rec 0 used

in cgﬁ?r(gsalat i gﬁm\ﬁn?? E{ﬁ’g tg ﬁ%‘?é ‘é Sﬁ%onenfem % C?'Qr%ﬂ%zed
for ®yasghhiuekdosn in the art, for instance, by X-ray dlffractlon, Auger

spectroscopy, X-ray photoelectron emission spectroscopy, atomic force

microscopy, scanning electron microscopy, and other techniques known in the art.
Resistivity and thermal stability of the films also can be measured, by methods
known in the art.

[0055] Referring to Fig. 1 again, precursor not consumed in film forming exit
the reactor exhaust. The composition of the process gas exhausted from the
reactor is calculated based on the precursor utilization. A condenser downstream
of the reactor can be used to remove components from the vapor phase. The
temperature of the condenser will affect the composition of the condensed phase.
For precursor recovery, the goal is to maximize the condensation of the precursor
and minimize the condensation of other species. If the precursor reaches a

saturated state in the vapor phase of the condenser, the theoretical mol fraction of
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organonetal | ic precursors, inert carrier gases or
reacti ve gases. [0052] In a systemthat can be used in
w@ewdaedsey films by the nethod of the inventi oPCT/IS2007/006269
materials can be directed to a gas-bl endi ng manifold
to produce process gas that is supplied to a
deposition reactor, where filmgrowh is conduct ed.
Raw materials include, but are not limted to, carrier
gases, reactivegases, purge gases, precursor,
etch/cl ean gases, and others. Precise control of the
process gas conposition is acconplished using
mass-fl ow controll ers, val ves, pressure transducers,
and ot her nmeans, as known in the art. An exhaust
mani fol d can convey gas exiting the deposition
reactor, as wel | as strea u
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the %gstpbsed of in the appropriate manner.
[0058] The recovered content recovered in the recovering step may basically
be composed of an unreacted organometallic compound and a reaction product.
Such reaction products may include water, carbon dioxide, aldehydes, formic
acid, oxides or hydroxides of the compound, and other low molecular weight
compounds. A metal atom is eliminated from the organometallic compound by a
reaction for the fofmation of a thin film, and the organometallic compound is
decomposed to thereby yield these low molecular weight compounds. Such water
and other reaction products are impurities but can be easily separated and
eliminated in a purification step, as they have physical properties greatly different
from those of the target organometallic compound to be purified.
[0059] Accordingly, it is preferred to separate the organometallic compound
by distillation of the recovered content in the purification step. An organometallic

compound having a good purity can be directly separated by distillation, since the
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[0055] Referring to Fig. 1 again, precursor not
consuned in filmformng exit the reactor exhaust. The
wa@eowpasddtt on of the process gas exhausted fronmP¢hes2007/006269

reactor is calcul ated based on the precursor
utilization. A condenser downstream of the reactor can
be used to renove conponents fromthe vapor phase. The
tenperature of the condenser will affect the
conposition of the condensed phase. For precursor
recovery, the goal is to maxim ze the condensati on of
the precursor and m nim ze the condensati on of other
species. |If the precursor reaches a saturated state in
t he vapor phase of the condenser, the theoretical no
fraction ofthe precursor exiting the condenser (xpre
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unr efidrh e vﬁugavmzbleaémparawmmdmemmmams esapplied will be
prod Wlstrated. The chemical vapor deposition process for forming a thin film is

performed with a variable temperature condenser apparatus and optionally a
purifying step added to a conventional chemical vapor deposition apparatus for
producing a thin film, without major change of its configuration. Specifically, the
chemical vapor deposition apparatus for producing a thin film according to this
invention is a chemical vapor deposition apparatus for producing a thin film,
which includes a solution containing an organometallic compound as a material, a
heating device for heating the solution to vaporize the organometallic compound
to thereby yield a source gas, and a reactor for allowing the source gas to react to
thereby form a metal-containing thin film, e.g., a metal or metal compound such
as an oxide, nitride, carbide, and the like, on a substrate. The apparatus includes,

on the downstream side from the reactor, a variable temperature condenser for
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Such reaction products may include water, carbon

di oxi de, al dehydes, form c acid, oxides or hydroxides
wotoorhes46pnpound, and ot her | ow nol ecul ar wei gh€T/US2007/006269

conmpounds. A netal atomis elimnated fromthe

organonetal I i c conpound by a reaction for the

formation of a thin film and the organonetallic

compound i s deconposed to thereby yield these | ow

nol ecul ar wei ght conpounds. Such wat er and ot her

reacti on products are inpurities but can be easily

separated and elimnated in a purification step, as

t hey have physical properties greatly different from

those of the target organonetallic conpound to be

purified. [0059] Accordingly, it is preferred to

separate.the or ound o) til
of tR taP’é’?;%"\‘/éeF‘é éeﬂk ‘i“ﬁ% SUT P ICCaL i éon%p%hgﬁ Ao an
or gasgimabiedak i lcsmpaswp ofa etabiiotd ptgdla;t foogd phrpuglya I@atmob@nd an

di tl ted b tid |

t heoPBTNURERATT: Gt sBl e e py ShAE tor eporating snd

and Ipanfyhrryhp otgahometdllic anmpmdlqids)rp Hegecavkred gentant.

rel

Ad dlaﬂ)%ﬁgl | y?)\{\ﬁaer%?r]%?{i ﬁ’{elﬂ{g%‘c{ g@v%gf&:dé&gﬁ?gmvéaul ment include
equi phrefollowing: ifer prosasteaopereteg tewévyatpemhpn@ateﬁ%lrﬁ (thm film
tech r&e ‘x:tion [0 %@%all%&ﬂﬂ@fgﬁ B@Aﬂﬂo&lﬁﬁff?@é@@ of lSH'loWDS ﬁlelcﬁndenser

this ntlo are’not particularly l'imted
c onp@hwlé be flesigned mppropriziely (e e. arf%cugﬁlcq?na)é“?la} rﬁ'&ﬁ%ﬁiﬁmﬂ should

pl at i GMneRRldaRdb E{mmmﬁ“%mig bossibil erhﬁﬁﬁ&ﬁém HAd subsequent
tant a Um tungst en, enum an|£

211 COHISRR VHPOBERNeES GNP SaWaffﬁ?“ Py BF W fie gy donser

may REodi§ 66 ddsigi¥atafd bpdrsted @6 thE I&Bndeﬂﬁdmhlemblﬂfcy&s ngh (this can
film Sone of these taI i, nexpensi.v

i tselbe acHmp lﬂ“?fa el;_: m&m s,tnﬁ;éllug%g mgylgmzzmg surface
Si gniakdaGairésideR¥d BMS); ‘ﬂﬁ: terhpérameséf thércdridended rsnndmltort:domeg a

athin filmof these ta netal o

car b:sa'é%"r it ﬁ’én‘?"PR‘élgSE 5'?1& ﬁ’ﬁg‘?’l&e& ret?éél:apg GRE o a{bo 2% flow
Addi tdf@ihsl{ehytradsfargas @\ mlitmgen) m opdertié cerltwl the rats of beat femoval.
the 3&@%‘! cti %ﬁa%tdtlh {I‘;]OIEIZ% Q?aq rngn@lgr%ﬂgt:}ﬁln‘l;éscmay be

conp 1™ hst™ a
pal | aﬂadem) tHelmdsthoﬂ desprivedanl Kieml helnm, mﬂlouirdepgﬁnglm scppe or spirit
consiger gl Slelon REERL batnbliad PacTRda dPHBRMImI B0, FOI N
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pri cesamplepthirinientioo rpuld be gprited sytsidenf dhip Sl dﬁﬁﬁsm%%e g., for

general separation technology in the chemical or pharmaceutical industries or for

I

analytical purposes); multiple variable temperature condenser units can be used to
separate a mixture of multiple compounds; the condenser can be equipped with a
valve to periodically drain liquids; multiple sensors can be used to determine
condenser temperature profile; a heater can be installed on the heat-transfer fluid
line in order to heat the trap; the use of metal gasket seals on the condenser; a
sensor (thermocouple) may be installed in a liquid nitrogen dewar to indicate
when it should be refilled; a sensor may be installed in the condenser to indicate
when it has reached capacity; and the like. A flow alarm signal, indicating
unacceptable (e.g., none) flow of heat transfer gas, can be used to alert the

operator or automatically trigger an event.
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[0062] Finally, a chem cal vapor deposition apparatus
for producing a thin film to which variable

WO eogpro@EbLr e condenser apparatus is applied, w¢T/URm®07/006269
illustrated. The chem cal vapor deposition process for
formng athin filmis performed with a variable
t enper at ure condenser apparatus and optionally a
purifying step added to a conventional chenical vapor
deposi tion apparatus for producing a thin film
wi t hout maj or change of its configuration.
Specifically, the chem cal vapor deposition apparatus
for producing a thin filmaccording to this invention
is a chem cal vapor deposition apparatus for producing
athin film which includes a solution containing an
organonetal l j.c co oun eria
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conp aust nmposed reaction
pr od unductxwlyredmlmldugxka massgagqtﬂomqﬁangffgqqnw seaswinggalorimetry,

Sour%P&ﬁﬁessﬁg%@%%&ﬁglnl)éﬁs@eﬂgﬁtbfy' ng device for
separati g purifyrhg the organonetal |l ic conmpoun
fr omIPOET] r e c Relatizel venss PEysEuTes, GUBHKI Ve plafl ﬂ&ﬁfo?xswemegﬂhc
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foll owm ng f'or processes oper at eg at sub- at nos
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shoul d be desi gne prop el
conpaEPeef! e R PEUT B Bt ﬁ?’%‘g’ Yot A Respis ip easured
m ni rgsmomglmeaﬁl bility of perneation of, and

subse ctiqn.wi,th heric c nen

(e.g. %l%dt er ‘Agﬂ?zl "%%@ﬁ)sé(’ﬁﬁ g%gwa%%%erggﬁ% céé %rée of the heat
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noni tol ?gar% sensor (e.g., thernocouple); and the

terrpera dre SI is used to adjust the flow
J0069] In another embodiment, this invention relates to the use of multiple

C-

variable temperature condensers in series. Using multiple variable temperature
condensers in series provides the ability to selectively condense multiple
components. Depending on the particular application, the recovered content from
each of the variable temperature condensers arranged in series may be considered
reusable material or waste material.

[0070] In a further embodiment of this invention, the recovered content may
be directly conveyed (e.g., pumped) back to the input of the process (e.g.,
recycled). '

[0071] In addition to other applications described herein, the variable

temperature condensers can be used for synthesis and analytical purposes.
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of the heat transfer gas (e.g., nitrogen) in order to
control the rate of heat renoval. [0064] Those skilled

WO poorhes4e2zt Wil | recogni ze that numerous changGT/IE3001@06269
made to the nethod described in detail herein, wthout
departing in scope or spirit fromthis invention as
nore particularly defined in the clains bel ow For
exanple, this invention could be applied outside of
thin filmdeposition (e.g., for general separation
technol ogy in the chem cal or pharmaceuti cal
i ndustries or for analytical purposes); nultiple
vari abl e tenperature condenser units can be used to
separate a m xture of mnultiple conmpounds; the
condenser can be equipped with a vaI ve to peri odi cal l'y
drain |liquids; mut |Jol e, Sensors c b}i‘ use us or
det eftf73k cofausredird fo8 e‘é‘?‘ﬂgée 6‘”’ gemng oé’b? EF5°REN
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al er £29 FEPEBLPS 6 o1 automatical ly trigger an

event . [0065] For organonetal | ic conmpounds recovered by
the nmethod of this inventiong. . apkdpnal purification

can occur through recrystallization, nore preferably
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not |imted to, analytical gas chromatography, nuclear
magn®elo®-r esonance, thernogravi metric anal ysis,
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4 Argon purge

[0075] A general range of conditions, for the PEALD process using 1-ethyl-

1’-methylruthenocene and ammonia, is described in the table below.

Duration of each step, seconds 0.1 to 10000
Reactor Pressure, Torr 0.001 to 1000
Substrate Temperature, °C 25 to 600
Total process gas flow, standard cubic

centimeters per minute 1 to 10000
Mole fraction of 1-ethyl-1°- ‘
methylruthenocene in exhaust gas Oto1l
Mole fraction of ammonia in exhaust gas Otol
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nmeasured, for exanple by evacuating all gases froma
seal ed vessel, after which vapors of the conpounds are
WO pdoraci46ed to the vessel and the pressure i s PEBRES00T006269
as known in the art. [0068] Also, within the scope of
this invention, the tenperature of the heat transfer
gas can be reduced using nethods other than liquid
nitrogen. Alternative heat sink mediuns include, for
exanpl e, liquids and solids maintained at tenperatures
bel ow -500C, such as cryogenic liquids (e.g., argon
and helium and solid carbon dioxide. [0069] In
anot her enbodi ment, this invention relates to the use
of nmultiple variable tenperature condensers in series.
Using nultiple variable tenperature condensers in

series provides the ability to sel ectively.condens
ol T8 oo aRe eSS B T T fre | M RS Genocene
appl iafdho®A in Fipe4r ecovered content from each of the

variable te rature condepsers arranged in serie

be cdMher edDy ¥IROA Bfeésuﬁ%?gtf’Fsg I 8?"2&% e gPPrg‘ﬁ.ﬁla@dyby the
[ 007@4udtiana further enbodi ment of this invention, the
recovered content may be directly conveyed (e.g.,

punped) back to the input of the process (e.g.,

recycl ed). [0071] In addiRisFor)seBEAEE applications

descri bed herein, the variable tenperature condensers

can be used for synthesis and anal yti cal )
pur pdeess] [ 00 Bajedam the data kreFigi 4 theckastiiefi theycqnsieats & gng B in the
changj ] g I .to aliquid or
soIi%bggg%%gﬂ%gﬁ%gﬁggﬁge%gvma ggaﬁﬁ%ﬁﬁﬁe changi ng from
aliquid state to a solid state. [0073] Various

nodifficatitons andvartations of[ thi g | NVENTI G W [T D&R?
obvilous to a worker skilled inlthe art and it is fio-be

undgrisnweniat hat such nodi fi catipns2khb vari s#42bns |ar 89932

to b ot R P B cddde PUT VI EW 95 o7 T § apgil7bCalT 00.9998
and [the spirit and scope of thelclains Exanple ]

{0074] 1-Ethyl-1 '-nmethylruthenocene and amoni a are
used [56’f9]t he In order to calculate what fraction of a particular component in the

exhaust gas will condense, we need to know the tempe;ature and pressure of the
condenser. We also need to know the composition of the exhaust gas, €.g., the
mole fraction of each component, entering the condenser.

[0080] The goal is to condense 100% of the 1-ethyl-1°-methylruthenocene
and 0% (none) of the ammonia. The most efficient separation will occur when the
condenser temperature is above the dew point of ammonia, in order to prevent
ammonia from condensing. The dew point temperature is the temperature at
which a liquid or solid is in equilibrium with the vapor phase (e.g., rate of
evaporation/sublimation is equal to rate of condensation). The process is also
constrained by the desire to keep the condenser temperature low enough fo
condense as much 1-ethyl-1’-methylruthenocene as possible. For a mixture
containing 1-ethyl-1’-methylruthenocene and ammonia, the optimum condenser
temperature is slightly above the dew point of ammonia.

[0081] To illustrate the utility of a variable temperature condenser, consider
the following example. The total pressure inside the condenser is 1 Torr. Ina

pulsed process (e.g., ALD or PEALD), the mole fraction of the components in the
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deposition of rutheniumfilns by plasma enhanced
atom c | ayer deposition (PEALD) process. In this
w@r@cas®s2 t he substrate is exposed using a 4 SPEPUS2007/006269
cycle. The process gas conposition during each of the
steps is described in the table below [0075] A
general range of conditions, for the PEALD process
using 1l-ethyl- 1'-nethylruthenocene and amonia, is
described in the table bel ow. [0076] Vapor pressure
data for ammoni a and 1-ethyl-1'-nethyl ruthenocene are
shown in Fig. 4. [0077] The vapor pressure of these
two materials can be approxi mated by the equation:
[0078] Based on the data in Fig. 4, the best fit of
the constants A and B in the above equation as wel |

as the, R-squar.ed val ues, are: 0]
ol et G A GG s sk ) 2PeBYEherisRene) gatering
t he exh@mdénsgawillwary withmiden Sthe nvzirmae pattia] poessonrd df@ither

t { th
o A b B L9507 M b o
t he mMoketherdaotpoint tafipeeaole of d Atigrid mrqetlafhltuéremcgme Imalpprommately
d ek 008 i.S.. o
SO b I SRR AR i
a er) mequired In:erednm the pértial mcﬁtsus@[ﬁ Arethyild hnwthwrudmmenzmezn
t e S
GO gsngga%w tSreaficaAR mlfbges(z@efmﬂ 19

monia, in or revent a nia fromcon

The. dusthyloitiemocasbePaPa9% (o fom | Sapés AONIE TRmwyRihrequire
ali %Ud Qdé}xrsexst %)g'aéu?e sl 3@@”'1’5&&5 'tﬁg'ﬁr@éeh& $fﬂﬁas¥@:@9§fer

phase evapor ation/sublimation is equal
tor dtr@ta@pnwrfa@n’sfaﬁ am)watmﬁ% operatingal thaloyestpossible condenser
C O ns ttélﬁ{vé}ﬁqrahy plef§redethd fev PoikERRPEDRISHNGRNSEA at a pressure of 1

ure | ow enough to condense as nuch
et Hgﬂmrl et e paefilinge Biouldakant i epette theegpdapser at a
m Xt Y& &'@tﬂi’@dh@hﬂh@aﬁwethwc in-of®Rk Ry prevdnd enaaker@h dondensing,

ammoni a, the 0 t| enser  t erature | slightly
abov &°f ¢ a'éiﬁlagm Eﬂ-,—,ﬂ}?ﬁﬁ"mﬁ'ﬁn‘g °© ¥oP9S F strate
the yoes2jty ﬂlaﬂglﬂgpioaéﬁseoﬁﬁﬁqﬁﬁrvaﬂlafﬁcﬁhﬂckﬁhﬁlﬁn condenser

IC ggls :}g‘%{’fﬁ% hge I,?gygﬂgg?lﬂllg gw]iear%%g ?1 q-ggleal %)Ioetssaulre Q{ aen‘?r%gﬁlg {e.g., by

increasing the total pressure, at a fixed composition) requires an increase in the
condenser temperature to prevent condensation of ammonia. In addition, the use
of coreactants other than ammonia and/or the presence of reaction byproducts will
also affect the minimum allowable condenser temperature. A variable
temperature condenser can easily adapt to these types of process changes, in
contrast to fixed temperature equipment (e.g., liquid nitrogen).

[0083] By using a dry inert gas (e.g., nitrogen) as the heat transfer medium,
two benefits are yielded. First, the thermal mass of the system is decreased,
relative to liquid heat transfer fluids. This decreases the time it takes to change
the temperature of the condenser (e.g., cooling the condenser to process
temperature or bringing the condenser back up to room temperature). The second
benefit pertains to manipulating the condenser in a glove box, which may be
necessary in order to remove the condensed precursor (assuming the precursor is

air-sensitive). Using a dry inert gas (e.g., nitrogen) as the heat transfer fluid
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pul sed process (e.g., ALD or PEALD), the nole fraction

of the conponents in theexhaust gas m xture (e.g.,
wareowoni@ennd 1-et hyl - |'-met hyl rut henocene) enP&r/USZP07/006269

the condenser will vary with tine. The maxi num parti al

pressure of either amonia or 1-ethyl-|

"-nmet hyl rut henocene is 1 Torr. At a partial pressure

of 1 Torr, the dew point tenperature of 1-ethyl-|

"-met hyl rut henocene i s approxi mtely 1000C. If there

IS no mass transfer resistance, we can cal cul ate the

tenperature required to reduce the partial pressure of

l-ethyl -1 '"-nmethyl ruthenocene to a desired val ue. For

exanple, to reduce the partial pressure of 1-ethyl-|

"- et hyl rut henocene by 99.999% (e.g., from1l Torr to

0. 00001 Tor.r a co er t r

7 3008 VERS e sopi TR TRE SFPRELE o ey BeP b e

| i m tighidenshitinare @alesivable dorasphdeijoatt usmnia,a ghpertaxi ng at

the | owest possi ble condenser tenperature is

preferred. The dew point tenperature of ammobnia at a

pressure of-1 Torr is - 116QGxafmla2result, we woul d

want per gt I

o 1 giRe? apo et S af AR Bt (o PRRSIRM boler, suppled

f r omby K8 ﬂmmgaengsewasqu mtrabthpr@@w of nitrqggn 1 a coil submerged

" -methyl ?e%%l, QQ@% g er

pr octéé]éd(é:ég% nﬁ%%gs W elﬁ ﬁ%‘ﬁ& op |nme co%%ﬁg garlt ransh

t enpepsiwas subsEpentlyf dlee&reldw ﬂieﬁeldeféﬁehgf the grogessgpyfondenser

pr es%b&&n&falaﬂmma%le(fﬁmﬂ MDE Y abih ProduBl, KDETA Hoal LN, 4 inch
pressure at a fixed npos |t|on r.eg ui res_an, i ncrea

P17t e inmesel eipeand petet ol SEHED o SHGBIGRT AL Tanster

of a@ﬁp%é‘eoﬂv@yéﬂdﬁiﬂg‘ 10 thchlshehl¢ks 8teelf bR Qﬂ&taaﬁilBthQ:kh&S of
t han ammmoni a and/ or the presence of react

by pr Jefl3otiachgs,| Theflay 051‘“1"85?“ hegbtransir ganiodhs 8% fipger was
cond Qﬁ&ﬁlat&cﬁlﬁﬂ% tﬁ& Bérﬁiens%r Wipetibhre ak Gigfesddack sgnal. A type K

condenser can ada a t.hese t s of

chan é’é“é’m"f“i’f‘p&% \P/ d e%rbgé"dn?}blr?ﬁ% Ptg %Stgﬁlus %a?rhé ‘Yas used to
( e. g.morlitof tHe@told ﬁﬂg&g&ﬂ)perahﬁé).SBlh Bylepists ]lctlg: apparaips usedr Fig. 3
gas ro heat tran

ben e%ﬁ?wg gilel %gg%? co'n_deﬂ'lg?r ter1 erat%lﬁ (:)arnr%h51 itro g}égfownTe ratures
Syst arldvs- mem: aas &), were hmevublet and| thig wkainple dempnstmtek dhat
flu dc%n e-lrlrs]tlar () ds% | &f S(%%é)e QgtoHa alid;coti'lﬂ'gﬁeﬁi Jsﬁmg‘%}fa&ﬁﬁcﬁ he

t enpérat ur e e condenser R
c ondewsBguraiiom rThesstpoint tepwerature &2 ﬂegﬁasﬁ@frﬁ@ A5feto -125°Cin

cond GHpEor DaeK ety 16 ndifARES. LATRESALM Fow (20REna%KANs per
minute), the temperature of the condenser could be decreased by approximately

30°C/minute.

Example 3
[0085] The ability to operate and control a condenser at temperatures below -

100°C (173 K) was evaluated in an apparatus as depicted in Fig. 2. Using
nitrogen as the heat transfer gas, a flow of about 10 standard liters per minute was
supplied through a coil submerged in a dewar of liquid nitrogen. The heat transfer
gas was then vented onto the cold finger of a stainless steel liquid mitrogen trap
(condenser), resulting in a cold finger temperature below -100°C (173 K). The
temperature of the cold finger could also be controlled at values between -100°C
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benefit pertains to manipulating the condenser in a

gl ove box, which may be necessary in order to renove
w0 b@7aomeensed precursor (assum ng the precur sPCT/US2007/006269

air-sensitive). Using a dry inert gas (e.g., nitrogen)

as the heat transfer fluidprevents the condenser from

bei ng exposed to water and/or other heat transfer

| i qui ds, which are undesirable for subsequent use in a

gl ove-box. Exanple 2 [0084] A 20 standard liter per

m nute (slpm mass flow controller, supplied by MKS

I nstrunents, was used to control the flow of nitrogen

to a coil subnerged in a dewar (2 liter capacity)

filled with Iiquid nitrogen. The nitrogen heat

transfer gas was subsequently directed at the cold

finge th .0cess s_condenser Q [C]

avar 1B B FREATRBE e ERrepPRaRs Senat R T BoBieer

i nch thathocolipieriit efieedbhcibldopgcth ailjukiathe flo of nitfogen thudpegh the coil
di aneter). The nitrogen t transfer gas was conveyed
usi ngjmﬁﬂ)'ei W%ﬂqﬁ%%n%ag eeé’é’af;r?%él tubing with a wall

t hi ckness of 0.035 inches. The flow of nitrogen heat
transfer gas to the cold finger was nodul ated using

t he condenser tenperature as the feedback signal. A
type K thernocouple (1/8 inch dianeter, 12 inch |ong
stainl ess steel sheath) was used to nonitor the cold
finger tenperature. Fig. 2 depicts the apparatus used.
Fig. 3 shows the history of the condenser tenperature
and nitrogen flow. Tenperatures bel ow -1000C (173 K)
wer e achi evabl e, and this exanpl e denonstrates that
condenser tenperature can be automatically controlled
usi ng a feedback configuration. The setpoint
tenperature was decreased from 250C to -125C i n steps
of 250C, every 10 minutes. At maxi num flow (20
standard liters per mnute), the tenperature of the
condenser coul d be decreased by approxi mately
30C/ m nute. Exanple 3 [0085] The ability to operate
and control a condenser at tenperatures bel ow - 1000C
(173 K) was evaluated in an apparatus as depicted in
Fig. 2. Using nitrogen as the heat transfer gas, a
flow of about 10 standard liters per mnute was
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supplied through a coil subnmerged in a dewar of liquid
nitrogen. The heat transfer gas was then vented onto

wo b@7aed462 f i nger of a stainless steel |iquid nPCT/O§HNT7/006269
trap (condenser), resulting in a cold finger
tenperature bel ow -1000C (173 K). The tenperature of
the cold finger could also be controlled at val ues
bet ween -1000C(173 K) and anbi ent tenperature using
the signal fromthe condenser thernocouple in a
feedback | oop, to adjust the flow of nitrogen through
the coil and the resulting heat renoval rate.Cains 1.
A separation process conprising (i) introducing a
vapor phase m xture into a condensi ng apparatus, said
vapor phase m xture conprising at | east one desirable
conpg qﬁsand at | east one undesirable conmponent; (ii)
contr g the tenperature in the condensing
apparatus utilizing a heat-transfer gas; and (iii)
operating the c d r . at.
and pressure. sdf P e HrREEHAbHnRl) blsBRAE Buc? phase
| eastmixtyeiintp @ gondensing dppasgivs; s3ifh asper phasteumistusmebmprising at least
t her e ks | O L g :
| cast o Bl A REGNAREL: COTbREIndRRR RiiinSi () Soncoling
pr oc b8 tepipesatutienn theghodensing spiagatug uiilizang a kngt-traesdir gas|aad (iii)
CONMP O Pking I dnd i (1:) ArSRY 291! %%Eﬂa&r@ o ?&ﬁ’r@&me safficldif to

separati Qn _process o alm 2 wherein sali ]

or ganiiestivaly FendeBsars datet adsmiinn efeaidyvapor phase mixture and thereby
I ut heRéld eV RId RoREnCR AR sai PatRéAE dritiBsE4N edniidAsnt.
conmpound, a haf ni um cont ai ni ng conmpound, a

tant al um cont ai ni ng conpound, a nol ybdenum cont ai ni ng
conpound, A t UrNietsephrLAtpRodEsGE BAMPIOWREein®aid at least one
titaq%ynqﬁntaining conmpound, a | ant hanum cont ai ni ng
conpdtfitO acPaPInght (RS FEHG BN ot ou

al um num cont ai ni ng conpound, a copper - cont ai ni ng
conpound, ? Zi T, %n ir: uarlr";rztg:o%n trg ieri, &g:.laq 3 rgjxgﬂenrg sgid organometallic
niobiun}containlnj;%onpoﬁhdf an 1n |uncoHPa|nin%

c onpcengound carophisgsa aghénimicngiamorgaowmpénnd a platinum-containing

bi smut h- ol C ' ' C i.nin
compacford 3 EAGn SRR confhoib Wb ORI Eltnpouna,
| ant haelytdenvoncantaining conppudnaltungstenfbentaipipg icampoynd, a titanium-
Pr 0CeS e ffin L il &, @A um-containt
tor sl i i L HPOBLES iy comnining
di oxi®EPgInG |2papmgpymegoptaining compound, a copper-containing compound, a

zirconium-containing compound, a niobium-containing compound, an iridium-

containing compound, a cadmium-containing compound, a bismuth-containing
compound, a strontium-containing compound, a silicon-containing compound, or

a lanthanide-containing compound. '

4, The separation process of claim 1 wherein said heat-transfer gas

comprises nitrogen, argon, helium, hydrogen, carbon dioxide or clean dry air.
5. The separation process of claim 1 wherein said condensing

apparatus is operated at a temperature of from about 20°C (293 K) to about -196°C
(77 K) and a pressure of from about 10,000 Torr to about 1 X 10 Torr.
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5. The separation process of claim1l wherein said
condensi ng apparatus is operated at a tenperature of

wo c@miedaet 200C (293 K) to about -196C (77 K)PeEnuSm07/006269
pressure of from about 10,000 Torr to about 1X 10 6
Torr.6. A nethod for ¢ uvc u a anonetallic conpound
conprising (i) heating and vapori zi ng said
organonetal I i c conmpound in a dispensing apparatus to
yield a source gas; (ii) introducing said source gas
into a reactor containing a substrate and allow ng the
source gas to react on a surface of the substrate to
yield a netal -containing thin film (iii) renoving an
effluent gas fromthe reactor, said effluent gas
conpri si ng unr aﬁ%&gd Yo L&%m Si M)onieglﬁ@%dﬁﬂd u{&ﬁpnsmg
effluent gas in condensi app ratus,
cont 1D |heatirg etnlderaptmmm mdwreanomqtaibc mxmbe’né iimg dispensing
appary f)?{ﬁtu? td Jibf N \Gufke 6 Qi inRORIcHg FRSouRB Fa ko a reactor
oper a condensi appar at us fat a tenperature
and ppe@mgea sulpfstrate padallqwing e seurce gasyto EengHieihg urface of the
| easty gst&%t{o a@eﬂd Qﬁne%eﬁ'cgmgﬂﬁr%qﬁﬁ@ﬂnﬁ BHY Fetndiftiy Afluent gas from
t her éb y ylre a recovered content c¢ontalning unreacted
or gartbhesaetor, seid efinsotigrs comprisipg uprsadiestsoyroe g2 (i) entroducing the
Wher Glpflucifizeh lﬁ{ogaaémaatsﬁigl alpﬁargﬂg‘myagmﬁﬁ%rthesﬁ&p&ature in the

r ut heni um cont ai ni ng oun e%p ati num cont al, nltﬂg
conpcfeﬁéensalgﬁawmﬁp%m%ﬁ heafriya Srighd () operating

tant @bﬁg&&ﬁ.@%@pm?g appt@a@t b hre @d’&béébﬁ%ﬁﬁfﬂi@iﬂ tadelictigely
conpound, a tungsten-containin

{1 t afPEISOAIEA ﬁgﬁ@aﬂgm anfe%ct‘r‘fﬂ?f'ffg@aﬁe%ﬁff&% vislt 2
CcoNpPQeesered cptlehedbntaifif® iiréaciddiggaoifeallikconspound.

al um num cont ai ni ng conpound, a copper -cont ai ni ng

conpound, a zirconiumcontai ning conpound, a
ni obi um cont ai mliegnemmmﬂﬂuﬁp 6awheirein daid weganometalliggompound

conmpound. . a ca i uny cont.ai ni n lgﬂpgpﬂgn,g ta ompound, a
bi s miCRPESH ATHICRE TS ounaco ORE T Uy c'ocﬁnamm%c po

conp dmﬁduma:ostaﬁmng)mmmmd; atanglugpegtaimeg compeund, a molybdenum—
20 3500 S AR T 0 1l e
ar go rcorrimhntb mlarfhaiuoyeontainiag b@np‘d}ndxﬁl prlladiunt enirinigy

alr. dmpblifia, T itlnh haiihd wg,%nﬁa 3 OB ERARARS Mpound, a

apparaPls I'S operated at at ure o from about
200C z(ngg@um)—cqn@nggg gempaaga (uv cmtﬁgmng compound, an iridium-

containing compound, a cadmium-containing compound, a bismuth-containing

compound, a strontium-containing compound, a silicon-containing compound, or

a lanthanide-containing compound.

8. The method of claim 6 wherein said heat-transfer gas comprises

nitrogen, argon, helium, hydrogen, carbon dioxide or clean dry air.
9. The method of claim 6 wherein said condensing apparatus is

operated at a temperature of from about 20°C (293 K) to about -196°C (77 K) and
a pressure of from about 10,000 Torr to about 1 X 10°® Torr.
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a pressure of from about 10,000 Torr to about | X
0O'6 Torr.10. The nmethod u v said substrate is

waeoeopnieerl of a material selected fromthe gr oREI/US2007/006269
consisting of a netal, a netal suicide, a
sem conductor, an insulator and a barrier material.
11. The method of claim6 wherein said substrate is a
patterned wafer. 12. The nethod of claim®6 in which
the reactor is a deposition chanber selected froma
chem cal vapor deposition chanber or an atom c | ayer
deposition chanber. 13. An apparatus for formng a
thin filmconprising (i) a dispensing apparatus for
heati ng and vapori zi ng an organonetal |l ic conmpound to
yield a soce fsnethbd ), &L SACLOL.1S0sAbMaBMs Bomprised of a
substrate for reacting the source gas on a sur ace o
t he smpistipkselected fipethg grpuprepagisting N’% aimitalp mptehsiki¢ifigna
and (dehlidorAudBf, aA MsGlalR AR L BhKiEAmaRAGENSI Ng appar at us
for selectively condensing at |east a portion of an
effluent gas fromthe reactor, said effluent gas
conpri si ng; UNr epietREth &P &ﬁmgﬁﬁheréﬁk sailiRBbARRAL @lphiferRéd wafer.
claim13 in which the reactor is a deposition chanber
sel ected froma chem cal vapor deposition chanmber or
an atom c 1xAyerrhHtepéhéd bfVkifmhEldiich the reactor is a deposition chamber

selected from a chemicat vapor deposition chamber or an atomic layer deposition

chamber.

13.  An apparatus for forming a thin film comprising (i) a dispensing
apparatus for heating and vaporizing an organometallic compound to yield a
source gas; (ii) a reactor containing a substrate for reacting the source gas on a
surface of the substrate to yield a metal-containing thin film; and (iii) a variable
temperature condensing apparatus for selectively condensing at least a portion of
an effluent gas from the reactor, said effluent gas comprising unreacted source

gas.
14. The apparatus of claim 13 in which the reactor is a deposition

chamber selected from a chemical vapor deposition chamber or an atomic layer

deposition chamber.
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