METHOD FOR THE RECYCLING AND PURIFICATION OF AN
INORGANIC METALLIC PRECURSOR CROSS REFERENCE TO
RELATED APPLICATIONS The present application claims the benefit of
U.S. Provisional Application Serial No. 60/910,572, filed April 6, 2007,
herein incorporated by reference in its entirety for all purposes.
BACKGROUND Field of the Invention This invention relates generally to
the field of semiconductor fabrication. More si)gcificall the invention
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from a semiconductor manufacturing process which contains ruthenium tetroxide.

Background of the Invention

Ruthenium and ruthenium compounds such as ruthenium oxide are
materials considered to be promising for use as capacitor electrode materials in
the next generation DRAMs. High dielectric constant materiais (aka high-k
materials) such as alumina, tantalum pentoxide, hafnium oxide, and barium-—
strontium titanate (BST) are currently used for these capacitor elecirodes. These
high-k materials, however, are produced using temperatures as high as 600°C,
which results in oxidation of polysiiicon, silicon, and aluminum and causes a loss of
capacitance. Both ruthenium and ruthenium oxide, on the other hand, exhibit a
high oxidation resistance and high conduciivity and are suitable for application as
capacitor electrode materials. They also function effectively as oxygen diffusion
barriers. Ruthenium has also been proposed for the gate metal for lanthanide
oxides. in addition, ruthenium is more easily etched by ozone and by a plasma

using oxygen than are platinum and other noble metal compounds. The use of



deposited under appropriate conditions from a precursor of high-purity
ruthenium tetroxide (RuO4). This precursor can also be used for the
deposition (film formation) of perovskite-type materials, such as strontium
ruthenium oxide, that exhibit an excellent conductivity and a
three-dimensional structure very similar to that of barium-strontium
titanate and strontium titanium oxide. When ruthenium tetroxide is used as
a precursor in semiconductor manufacturing processes, it is sometimes
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many hazardous byproducts which must then be disposed of. BRIEF

TUEINIA RYORIEiHVEN SR probRIcehboenaierbhisrerapparatsdifshn type) to
COIRBICHAS A0 RHLIHY RSN ROTERNSIRETRIHGRIGRUSOT, NAMSHY IENeDINGRium

tetroxide. 2 In an embodiment, a method to recycle and purify an inorganic
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capture left over ruthenium with a silica-alumina gel, but this also introduces some
difficulties in releasing the ruthenium for later re-use.

Some methods exist to purify ruthenium, but these generally require the
addition of additional process chemicals (such as sodium, hydrochloric acid,
halogens, or other inorganic acids) which then must be disposed of, and which can

cause a concern from a health, safety and environmental perspective.

Consequently, there exists a need for 2 method and apparatus to recycie
and purify ruthenium fetroxide which has been used in as semiconducior
manufacturing process, and which does not create many hazardous byproducts
which must then be disposed of.

BRIEF SUMMARY
The invention provides novel methods and apparatus for recyciing and

purifying an inorganic metallic precursor, namely ruthenium tetroxide.



tetroxide. At least part of the first stream is transformed into a solid phase
lower ruthenium oxide. Ruthenium metal is then produced by
transforming at least part of the lower ruthenium oxide into ruthenium
metal through a reduction of the lower ruthenium oxide with hydrogen
gas. The ruthenium metal is then contacted with an oxidizing mixture to
produce a second stream comprising ruthenium tetroxide. This second
stream is purified of any remaining oxidizing compounds to obtain a hiﬁ;_h
ic
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deposition process. In an embodiment, an apparatus for the recycling an
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lower ruthenium oxide into ruthenium metal though a reduction of the lower
ruthenium oxide with hydrogen gas. The ruthenium metal is then contacted with
an oxidizing mixture to produce a second stream comprising ruthenium tetroxide.
The second stream is purified of any remaining oxidizing compounds to obtain a
high purity ruthenium tetroxide which has a purity of about 99.9%. The high purity
ruthenium tetroxide is then provided to a semiconductor processing tool for use in
a deposition process.

In an embodiment, an apparatus for the recycling and purification of an
inorganic metaliic precursor used in the manufacture of semiconductor devices
comprises an inlet to receive an incoming stream containing at least one inorganic
metaliic precursor. At least one heated suitabie to receive the stream is provided,
and the heated vessel comprises a heating means which is suitable to maintain
the vessel at a temperature between about 50 and 300°C. At ieast one condenser,
which is situated in fluid communication with and downstream of the heated

vessel, is provided. At least one dispensing means, which is situated in fiuid



vessel, is provided. At least one dispensing means, which is situated in
fluid 3 communication with and downstream of the condenser is also
provided. An outlet in fluid communication with the dispensing means is
provided, where the outlet is suitable to deliver a stream of inorganic
metallic precursor to at least one semiconductor processing tool. Other
embodiments of the current invention may include, with out limitation, one
or more of the following features: - transforming at least part of the first
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and preferably of about 7.0'm2/g; - removing at least part of the
ruthetAAH R8T ¢rofRdhe heated vessel after the reduction of the
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metal with the oxidizing mixture; - the oxidizing mixture comprises at least
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- providing a catalyst in the heated vessel o aid in transforming at least part
of the ruthenium tetroxide into the solid phase iower ruthenium oxide;

- the catalyst comprises ruthenium metal or ruthenium dioxide;

- maintaining the operating temperature of the heated vessel between about
100 and 300°C;

- at least about 99%, and preferably about 99.9%, of the ruthenium oxide is
reduced to the ruthenium metal through the reduction with hydrogen gas;

- the ruthenium metal produced through he reduction with hydrogen has a
specific surface area of greater than about 1.0 m%g, and preferably of about
7.0 m*g;

- removing at least part of the ruthenium metal from the heated vesse! after
the reduction of the ruthenium oxide with hydrogen, and before contacting
the ruthenium metal with the oxidizing mixture;

- the oxidizing mixture comprises at least one member selected from the
group consisting of NO, NO2.0; O3, mixtures thereof and plasma excited
mixtures thereof;

- purifying the second stream of ruthenium tetroxide of any oxidizing
compounds through a distillation process;



group consisting of NO, NO2;02,03, mixtures thereof and plasma excited
mixtures thereof; - purifying the second stream of ruthenium tetroxide of
any oxidizing compounds through a distillation process; 4 obtaining
ruthenium tetroxide with a purity greater than about 99.9%; bubbling the
high purity ruthenium tetroxide through a solvent to form a saturated
mixture of solvent and high purity ruthenium tetroxide; vaporizing the
ruthenium tetroxide through a direct vaporization step; producing the high
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that fiplioveafBaydesbeideirsnderstood. Additional features and

advantages of the invention will be described hereinafter that form the
- subj@c?%‘f’ond heated vessel, a condenser, and dispensing means all situatad in

paraliel to the first vessel, condenser and dispensing means are provided:

- a means fo divert the incoming stream of inorganic metaliic precursor
between the first and second heated vessel is provided;

- a catalyst disposed on the interior of the heated vessel, so that the stream
of inorganic metallic precursor contacts the catalyst, is provided;

- providing the high purity ruthenium tetroxide to the semiconductor

processing tool contemporaneously fo receiving the first gaseous stream.

The foregoing has outiined rather broadly the features and iechnical
advantages of the present invention in order that the detaiied description of the
invention that follows may be betier understood. Additional features and
advantages of the invention will be described hereinafter that form the subject of
the ciaims of the invention. it should be appreciated by those skilled in the art that
the conception and the specific embodiments disclosed may be readily utilized as
a basis for modifying or designing other structures for carrying out the same
purposes of the present invention. It shouid aiso be realized by those skilled in the
art that such equivalent constructions do not depart from the spirit and scope of the
invention as set forth in the appended claims.



the claims of the invention. It should be appreciated by those skilled in the
art that the conception and the specific embodiments disclosed may be
readily utilized as a basis for modifying or designing other structures for
carrying out the same purposes of the present invention. It should also be
realized by those skilled in the art that such equivalent constructions do
not depart from the spirit and scope of the invention as set forth in the
appended claims. 5 BRIEF DESCRIPTION OF THE DRAWINGS For a
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envirgnment ﬁ{,@ﬁu@% post perspective, to be able to capture and reclaim
materials used in the manufacture of semiconductor devices, as opposed
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current invention: and
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DESCRIPTION OF PREFERRED EMBODIMENTS

Generally, it is preferable from both an environmental and cost perspecitive,
to be able to capture and reciaim materials used in the manufacture of
semiconductor devices, as opposed to discarding them. When ruthenium is used
in the manufacture of these devices, the processes normally require ruthenium be
supplied in the form of ruthenium tetroxide. As these processes do not use all of
the ruthenium tetroxide, it is therefore present (along with other byproducts) in the
process waste products. it would be preferable to be able to capture the
ruthenium tetroxide, and purify it so that it could be reused in the same or a
different manufacturing process.

Generally, the current invention relates to methods to recycle and purify an
inorganic metaliic precursor comprises providing a first gaseous stream which

comprises ruthenium tetroxide. At least part of the first stream is transformed into



in the manufacture of these devices, the processes normally require
ruthenium be supplied in the form of ruthenium tetroxide. As these
processes do not use all of the ruthenium tetroxide, it is therefore present
(along with other byproducts) in the process waste products. It would be
preferable to be able to capture the ruthenium tetroxide, and purify it so
that it could be reused in the same or a different manufacturing process.
Generally, the current invention relates to methods to recycle and purify
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the vessel at a temperature between about 50 and 300C. At least one
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Referring now to Figure 1, non-limiting embodiments of the method and
apparatus according tc the current invention are described hereafter. An precursor
recycling and purification system 100 is shown. A first stream of inorganic metallic
precursor 101, which comprises ruthenium tetroxide is provided. This stream may
be waste product or excess product from a semiconductor deposition process,
such as a chemical vapor deposition (CVD) or an atomic layer deposition (ALD)
process. First stream 101 may be sent 1o a heated vessel 102, which has an iniet,
and outlet, and at least one interior surface 103 suitable for a solid precursor to be
collected on. Heated vessel 102 may also comprise a heating means 104 which is
suitable to maintain the temperature of vessel 102 at a temperature between about
50 and 800°C, and preferably between about 100 and 300°C.

In some embodiments, heated vessel 102 may be a conventional type

metallic reactor vessel as would be known by one of skill in the art. Heated vessel



Referring now to Figure 1, non-limiting embodiments of the method and
apparatus according to the current invention are described hereafter. An
precursor recycling and purification system 100 is shown. A first stream of
inorganic metallic precursor 101, which comprises ruthenium tetroxide is
provided. This stream may be waste product or excess product from a
semiconductor deposition process, such as a chemical vapor deposition
CVD) or an atomic layer deposition (ALD) process. First stream 101 may
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101 enters heated vessel 102, ruthenium tetroxide contained within the
derRMAPsLiRN 15 2 HINL A 9888 R Mot SHPBIRYY ruthenium oxide (e.g

ruthenium dioxide) through the addition of heat according to a standard
decomposition reaction, as, 8?1%‘6{1%'% @u%a%gq}_ tgzlnowz

in some embodiments the amount of heat required by this reaction may be
between about 100 and 300°C, and preferably about 210°C. Any by products of
the decomposition reaction other than the lower ruthenium (e.g. oxygen) may be
sent out of the heated vessel 102 and {o vent 108. The lower ruthenium produced
may form on the interior surface 103 of the heated vesse! 102.

in some embodiments, a catalyst may be added to the heated vessel 102 to
aid in the transformation of the ruthenium tetroxide into the lower ruthenium oxide.
This catalyst may be mechanically added to at least one interior surface 103 of
heated vessel 102 in a conveniional manner, for instance, through an access
panel (not shown) in the heated vessel 102. in some embodiments, the catalyst
may be ruthenium metal or ruthenium dioxide.

This lower ruthenium which is located on an interior surface 103 of the
heated vessel may then be transformed into ruthenium metal through the

introduction of hydrogen gas 105 into the heated vessel 102. The hydrogen gas



Ru04 + heat 4 RuO2 + O2. In some embodiments the amount of heat
required by this reaction may be between about 100 and 300C, and
preferably about 210C. Any by products of the decomposition reaction
other than the lower ruthenium (e.g. oxygen) may be sent out of the
heated vessel 102 and to vent 108. The lower ruthenium produced may
form on the interior surface 103 of the heated vessel 102. in some
embodiments, a catalyst may be added to the heated vessel 102 to aid in
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embodiments of the current invention is greater than about 1.0 m%g, and
preferably about 7.0 m*/g.

In some embodiments, at least a part of the ruthenium metal may be
removed from the heated vessel 102 after the reduction of the ruthenium oxide
with hydrogen, and before contacting the ruthenium metal with the oxidizing
mixture. Removal of the ruthenium metal can be done in a conventional manner,
for instance, by mechanically removing part of the metal from the heated vessel
102 through an access panei (not shown). The ruthenium metal may then be used
i numerous other processes, for instance, it may be used in the synthesis of
another precursor (e.g. RuCls).

After the ruthenium metal is produced, it is then contacted with the oxidizing
mixture 106, to produce ruthenium tetroxide. In an embodiment where the
oxidizing mixture is ozone, the production of ruthenium tetroxide occurs as
generally iliustrated below:

3Ru + 40; - 3RuQ,



embodiments of the current invention is greater than about 1.0 m2/g, and
preferably about 7.0 m2/g. In some embodiments, at least a part of the
ruthenium metal may be removed from the heated vessel 102 after the
reduction of the ruthenium oxide with hydrogen, and before contacting the
ruthenium metal with the oxidizing mixture. Removal of the ruthenium
metal can be done in a conventional manner, for instance, by
mechanically removing part of the metal from the heated vessel 102

throd§rnes e eraeqimretInat S Rfizne RiMerurtellawiveidhide

ruthRaTluin MAAETOIS- GINGRI DR CEBERRIY ErsfaneR) i MaYyhs #SRd Mdamount
synthesis of another precursor iﬁ{e%' RuCl3). After the ruthenium metal is
ofﬂ{g
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ction of rutheni etroxide OoCCurs as genera ve
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theﬁd&ﬁoggmmuie_a@@gsélmm ovay Heea luthepaamometat; the_ rutheniur_n
tetro’ﬂ%%é%%%ﬂ%l@%‘?ﬂ%@c? t%%%rf!%‘év e e, of 58&%%@%@05%9"'?8 at
contained In the gas 1iow may be ee{ermlne(f?ﬁrougﬁ monitoring witn an
leasfapyreernbodiveited tumnistieninnuetiiohdme dilesst bheAdvariggerus

orbBR) 3y m%twFafs%m%%%%ﬁigﬁﬁrm%éfaﬂwi &éﬂf%ﬁéﬂ” 9 the

the art, for example analyzer 109 may be a UV spectromet een

ruggsivimnag Bl At bastiuethisedi dath p dilteelecoraingabtie least vieenium
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property in that the rate of formation of ruthenium tetroxide is very r%pi_d.
reaction WithrBaionfRea MR e dattalcnitihaniiy el isdsre Toittle
proviIRSUHIRNTHER apNidenlayal Brasei e meialwhigh e kompede the

] IEchenium metal's reaction with the oxidizing mixture in the formation
u

BN R oxide. This

After the ruthenium tetroxide entrained in the gas flow is produced, the
ruthenium tetroxide is then purified of any remaining oxidizing compounds to
produce a high purity ruthenium tetroxide. in some embodiments, the high purity
ruthenium tetroxide is produced by separating the oxidizing compounds through a
cold distillation type process. For example, the ruthenium tetroxide may be
separated from the oxidizing compounds by sending the mixture to a cold
distillation column 110 where the temperature is such that the ruthenium tetroxide
condenses and collects, while the oxidizing compounds (e.g. ozone or oxygen)
which have low boiling poinis, do not and pass through the cold distillation column
110 and are sent to vent 108. In some embodiments, this process produces a
purified ruthenium tetroxide with a purity of greater than or equal to about 99.8%.

After the ruthenium tetroxide is separated from the oxidizing compounds, it
may be sent {o a dispensing means 111, which prepares the ruthenium tetroxide
for distribution to the semiconductor manufacturing process 112. In some
embodiments, the purified ruthenium tetroxide can be used directly in a
semiconductor manufacturing process {e.g. a CVD or ALD deposition) 112, such

that dispensing means 111 may be a flow controller that regulates the amount of
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provides for a fast and efficient production of ruthenium tetroxide from the
ruthenium metal. After the ruthenium tetroxide entrained in the gas flow is
produced, the ruthenium tetroxide is then purified of any remaining
oxidizing compounds to produce a high purity ruthenium tetroxide. In
some embodiments, the high purity ruthenium tetroxide is produced by
separating the oxidizing compounds through a cold distillation type

" &ré)cess. For example, the ruthenium tetroxide may be separated from the

BiviRgEmigE RSPy R IRIRG METRBRUrESto '8 EBMme Aetiteditreatiutng
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this es roguces Uuritl ruthenium tetroxide ]
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Hisepakate difro thes dritzohget aropooecisa|iy avajldisestotridha dispensipgny)
: : g etribution
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dispensing means 111 may be a flow controller that regulates amount

wipreghathahrivirseusieRsrieinttcprdedss manyipshitieg process
1EMheigenindbey B Had SHIBRINUB Jel e N aX JBAERRAURRIAM is known

throu'gﬁh a solvent before being provided to the manufacturing process

in A9 2k AEOANIBEUHSA IS IR TRATEAW CRRbIURh 38H HRPHZF heUehes 2
gi#gnthacistilpioneolyas E1§ iaiigeansianmesingnl ble\whgyel M to
be bubbled intg a solvent (e,g. HFE-7500, HFE_7100, HFE, 7200 or
PrARLHS R B oA S AR RPN 4R BT e
thtodwgingiipuyified t@mhelmarwfa@ﬁwimaprmm@igpaasiggmw@sds’le1d to
caued g?ee RSN ARG AHRRIRAS KIoN 10 Ong Rl S T, BE 8 dated
downstream of the precursor storage vessel, for instance, at the vaporizer outlet.
With respect {o the embodiments of the current invention described

above, it is known that various other elements, such as valves and flow controllers,
may be incorporated into the sysiem as necessary. Forinstance, ali elements
described above (e.g. heated vessel 102, distillation column 110, dispensing
means 111) may have valves disposed upstream and downstream, as is known to
one of skill in the art. Likewise, various flow conirollers may be incorporated to
control and modify the flow rate of the various gases employed according to
embodiments of the current invention. For expediency sake, these elements have
not been shown on Figure 1, but nonetheless are considered to be incorporated
into the various embodiments of the current invention.

Referring now io Figure 2, a non-limiting embodiment of an apparatus
according to the current invention is described hereafier. in this embodiment, the
apparatus described in Figure 1 is generally provided (with like numbers showing

similar elemenis). A second set of components (e.g. a second heated vessel 202,
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embodiments, dispensing means 111 may be a direct vaporization type
system where the ruthenium tetroxide may be introduced to the
manufacturing process 112 through a direct vaporization step. Such a
direct vaporization system is known in the art, and may include a liquid
mass flow controller and a vaporizer, such as a glass or metal tube. Inert
gas (e.g. nitrogen, argon, helium, etc) may be used to pressurize the
ruthenium tetroxide, and cause it to flow from a storage vessel, through a

2 HRRANSNAGFRIARY, asgsans wistbion e umnat §asdsrmapsstidispensing
m&anse the JRUIH oI n AR BYET EORTRINAIIISES Whe GRIMILgRIINBYRS 102,

h %$nerate? downstream of the precursor storage vessel, for instance, at

S R o RIS RIS HQRR CRIURI S SahibkErst diepepmiagrmeans

1 finvenjiahed@stiaeds aboyonitisnovdaittatagr o Heahealpme sz sheh
._as valves and fl?w controllers, may be incorporated into the system as
N ST LRI T R RS UL Ry S5 2 (5 Mealedvessel
10 ssel 1G2selistithtioatedluesnsl PO2dis pemainer. mMeaosnkldhbmiirhans, this

. i and downstream is_ known to _one of skill in
d;?@é@ﬁ%ﬁi@%@#ﬁéﬁ?g o%"'é‘é%% féar?s%!ﬁ)gﬁ %:ée?nvcvg p\(’)?l;!ﬁeedqf?) gt‘:‘(sjntrol
erapedinsity ithe plessitiedoptheidanonsehsadbempiolataictotol g to

se' .G?;%ﬁo%fi ]@ PH{E%’ﬂﬁéBY&ﬂ%rgﬁ’ ;A:(%S% R%Q'%Bﬁ% Ig]gg%he parallel
elements have notbeen shown ort Figure 1, but nonetheless are

cophigsiadianiations inebrporin anfaReoi amsiroesIsdividath efather set of
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an apparatus according to the current invention is described hereatfter. In

COfig URiRIURTIRHE tPtheiiameeransmed aeEideet thedirbaampous stream

10arouiBeR:(Eie SURDBIFISEO ViRt Bl astRIME REShd \sSReeBARRYSH tool
coglrpc’)_@gnts g,elé)g. a second heated vessel 202, 11 a second analyzer
(& Shgnanuiashy

iRERSS cblémn 210 and a second dispensing means
211) e proddect ddiagpasiebesntgusesioamtarifenticst herlietkvessalifds
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rutheer20@toide), the present invention may also be applied towards precursor
compounds comprising osmium.

EXAMPLES
The following non-limiting examples are provided to further illusirate
embodiments of the invention. However, the examples are not infended ic be all

inclusive and are not intended to [imit the scope of the inventions described herein.

Exampie 1:

Commercially available ruthenium (ruthenium powder under 200 micron
mesh, obtained from the Sigma-Aldrich company) and ruthenium which was
recycled according to an embodiment of the current invention were compared.
Both samples were dried prior to the analysis in an N2/He atmosphere for 2 hours

at 120°C, and the specific surface area of each was examined through a BET
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incoming stream of inorganic metallic precursor between the first heated
vessel 102, and the second heated vessel 202 is provided. In some
embodiments, this diverting means 203 may be a conventional type three
way valve. In this embodiment, it is possible to provide purified ruthenium
tetroxide to the semiconductor tool (e.g. manufacturing process) 112
continuously, as the parallel configuration allows delivery from one set of
components, while the other set of components are either recycling or

angiysing NS taeYClasRBeR tid ibilegia SeeRifisTHIBREAERAS iR higher

th&Qmameranseusyassineyof the first gaseous stream 101 with the
delivery of the purified ruthenium tetroxide to the semiconductor tool (e.qg.

manufacturing process) 112. While the foregoing describes the present

|nvent|on in tewa@akMethods and apparatus fogpeelRlguaRd Purdgation

mnoraanic met tallic DrecUrLsors (e ry |fhnnlllm fofr‘nvmln) the prncnnf

FOUTO-{TH

C?H‘Jéﬁ{%ﬁ'%s %\@bi%ﬁﬁm%%me %I’%E?JI@OI‘ compou’nds comprising

meﬁK&MﬁﬁhES The foIIowmg non-ﬂmi%;gg examples are provided to

are not intended to be all mcluswe and are not |ntended to I|m|t the scope
ExafrthiarBentions described herein. Example 1: Commercially avallable

rutheﬂ]um jrcL:Jt@hn%nlu d(%undgg Qﬁcr)nlcr%g r)rgaesrs Sbé’ ained fr - in
Sigma- LA C pane) Cthertum Whichwas W—: cgrdeﬁgn[%
thameamgimeatztw ﬂf@zun@nmtwersmrttwedesampimeﬂ ruBathiwamplesvhich

ha\éf C 18 glt!?ég&s \mtﬂ}ﬁ P@é%ﬂ?“@e%‘?e%‘i{ HE AURRSHRRIE ﬁ Lﬂﬁtr%éiﬁj
pecifi sur ace area o a was examme rou
2 amawgfsaumé 186 Aeef Futhenium wrriolieibaispbeliie gnrme}m@/@ﬁa
(aimesRengfetenbateamghiabaianed MaterabeprdicRiiane
regcr:%gn with hydrogen (4% H; in nitrogen) at atmospheric pressure and at a
temperaiure of about 200°C. This treatment lasted approximately 5 minutes. No
such treatement was performed on the untreated sampie. Both samples were
then exposed to a flow of ozone (5% ozone/oxygen). An auger in depth anaylsis
was then performed on both samples. Figure 3 shows the results from the treated
sample, while Figure 4 shows the results of the untreated sample. Figure 5 also
shows the response time for the {freated sample in the production of ruthenium

tetroxide, afier the flow of oxidizing (ozone) mixture was started.

Example 3:

Tests were conducted with a distiliation column/cold trap to separate
ruthenium tetroxide from residual oxidizing compounds generated according to
embodiments of the current invention. A cold frap was provided whose
temperature was set at -30°C, and a ruthenium tetroxide/ozone mixture was flown
through the trap. In the instant example, propanol was mixed with figuid nitrogen
to provide the low temperature. As the mixture was flown through the trap (which
in this case was glass) a characteristic color change to yellow could be observed
as the ruthenium tetroxide was collected. Due to the low boiling point of czone

13
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Commercially available Ruthenium 0.4 m 2/g Recycled Ruthenium 7.1 m
'lg Example 2: The efficiency of the hydrogen reduction was examined by
the difference in the cleaning capacity of ozone on two sputtered samples
of ruthenium, one which had been reduced with hydrogen ("treated"), and
one which had not ("untreated”). 2 samples of about 1000A of ruthenium
were deposited on a chromium layer (adheasion layer). The treated
sample was first treated through a reduction reaction with hydrogen (4%

ang PXYIRPdgEE &t 8B otPREricesresiivalvantoaertEmpe rmrlrs deamsie
traipfdd irl s tsalimeablastechapRiaximRiehR MEIHIBSaNE SUAB ruthenium

treatement was _performed on the untreated sample. Both samples were
I EXp IR N S RSIHE (SRS SR YR PXBMRGG e pth
spanavisistenamth e RrierEtRth o etk samaRs UL 8 Ahuwshe results
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tethigeockc iencohtuiten byrededraiites etfiay the fippropaaidizngpeanne)in the

i rted..Example 3: Tests were conducted with a distillation
di‘g(])l %ﬁ/%ﬁ@ﬁr@ﬁ%ﬁsﬁaﬁarme ruthenium tetroxide from residual oxidizing
compounds generated according to embodiments of the current

inveRiiane AARILIARNAS IRARR MRS LepAREr IS W dsc?é%g?%nn

and a ruthenium tetroxide/ozone mixture yvas%%%wn %ﬁrougﬁ the
mesfinnitans derrpieaproparriisay enslilgthinidoranivdtient depeastingefrom

thiSIAVOIRBRAIRL R the m@emizsw.r%wgmswarﬂgﬂg%g&w&r%mmw
I yellow could be

this case was glass) a characteristic color change to ye

eXSHYIARPS IRE ARhERITRG (dWBRItEaRialRsIBBREaSisaliane %iv®oiling
coPRERPZANE thatAbE S/e/888s(bld 3kdanEHiAIRE JespeEivSlhnair ©f

these molﬁ_lcules were trapped in the coqlingtdevice, thus assuring a high
o

Am{ﬁl&gﬂ% Sﬁﬁ%oﬁjméﬁmﬁgion I8 not limite the embodiments described

herein, but is only limited by the claims which follow, the scope of which shall

include all equivalents of the subject matter of the claims.

14



tetroxide. The delivery of ruthenium tetroxide was then examined by UV
spectrometer, and the generation of ruthenium tetroxide as a function of
temperature was monitored. Figure 6 shows how the flow of delivered
ruthenium tetroxide can be controlled by accurately setting the
appropriate temperature in the distillation column/cold trap. While
embodiments of this invention have been shown and described,
modifications thereof can be made by one skilled in the art without
Waabisr&iggmeshie:the spirit or teaching of this invention. The embodiments
described herein are exemplary only and not limiting. Many variations and
modifications of the composition and method are passible and within the

1. scope BEiRedHRRIAe ABSRHIHYIBNIHRCEIBPIE BITANIE RISRYSADLRMRSEING:
toh;ha)ferﬂb@dma' h' g dQﬁgfibiﬁ_bgl%%i;ﬁe@ﬂrdgzﬂ@ﬁsﬂﬁ@iﬁ%@r%tmﬂf f&r!]ﬁr'tsﬂﬁje;'
wnic OOW,'[ Scope oF wnli sSna (o e all equivalents of the .
e S R ST R (S b ST b B g ekyte
and purify antinargsini @hasalbevpreotiispiyeomjiising: a) providing a first

gasegQus st omprising. ruthenium tetroxide: b) trapsforming at least
part§the fg??s%tgéut%én r%t?]ﬁ% Ennm{rarﬁgp? (;?t)i(”la esgﬁlfo;agsg if? Bﬁ@%%%&i/ﬁe
ruthenium oxitensipoddemgorotiesitm metal By ougistoretngtianieadte

part of the (&mﬂ%{eﬂ]wn\; qygpggﬁ |ym metal through a reduction of

the ruthenium oxic ( contacting the ruthenium metal
with gh oxidRiHgatnadie tytprodudenataboBindst i tenminBirgto produce

ruthenium tglggxiole; 8pd) BBHNGNA SS90k SEGaRAL ryfenium

tetroxide of any oxidizing compounds to obtain high purity ruthenium
tetrofide. 2PHHYIRTEIRB $RAVILiFirearn RhEtbsRHBRS IR o¥l e 1 sroyargizing

least part ofihwedtishSireapbiMQdGg thedirstm tetroxide.

2. The method of claim 1, further comprising:
a) tfransforming at ieast part of the first stream by infroducing the first
stream into a heated vessel;
b) maintaining the operating temperature of the heated vesse| between
about 50 and 800°C; and
C) maintaining the operating pressure of the heated vesse! between
about 0.01 and about 1000 torr.

3. The method of claim 2, further comprising providing a catalyst in the heated
vessel {o aid in transforming at least part of the ruthenium tetroxide into the solid

phase lower ruthenium oxide.

4. The method of claim 3, wherein the catalyst comprises ruthenium metal or
ruthenium dioxide.

5. The method of claim 2, further comprising maintaining the operating

temperature of the heated vessel between about 100 and 300°C.
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stream into a heated vessel; b) maintaining the operating temperature of
the heated vessel between about 50 and 800C; and c) maintaining the
operating pressure of the heated vessel between about 0.01 and about
1000 torr. 3. The method of claim 2, further comprising providing a
catalyst in the heated vessel to aid in transforming at least part of the
ruthenium tetroxide into the solid phase lower ruthenium oxide. 4. The
method of claim 3, wherein the catalyst comprises ruthenium metal or

6. rutheHiGriMBIBRRIST SlaiRel diRERIbRICRAS 2DRIMIRS e aifihesiHtpenium oxide

is %@bﬂ&é@iﬁ%@@a@ﬁ@ﬁﬂﬂﬂ%@ﬂ?w&iaﬁt@é‘i‘é@j@ﬁ%ﬁ%{ﬁ% yeen
about 100 and 300C. 15 6. The method of claim 1, wherein at least about

99% of the ruthenium oxide is reduced to the ruthenium metal through the

7 redudtienmdthdaydregem. 6. wherarethosket alsbit Govehereithat ieashahfWxide

. 99.9% of the ruthenium oxide, is redyced to the ruthenium metal through

St Stk e R
ruthenium metal produced through he reduction with hydrogen has a
specific_surface e than about 1.0 m2/g., 9. The method of

B e e o T b gt e B e

refyatiogerithdydrepenifiesartaesifircsudhaboued of giz/gtet tharhehmethiod m®/g.

of claim 1, further comprising removing at least part of the ruthenium
metal from the heated vessel after the reduction of the ruthenium oxide

S.with AYerBlssnod Al Halioré wwhtseirieHetnanamumais ripditegérough the
reBYEliZN At S gd A nEae msikad of flalmlwhetsin the gxidizing

mixture comprises at least one member selected from the group

consisting of: a) NO;
10.  The method of claim 1, further comprising removing at least part of the
ruthenium metal from the heated vessel after the reduction of the ruthenium oxide
with hydrogen, and before contacting the ruthenium metal with the oxidizing
mixture.,

11.  The method of claim 1, wherein the oxidizing mixture comprises at ieast
one member selected from the group consisting of:

a) NG;

b) NO:.

c) Oq,

d) Og;

e) mixtures thereof, and

f) plasma excited versions thereof.

12, The method of claim 1, further comprising:
a) purifying the second stream of ruthenium tetroxide of any oxidizing
compounds through a distiliation process; and
b) obtaining ruthenium tetroxide with a purity greater than about
99.9%.
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b) NO2; c) 02. d) 03; e) mixtures thereof; and f) plasma excited versions
thereof. "12. The method of claim 1, further comprising: a) purifying the
second stream of ruthenium tetroxide of any oxidizing compounds
through a distillation process; and b) obtaining ruthenium tetroxide with a
purity greater than about 99.9%. 16 13. The method of claim 1, further
comprising bubbling the high purity ruthenium tetroxide through a solvent
to form a saturated mixture of solvent and high purity ruthenium tetroxide.
14. The method of claim 1, further comprising vaporizing the ruthenium

13detroxigle r‘rﬁ‘éﬂﬂﬁfb@dHMWW@HQﬁ}ﬁF@_ﬂxg@u%ﬁwa‘%%ﬁww 1,
further comprising producing the high purity ruthenium tetroxide without

FURENI ETEEHCNERRS SPY RIS &R BatHFRIceIRIs IR @i aMeriand

higihepsiepsunen(en rdduapparatus for the recycling and purification of a
stream of inorganic metallic precursor used in the manufacture of

semiconductor devices, comprising: a) an inlet to receive an incoming
14streamhehiethrganitaaetaliciuptiesucsatphdiay leasb oneditathesiedivessel

tabl receiv stream of ingrganic metallic precursor, wherein the
teﬁé%@a%d%&u %éo%%ﬁs\é%pé) rhzé%ﬁﬁgsm ans suitable to heat the vessel to a

temperature between about 50 and 30010; c) at least one condenser
1e5ituaigrl in ddForumpRic MM A sing producing the high purity
ruthenium tetroxide without the introduction of sodium or a halogen containing

compound in any of the steps (a) ~ (e).

16.  An apparatus for the recycling and purification of a stream of inorganic
metallic precursor used in the manufacture of semiconductor devices, comprising:

a) an iniet to receive an incoming stream of inorganic metaliic
precursor;

b) at least one first heated vessel suitable to receive the stream of
inorganic metallic precursor, wherein the heated vessel comprises a
heating means suitable to heat the vessel to a temperature between
about 50 and 300°C;

c) at least one condenser situated in fluid communication with and
downstream of the heated vessel,

d) at lzast one dispensing means situated in fluid communication with
and downstream of the condenser; and

e} an outlet in fluid communication with the dispensing means to deliver
a siream of inorganic metallic precursor {o at least one

semiconductor processing tool.
17.  The apparatus of claim 16, further comprising:

a) a source of hydrogen situated in fluid communication with heated

vessel and
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downstream of the heated vessel; d) at least one dispensing means
situated in fluid communication with and downstream of the condenser;
and e) an outlet in fluid communication with the dispensing means to
deliver a stream of inorganic metallic precursor to at least one
semiconductor processing tool. 17. The apparatus of claim 16, further
comprising: a) a source of hydrogen situated in fluid communication with
heated vessel; and 17 b) a source of an oxidizing mixture situated in fluid
commlunicali§RYRE Of R eddEangeRusiuressitaies p dluif senaamicaion with
further compiasiRg:a) a-seepnd heated vessel, a condenser, and
dispensing means all situated in parallel to the first vessel, condenser and
dispensing means; and b) a means to divert the incoming stream of

1anorgeincamesadiogae eliisor datwern toebiraiiagd second heated vessel.
19. The apparatus of clajm, 16, further comprising a catalyst disposed on
the teriorbT e HLIRAF TR RTs ATl S e BT oY SRETAR Rran
precursor cimtetsithparatislyist 126 fifdeogear atusiohstaiand Glispeereiny
the stream mé$8£ggﬁg precursor delivered to the semiconductor
processing tool comprises at least about 99.9% ruthenium tetroxide. 21.
A méthod t@ reeptie tartiveul fycain doorranid aastaticnonrgamisonedaiéivekcursor

from a semg;é}gglé%t%&mgpéﬁﬁlgetgg%c‘%%@ \/ 'S@lreceiving a first

gaseous stream comprising ruthenium tetroxide from  the output of a
semiconductor manufacturing process;

19.  The apparatus of claim 16, further comprising a catalyst disposed on the
interior of the heated vessel, so that the stream of inorganic metallic precursor

contacts the catalyst.

20.  The apparatus of claim 18, wherein the stream of inorganic precursor
delivered to the semiconductor processing tool comprises at least about 98.9%
ruthenium fetroxide.

21. A method to recycle and purify an inorganic metallic precursor received
from a semiconductor processing tool, comprising:

a) receiving a first gaseous stream comprising ruthenium tetroxide from
the output of a semiconductor manufacturing process;

b) transforming at least part of the first stream of ruthenium fetroxide
into a solid phase lower ruthenium oxide, by heating the first stream
in a heated vessel maintained at a temperature between about 50
and 300°C;

c) producing ruthenium metal by transforming at least part of the
ruthenium oxide into ruthenium metal through a reduction of the
ruthenium oxide with hydrogen;

d) contacting the ruthenium metal with an oxidizing mixture to produce

a second stream comprising ruthenium tetroxide; and
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b) transforming at least part of the first stream of ruthenium tetroxide into
a solid phase lower ruthenium oxide, by heating the first stream in a
heated vessel maintained at a temperature between about 50 and 300C;
c) producing ruthenium metal by transforming at least part of the
ruthenium oxide into ruthenium metal through a reduction of the
ruthenium oxide with hydrogen; d) contacting the ruthenium metal with an
oxidizing mixture to produce a second stream comprising ruthenium

tetrofitle; aRHTHRY BiaBerRthateanrf sibamus fatrriendtenyaydishg

any oxidizing,rapBIRRISE HIRHREIGH R RIS HINSNLIRBARIEOXfrein the
wherein the high purlgﬁruthemum tetroxide has a purity of about 99.9%;

and f) provifliAl BEHiGHIRIRETHRHOMER 188 SRt of abaMEBRN eI
processing peoliging sedhigid epasitiamerageststriddde mekatoh &laib:

19, further comcprisirriigrov'dirl}%the hi h&%ﬂj% ruthenium tetroxide to the
semicondudtor 5’,505& ﬂ% o[ %mﬁrg[? SHE Uagpﬁ?s&ceiving the first
gaseous stream. 19
22.  The method of claim 19, further comprising providing the high purity
ruthenium tetroxide to the semiconductor processing tool contemporaneously to

receiving the first gaseous stream.
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