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USE OF RUTHENIUM TETROXIDE AS A PRECURSOR AND REACTANT
FOR THIN FILM DEPOSITIONS

Cross Reference to Related Applications
The present application claims the benefit of U.S. Provisional
Application Serial No. 61/307,244 filed February 23, 2010, herein incorporated
by reference in its entirety for all purposes.

Field of the Invention
Disclosed are atomic layer deposition methods, preferably thermal ALD,
using ruthenium-containing precursors to form ruthenium-containing films for
use in the manufacture of semiconductor, photovoltaic, LCD-TFT, or flat panel
type devices.

Background

Chemical vapor deposition (CVD) and atomic layer deposition (ALD)
have been adopted as techniques for depositing thin films to comply with the
scaling down of semiconductor devices. The film growth usually results from
the chemical reaction of one or more precursor compounds, so it is essential
to develop optimum precursors and understand their reaction process.
Sometimes a reactant is introduced to react with the precursor(s), so the
choice of an appropriate reactant is also of high importance, as it impacts the
film’s properties as directly as the precursors. Finally, the deposition process
is also important. In some cases the use of a plasma source is necessary to
tune the film properties. However, plasma may damage the sub-layers and
may not allow deposition of films with a sufficient conformality, especially in
deep trenches or holes typically used by memory makers.

Ruthenium (Ru) is a potential candidate for thin film applications in the
industrial semiconductor manufacturing process for many applications in the
coming years. For the next generation nodes, Ru is considered as one of the
best candidates for the electrode capacitor for FeERAM and DRAM
applications. Ru has interesting properties, such as a high melting point, low
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resistivity, high oxidation resistance and adequate work functions, making it
also a potential gate electrode material for CMOS transistors.

In view of the aforementioned properties of ruthenium oxide, ruthenium
oxide-based materials, such as CaRuOs, SrRuO; and BaRuOs, may be used
as an electrode for ferroelectric and DRAM applications. Strontium ruthenium
oxide, SrRuO3 (SRO) films are of interest because they exhibit a perovskite
crystal structure whose lattice mismatch with strontium titanium oxide, SrTiO3
(STO) is very small (3.93 Avs. 3.91A). CaRuOs films are of interest because
they exhibit a lower resistivity than SRO. Hence, it is expected that ARuOs
(wherein A=Sr, Ca or Ba) films may be suitable to be used as a conductive
layer for gate or electrode applications.

W02009/118708 discloses methods and compositions for the
deposition of ternary oxide films containing ruthenium and an alkali earth
metal. In its examples, WO2009/118708 discloses SRO film deposition using
H,O as a reactant in a CVD process and using a mixture of H,O and oxygen
in an ALD process. U.S. Patent No. 7,544,389 discloses ALD and CVD
methods for the deposition of ruthenium and ruthenate films using a solution
of ruthenium tetroxide. Specifically, U.S. Patent No. 7,544,389 discloses Ru
film deposition using the RuO4 precursor and Hz as a reactant, RuO; film
deposition using the RuO4 precursor and a heated substrate, and ruthenate
film deposition using the RuO4 precursor, an organometallic precursor, and an
oxygenated gas, such as O, Os, or N2O.

When SRO films are deposited, especially using ALD, the fit between
strontium and ruthenium precursors is of extreme importance. For example,
most of the strontium precursors lead to strontium oxide (SrO3) films when
ozone (O3) or moisture (H20) is used as a reactant, but not oxygen (O).
However, ozone is generally known to be able to react with ruthenium even at
20°C, generating volatile RuO4. Such equilibrium between deposition and
“etching” if ozone is used can not be tolerated.

Consequently, there is a need for developing an ALD process that
enables the deposition of thin films of SrRuOs (or CaRuO3; and BaRuOs)
having a good uniformity even in most advanced device geometries (aspect
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ratio of 20:1 or higher) at lower temperatures than the current methods (in
other words, at temperatures lower than 350°C).

Brief Summary

Disclosed are atomic layer deposition methods for depositing
ruthenium-containing films. The vapors of an organometallic precursor are
introduced into a reactor containing one or more substrates. An atomic layer
deposition process is used to deposit at least a part of the organometallic
precursor as a layer on the substrate(s). The vapors of ruthenium tetroxide
(RuOs) are introduced into the reactor. An atomic layer deposition process is
used to react the vapors of ruthenium tetroxide with the layer deposited from
the vapors of the organometallic precursor and form the ruthenium-containing
film. The ruthenium-containing film is formed without the introduction of a
separate oxygen-containing reactant. The method may further include one or
more of the following aspects:

the reactor having a temperature between about 50°C and about
400°C, preferably between about 150°C and about 250°C;

the reactor having a pressure between about 0.013 Pa and about 133
kPa, preferably between about 1.33 Pa and about 13.3 kPa;

the vapors of ruthenium tetroxide being generated from a blend of
RuOQ;, dissolved in one or more solvents;

repeating the disclosed atomic layer deposition method at least one
time;

the organometallic precursor being selected from the group consisting
of biscyclopentadienyl ruthenium (RuCpz), bis(methylcyclopentadienyl)
ruthenium (Ru(MeCp)z2), bis(ethylcyclopentadienyl) ruthenium (Ru(EtCp).),
bis(2,6,6-trimethylcyclohexadienyl) ruthenium (Ru(2,6,6-Mes-CgHa)2), bis(2,4-
dimethylpentadienyl) ruthenium (Ru(2,4-Me,-pentadienyl),),
tris(acetylacetonate) ruthenium (Ru(acac)s), tris(tetramethylheptadionato)
ruthenium (Ru(tmhd)s), tris(octadionato) ruthenium (Ru(od)s), and mixtures
thereof;
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the film being a ruthenium film;

the organometallic precursor comprising a metal selected from the
group consisting of strontium, calcium, barium, and combinations thereof;

the film being a ruthenate film;

the organometallic precursor being Sr(R.Cp)2, with R being Me, Et, Pr,
or Bu; and n= 1-5;

the film being a SrRuOs; film;

introducing a second organometallic precursor, the second
organometallic precursor having the formula Ba(R,Cp)2, wherein R is Me, Et,
Pr, or Bu and n=1-5;

the film being [Ba,Sr]RuOs; and

the ruthenium tetraoxide being dissolved in a mixture of at least two
non-flammable fluorinated solvents, each solvent having the general formula
CxHyF,OiNy, wherein:

i) X2 3;
i) y+z<2x+2
iii) z21;
iv) t=0;

V) u=z=0; and

Vi) t+u=0;and

vii)  X,y, z,t,and u are all integers; and

viii)  the solvent and ruthenium mixture contains less than about 100

ppm of moisture.

Brief Description of the Drawings

For a further understanding of the nature and objects of the present
invention, reference should be made to the following detailed description,
taken in conjunction with the accompanying drawings, wherein:

FIG 1 is a graph illustrating the deposition rate of SrRuO films as a
function of pulse duration of Sr(iPrsCp)2-THF for a film deposited according to

embodiments of the disclosed methods;
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FIG 2 is a graph illustrating the film stoichiometry as a function of the
pulse of ruthenium tetroxide mixture for a film deposited according to
embodiments of the disclosed methods;

FIG 3 is a graph illustrating X-ray diffraction results for post deposition
annealing in an oxygen (O2) environment at different temperatures of a film
deposited according to embodiments of the disclosed methods;

FIG 4 is a graph illustrating X-ray diffraction results for post deposition
annealing in a nitrogen (N2) environment at different temperatures of a film
deposited according to embodiments of the disclosed methods;

FIG 5 is a graph illustrating the film stoichiometry and resistivity as a
function of temperature of post deposition annealing in an oxygen (O3)
environment of a film deposited according to embodiments of the disclosed
methods; and

FIG 6 is a graph illustrating the film stoichiometry and resistivity as a
function of temperature of post deposition annealing in a nitrogen (N)
environment of a film deposited according to embodiments of the disclosed
methods.

Notation and Nomenclature

Certain abbreviations, symbols, and terms are used throughout the
following description and claims and include: the term “alkyl group” refers to
saturated functional groups containing exclusively carbon and hydrogen
atoms. Further, the term “alkyl group” refers to linear, branched, or cyclic
alkyl groups. Examples of linear alkyl groups include without limitation,
methyl groups, ethyl groups, n-propyl groups, n-butyl groups, etc. Examples
of branched alkyl groups include without limitation, t-butyl. Examples of cyclic
alkyl groups include without limitation, cyclopropyl groups, cyclopentyl groups,
cyclohexyl groups, etc.

As used herein, the abbreviation, “Me,” refers to a methyl group; the
abbreviation, “Et,” refers to an ethyl group; the abbreviation, “Pr,” refers to a
propyl group, whether n-propyl or iso-propyl; the abbreviation, “iPr,” refers to
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an isopropyl group; the abbreviation “Bu” refers to butyl, whether n-butyl, iso-
butyl, sec-butyl or tert-butyl; the abbreviation “tBu” refers to tert-butyl; the
abbreviation “sBu” refers to sec-butyl; the abbreviation “acac” refers to
acetylacetonato; the abbreviation “tmhd” refers to 2,2,6,6-tetramethyl-3,5-
heptadionato; the abbreviation “Cp” refers to cyclopentadienyl; the
abbreviation “Cp*” refers to pentamethylcyclopentadienyl, the abbreviation
[Ba,Sr] refers to any combination of Ba and Sr that totals 100%, for example,
Bao.5Sro.5 or Bag 2Sros.

The standard abbreviations of the elements from the periodic table of
elements are used herein. It should be understood that elements may be
referred to by these abbreviations (e.g., Ru refers to ruthenium, Sr refers to

strontium, etc).

Description of Preferred Embodiments

Disclosed are atomic layer deposition methods for the deposition of
ruthenium-containing films on a substrate. These methods use RuQO4 as a
source of ruthenium and/or as an oxygen-containing reactant in ALD mode.
Thin films of ruthenium may be deposited by atomic layer deposition (ALD)
processes by alternately contacting a substrate with an organometallic
ruthenium-containing precursor and a RuO4 precursor/reactant. Alternatively,
binary or ternary (or more) ruthenium-containing films may be deposited by
ALD processes by alternately contacting a substrate with an organometallic
precursor containing the other elements and a RuOg4 precursor/reactant. In
each ALD cycle the substrate is alternately contacted with an organometallic
precursor (comprising a metal A, wherein A=Ca, Sr or Ba) and RuQO4 (as a
ruthenium source and an oxidizing reactant), such that a thin ruthenate film of
the formula ARuOQOs is formed on the substrate.

The use of RuOy4 as both a source for ruthenium and an oxygen-
containing reactant in ALD mode is discussed herein. The use of this
precursor/reactant provides many advantages compared to other ruthenium-
containing precursors due to its high volatility, the high quality of the films
obtained, and the resulting stability under thermal stress.
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The use of RuO4 as both a ruthenium-containing precursor and a
reactant, due to its very strong oxidizing properties, simplifies the deposition
processes for Ru-containing films. The use of RuO,4 dispenses with the need
for typical oxygen-containing reactants (such as O», Oz, H2O). The use of
RuO4 may also provide for a higher deposition rate (in the case of Ru ALD, for
example), as well as shorter deposition times. Because the use of RuOy in its
pure state is challenging, its use in a solvent blend has been developed.

Non-flammable solvents are preferably used in the RuO4 precursor
mixture because non-flammable solvents are preferred when the mixture is
used in an environment above room temperature. Non-flammable solvents
are also preferred because they generally minimize the risk of introducing
carbon into the film deposited on the substrate. Generally, fluorinated
solvents are preferred because the presence of fluorine in the solvent
molecule makes it non-flammable, while introducing no appreciable negative
effect to the film composition.

The solvent mixture comprises at least two solvents, each of which can
be described according to the following general formula:

CxH,F.ON,

wherein: X23;

y+z<2x+2

z=1;

t=0;

uz0;

t+u=0;and

X, Y, z, t, and u are all integers.

Several solvents satisfy this general formula and are suitable for use in
the solvent mixture. These solvents include: Methyl perfluoropropyl ether;
methyl nonafluorobutyl ether; ethyl nonafluorbutyl ether; 1,1,1,2,2,3,4,5,5,5-
decafluoro-3-methoxy-4-(trifluoromethyl)-Pentane; 3-ethoxy-
1,1,1,2,3,4,4,5,5,6,6,6-dodecafluoro-2-trifluoromethyl-hexane; CoF12N;
Ci12F27N; C12F33N; CeF14; CsF1s; C7F 16, CsF1oH2; C4FsHs; 1,1,2,3,3 penta fluoro
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propane; CF3CFHCF2CH20CF2CFHOC3F7; and
C3F70CFHCF2CH(CH3)OCF2CFHOCA4F9.

Preferably, the solvent mixture is a mixture of methyl nonafluorobutyl
ether and ethyl nonafluorbutyl ether. The ratio of these solvents may be
between 1:9 and 9:1, or the ratio may preferably be 1:1. Both of these
solvents are available commercially from the 3M Company, and are sold
under the trade names of Novec HFE 7100 and Novec HFE 7200. CsFqoH; is
also commercially available from DuPont under the trade name of Vertrel.

The RuO4 concentration of the RuO4 precursor mixture is suitably
selected as a function of the film formation conditions and the material of the
substrate on which the film will be formed.

The disclosed ruthenium tetraoxide precursor offers at least the
following advantages.

- As RuOQy4 in pure form poses an explosion risk, the dissolution of RuO4

in a fluorinated solvent mixture enables RuO4 to be handled in a stable

form without risk of explosion during storage or holding. The non-
flammable solvent mixture does not react with RuO4 and therefore
avoids the RuO4 decomposition that occurs with the use of water. This
enables stable long-term storage of the ruthenium based precursor.

- The desired ruthenium-containing film may in fact be produced since

the non-flammable solvent fluorinated solvent in the ruthenium based

precursor does not react with RuO4 when this precursor is used in
gaseous form to produce film by ALD.

- In the case of the current ruthenium based precursor, the non-

flammable solvent mixture does not react with the active Ru

compounds produced when RuO4 decomposes in the reactor and the
solvent mixture is discharged from the reactor along with any
unreacted gas.

- The non-flammable solvent mixture in the ruthenium based precursor

is preferably not toxic. This makes it possible to implement film

production in a safe environment when a ruthenium-containing film is

produced by ALD using the gaseous ruthenium based precursor.

PCT/US2010/061907
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- The fluorinated solvent mixture in the ruthenium based precursor is
preferably non flammable and exhibits a high thermal stability, which
makes it possible - when this ruthenium based precursor is used in
gaseous form for the production of ruthenium-containing film by ALD -
to avoid incorporation of carbon into the film as well as decomposition,
combustion, or explosion by the solvent mixture.

RuQy is a high vapor pressure molecule (1.3 kPa at 25°C) with extreme
oxidizing properties. Thus, the disclosed method provides a process that
enables the deposition of ruthenium-based films in ALD mode using RuOg4
simultaneously as a ruthenium source and an oxygen-containing reactant. As
a result, the disclosed methods do not require oxygen-containing reactants to
produce the resulting films.

Additionally, a carrier gas may not be required to introduce the RuQO4
precursor into the deposition chamber due to its high vapor pressure. Instead,
a vacuum may suffice to deliver the vaporized precursor from its container
and to the deposition chamber. The vapor flow may be controlled using a
valve located on a line connecting the RuO4 precursor container to the reactor.
For example. If the valve is a shutoff valve, the flow may be controlled by
controlling the length of time the valve is opened.

Alternatively, the RuO4 may be fed in liquid state to a vaporizer where it
is vaporized before it is introduced into the reaction chamber. In another
alternative, the RuO4 precursor may be vaporized by passing a carrier gas
into a container containing the precursor or by bubbling the carrier gas into
the precursor. The carrier gas and precursor are then introduced into the
reaction chamber. The carrier gas may include, but is not limited to, Ar, He,
N2, and mixtures thereof. The container may be maintained at temperatures
in the range of, for example, 0°C to 150°C. Those skilled in the art recognize
that the temperature of the container may be adjusted in a known manner to
control the amount of precursor vaporized.

More specifically, the RuO4 precursor may be used in the following

manners:
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- Deposition of ARuOs (A=Ca, Sr, Ba) using RuO4 simultaneously
as a ruthenium source and oxygen-containing reactant for the A
metal precursor.

- The use of RuO4 as a reactant for other organometallic
ruthenium precursors (Ru(EtCp)2, Ru(2,4-Mes-pentadienyl),)
may increase the rate of deposition of the ruthenium films (for
example, more than one layer of ruthenium may be deposited
per cycle, as Ru would also be included during the “reactant”
pulse).

Ruthenium-containing films are formed by depositing ruthenium on a
substrate by introducing, in gaseous form, at least RuO, into a reactor that
holds the substrate.

An atomic layer deposition (ALD) is used to form the ruthenium-
containing film. The ALD process takes place in a reactor containing at least
one substrate.

The reactor may be any enclosure or chamber within a device in which
deposition methods take place such as, and without limitation, a parallel-plate
type reactor, a cold-wall type reactor, a hot-wall type reactor, a single-wafer
reactor, a multi-wafer reactor, or other types of deposition systems under
conditions suitable to cause the precursors to react and form the layers.

The reactor contains one or more substrates onto which the thin films
will be deposited. For example, the deposition chamber may contain from 1
to 200 silicon wafers having from 25.4 mm to 450 mm diameters. The one or
more substrates may be any suitable substrate used in semiconductor,
photovoltaic, flat panel or LCD-TFT device manufacturing.

The substrate on which the ruthenium containing film is deposited may
vary. The substrate may be a semiconductor substrate which may already
have other layers of materials deposited upon it from other semiconductor
manufacturing steps. The substrate may also be a ceramic substrate (e.g.
silicon dioxide, etc), a metallic substrate, or a polymer substrate.

The substrate may be flat, such as a typical semiconductor wafer, or a
ceramic substrate for hybrid circuits. The substrate may also be a bumped or

10
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a ball shaped surface. The substrate may also be a nanoparticle or another
material characterized by a large specific surface area.

Among possible ruthenium-containing films, the following are
specifically described below: 1) a method for forming ruthenium film, and 2) a
method for forming ruthenate film containing at least one metal selected from

strontium, calcium and barium.

Method of Forming Ruthenium Film

The ruthenium film may be formed by alternately introducing an
organometallic ruthenium-containing precursor in gaseous form and gaseous
RuQy into the reactor that holds one or more substrates and depositing
ruthenium on the substrate(s) by reacting the organometallic ruthenium-
containing precursor with the gaseous RuO4 reducing agent.

Exemplary organometallic ruthenium-containing precursors include
biscyclopentadienyl ruthenium (RuCpy), bis(methylcyclopentadienyl)
ruthenium (Ru(MeCp)z2), bis(ethylcyclopentadienyl) ruthenium (Ru(EtCp).),
bis(2,6,6-trimethylcyclohexadienyl) ruthenium (Ru(2,6,6-Mes-CgHa)2), bis(2,4-
dimethylpentadienyl) ruthenium (Ru(2,4-Me,-pentadienyl)z),
tris(acetylacetonate) ruthenium (Ru(acac)s), tris(tetramethylheptadionato)
ruthenium (Ru(tmhd)s), tris(octadionato) ruthenium (Ru(od)s) and mixtures
thereof.

The organometallic ruthenium-containing precursors may be supplied
either in neat form or in a blend with a suitable solvent, such as ethyl benzene,
xylenes, mesitylene, decane, or dodecane. If blended with a solvent, the
organometallic ruthenium-containing precursors may be present in varying
concentrations in the solvent.

The organometallic ruthenium-containing precursor is introduced into the
reactor in vapor form. The vapor form may be produced by vaporizing the neat
or blended precursor solution through a conventional vaporization step such as
direct vaporization, distillation, or by bubbling. The organometallic ruthenium-
containing precursor may be fed in liquid state to a vaporizer where it is
vaporized before it is introduced into the reactor. Alternatively, the

11
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organometallic ruthenium-containing precursor may be vaporized by passing a
carrier gas into a container containing the ruthenium-containing precursors or
by bubbling the carrier gas into the ruthenium-containing precursors. The
carrier gas may include, but is not limited to, Ar, He, N2, and mixtures thereof.
Bubbling with a carrier gas may also remove any dissolved oxygen present in
the neat or blended precursor solution. The carrier gas and organometallic
ruthenium-containing precursors are then introduced into the reactor as a
vapor.

If necessary, the container containing the organometallic ruthenium-
containing precursor may be heated to a temperature that permits the precursor
to be in liquid phase and to have a sufficient vapor pressure. The container
may be maintained at temperatures in the range of, for example, approximately
0°C to approximately 150°C. Those skilled in the art recognize that the
temperature of the container may be adjusted in a known manner to control the
amount of precursor vaporized.

The temperature and the pressure within the reactor are held at
conditions suitable for the deposition process. For instance, the pressure in the
reactor may be held between about 0.013 Pa and about 133 kPa, preferably
between about 1.33 Pa and 13.3 kPa, as required by the deposition
parameters. Likewise, the temperature in the reactor may be held between
about 50°C and about 400°C, and preferably between about 150°C and about
250°C.

After the vapor of the organometallic ruthenium-containing precursor is
introduced into the reactor, the temperature and pressure conditions within
the reactor permit formation of a very thin layer (e.g., a monoatomic layer) of
at least part of the organometallic ruthenium-containing precursor on the
substrate by chemisorption. The interior of the reactor may then be purged
with an inert gas (e.g., nitrogen, helium) in order to remove unreacted
(unabsorbed) ruthenium precursor. This purge is followed by the introduction
of the RuOg4 precursor/reactant into the reactor. Once again, the conditions
within the reactor permit the incoming RuO4 to react with the monoatomic
layer formed on the substrate and may result in deposition of an additional

12
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layer of ruthenium metal. Unreacted RuO4 precursor is removed with an inert
gas purge. In this embodiment, a ruthenium film is deposited. When a thicker
ruthenium film is desired, the entire sequence may be repeated.

Method of Forming Ruthenate Film
The binary ruthenate film (such as SrRuO; (SRO), CaRuOs3 (CRO), or
BaRuO3; (BRO)) may be formed by introducing a gaseous organometallic

precursor (comprising a metal A other than ruthenium) followed by RuOy in
gaseous form into a reactor that holds a substrate and reacting the
organometallic precursor and RuQO4 to deposit ruthenate on the surface of the
substrate. In one embodiment, the process consists essentially of pulses and
purges of one or more organometallic precursors and the RuO4 precursor.
The deposition produces acceptable ruthenate films without introducing an
additional oxidizing agent because the RuO, acts as the oxidant.

The organometallic precursor may comprise strontium, calcium or
barium. For example, the organometallic precursor may have the formula
M(RnCp)2, with M being Ba, Ca, or Sr; R being Me, Et, Pr, Bu; and n being 1-5.
Exemplary precursors include Sr(MesCp)2, Sr(iPrsCp)2-THF, Sr(tBusCp)2, and
Sr(MesEtCp)2. Additional precursors may be added to the process to form
ternary ruthenate films, such as [Ba,Sr]RuQOs.

The organometallic precursor may be supplied either in neat form or in
a blend with a suitable solvent, such as ethyl benzene, xylenes, mesitylene,
decane, or dodecane. The organometallic precursor may also be dissolved in
a solvent that is identical to the precursor’s Lewis base (i.e. THF or
tetrahydrofuran). The organometallic precursor may be present in varying
concentrations in the solvent.

The neat or blended organometallic precursor is introduced into the
reactor in vapor form. The vapor form may be produced by vaporizing the
neat or blended precursor solution through a conventional vaporization step
such as direct vaporization, distillation, or by bubbling. The neat or blended
precursors may be fed in liquid state to a vaporizer where it is vaporized
before it is introduced into the reactor. Alternatively, the neat or blended

13



10

15

20

25

30

WO 2011/106072 PCT/US2010/061907

precursors may be vaporized by passing a carrier gas into a container
containing the disclosed precursors or by bubbling the carrier gas into the
disclosed precursors. The carrier gas may include, but is not limited to, Ar,
He, N2, and mixtures thereof. Bubbling with a carrier gas may also remove
any dissolved oxygen present in the neat or blended precursor solution. The
carrier gas and disclosed precursors are then introduced into the reactor as a
vapor.

If necessary, the container containing the organometallic precursor
may be heated to a temperature that permits the precursor to be in liquid
phase and to have a sufficient vapor pressure. The container may be
maintained at temperatures in the range of, for example, approximately 0°C to
approximately 150°C. Those skilled in the art recognize that the temperature
of the container may be adjusted in a known manner to control the amount of
precursor vaporized.

The temperature and the pressure within the reactor are held at
conditions suitable for the deposition process. For instance, the pressure in
the reactor may be held between about 0.013 Pa and about 133 kPa,
preferably between about 1.33 Pa and 13.3 kPa, as required by the deposition
parameters. Likewise, the temperature in the reactor may be held between
about 50°C and about 400°C, and preferably between about 150°C and about
250°C.

After the vapors of the organometallic precursor are introduced into the
reactor, the temperature and pressure conditions within the reactor permit
formation of a very thin layer (e.g., a monoatomic layer) of at least a portion of
the organometallic precursor on the substrate by chemisorption. The interior
of the reactor may then be purged with an inert gas (e.g., nitrogen, helium) in
order to remove unreacted (unabsorbed) organometallic precursor. This purge
is followed by the introduction of the RuO,4 precursor/reactant into the reactor.
Once again, the conditions within the reactor permit the incoming RuO4 to
react with the monoatomic layer formed on the substrate and deposit a

ruthenium oxide layer. Unreacted RuQOy4 precursor is removed with an inert
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gas purge. When a thicker ruthenate film is desired, the sequence may be
repeated. In this embodiment, a ruthenate film is deposited.

The ruthenate films (e.g., SRO, CRO and BRO) produced by this
method exhibit ferroelectric properties and may be used, for example, in
capacitors. Moreover, since thin ferroelectric films may be produced by this
method, these films can be used as electrode materials just like the Ru films
and RuOs; films. In specific terms, these ferroelectric films (particularly
SrRuOy) may be used as the upper and lower electrode materials for a
separate ferroelectric (or as a buffer layer between a ferroelectric and the
electrode material). These ferroelectric films, being oxides, may prevent
oxygen and PbO diffusion with respect to ferroelectrics such as lead
lanthanate titanate (PLT) and lead zirconate titanate (PZT), and at the same
time, by adopting the same perovskite structure as these ferroelectrics, may
increase the adherence at the interface of the electrode material with these
ferroelectrics and prevent or lessen, inter alia, generation of the low dielectric
constant layer that may occur at this interface and may prevent or lessen
deterioration.

Examples
The following non-limiting examples are provided to further illustrate
embodiments of the invention. However, the examples are not intended to be
all inclusive and are not intended to limit the scope of the invention described

herein.

Prophetic Example 1:

Deposition of Ruthenium Films Using RU(EtCp)> and RuQa4

A solvent blend of RuO4 may be prepared and stored in a canister
dipped in a water bath kept at 3°C to 5°C. Vapors may be introduced into the
reactor by pulling vacuum, as the RuO4 vapor pressure is sufficiently high.
Ru(EtCp)2 may be stored in a canister heated at 105°C, the temperature at
which the molecule is liquid and at which the vapor pressure is sufficiently
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high. Vapors may be introduced into the reactor by bubbling, the lines being
heated to 115°C.

The reactor may be a cold wall furnace having a volume of 4 L whose
walls are heated at 115°C to avoid condensation of the precursors. The
deposition pressure may be set at about 66.7 Pa, for a total of 200 sccm
(standard cubic centimeters per minute) of N2 flowing into the furnace.

Depositions may be performed on silicon and silicon oxide. Vapors of
the precursors may be introduced into the reactor separately, separated by N2
purge, in accordance with ALD theory.

Films may be obtained at 230°C and the effect of the duration of the
Ru(EtCp). pulse, X, into the furnace may be determined. The vapor
introduction scheme may be: RuOas: 2 sec/N2:10 sec/Ru(EtCp)2: X sec/N2:15
sec. When the Ru(EtCp)2 pulse time increases from 5 to 30 seconds, it is
expected that a saturation regime may be obtained at around 20 seconds.

The deposition rate of this process is expected to be twice that of a
process that uses oxygen instead of RuOj4, due to the Ru-donor capacity of
RuOs4 (2 Ru steps during 1 cycle, instead of one in the standard case). The
films obtained are ruthenium films. If some oxygen remains in the film and
must be removed, a post-treatment process may be performed using Ho at a
temperature above 150°C.

Example 2: Deposition of SrRuO; Films Using Sr(iPrsCp).-THF and RuO4
A solvent blend of RuO4 was prepared and stored in a canister dipped

in a water bath kept at a temperature of 3°C to 5°C. Vapors were introduced
into the reactor by pulling vacuum, as the vapor pressure of the RuO; is
sufficiently high. Sr(iPrsCp).-THF was stored in a canister heated at 105°C,
the temperature at which the molecule is liquid. Vapors were introduced into
the reactor by bubbling, the lines being heated at 115°C. Sr(iPrsCp).-THF
was introduced at a rate of about 0.1 sccm (standard cubic centimeters per
minute).

The reactor is a cold wall furnace having a volume of 4 L whose walls

were heated to 115°C to avoid condensation of the precursors. The
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deposition pressure was set at 66.7 Pa, for a total of 80 sccm of the carrier
gas N2 flowing into the furnace.

Depositions were performed on silicon, silicon oxide, and ruthenium
wafers. Vapors of the precursors were introduced into the reactor separately,
separated by N2 purge, in accordance to the ALD theory.

Films were usually obtained at 200°C and the effect of the length of the
Sr(iPrsCp).-THF introduction time (pulse), X, into the furnace was observed.
The vapor introduction scheme was: Sr(iPrsCp)2-THF: X sec/N2: 40 sec/RuQy:
2 sec/N2:10sec. It was found that when the Sr (iPrsCp)2-THF pulse time
increased from 10 to 40 seconds, a saturation regime was obtained at around
30 seconds.

FIG 1 illustrates the deposition rate of SrRuOy films on a SiO; substrate
as a function of the duration of the Sr(iPrsCp).-THF pulse. As shown in FIG 1,
the growth rate of SrRuO films (measured by ellipsometry technique),
became constant even though the pulse time was increased, which is typical
behavior in ALD processes.

FIG 2 illustrates the film stoichiometry as a function of the pulse
number of RuO4 for the SRO deposition described above on a silicon dioxide
substrate. The strontium precursor (Sr(iPrsCp)2-THF) was introduced in four
pulses. As shown in FIG 2, the ratio of strontium to ruthenium decreased as
the number of pulses of RuO4increased, and became about 1:1 after 3 pulses
of RuQa.

FIGS 3 and 4 illustrate the effect of post-deposition annealing on
crystallinity at different annealing temperatures after the SRO film was
deposited as described above with 3 pulses of RuO4 and 4 pulses of
Sr(iPrsCp)2-THF. FIG 3 shows the results of post-deposition annealing in a
conventional furnace in an oxygen (O2) environment for 20 minutes. FIG 4
shows the results of post-deposition annealing in a conventional furnace in a
nitrogen (N2) environment for 20 minutes. As shown in FIGS 3 and 4, the
deposited SRO films are amorphous and the crystallization of the SRO film
observed between 500°C and 600°C is independent of the post-deposition

anneal atmosphere.
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FIGS 5 and 6 illustrate the effect of post-deposition annealing (PDA)
on resistivity after an SRO film was deposited as described above with 3
pulses of RuO4and 4 pulses of Sr(iPrsCp).-THF. FIG 5 shows the ratio of
strontium to ruthenium and sheet resistance of the SRO film when post-
deposition annealing was performed in a conventional furnace in an oxygen

(O2) environment for 20 minutes. The measured values for the Sr/Ru ratio are

as follows:
As deposited Sr/Ru = 0.83
After PDA SiO; at 500°C Sr/Ru=1.18
After PDA SiO; at 600°C Sr/Ru = 1.67
After PDA SiO;, at 700°C Sr/Ru = 3.75

FIG 6 shows the ratio of strontium to ruthenium and sheet resistance of
the SRO film when post-deposition annealing was performed in a
conventional furnace in a nitrogen (N2) environment for 20 minutes. The

measured values for the Sr/Ru ratio are as follows:

As deposited Sr/Ru =1.17
After PDA SiO; at 500°C Sr/Ru=1.13
After PDA SiO; at 600°C Sr/Ru=1.10
After PDA SiO; at 700°C Sr/Ru =1.11

As shown in FIGS 5 and 6, when post-deposition annealing was
performed in an oxygen atmosphere, the ratio of Sr/Ru increased. However,
when post-deposition annealing was performed in a nitrogen atmosphere,
there was no significant variation in the ratio of Sr/Ru up to a temperature of
700°C. Furthermore, regardless of the type of annealing environment
(oxygen or nitrogen), the sheet resistance decreased drastically as the post-
deposition annealing temperature increased. After post-deposition annealing
at 600°C, the resistivity was measured at about 2954 pQ*cm, similar to that of

SRO film deposited by sputtering techniques.
While embodiments of this invention have been shown and described,

modifications thereof can be made by one skilled in the art without departing
from the spirit or teaching of this invention. The embodiments described
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herein are exemplary only and not limiting. Many variations and modifications
of the composition and method are possible and within the scope of the
invention. Accordingly the scope of protection is not limited to 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.
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What is claimed is:

1. An atomic layer deposition method for depositing a ruthenium-
containing film onto one or more substrates, the method comprising the steps
of:

a) introducing vapors of an organometallic precursor into a reactor

containing at least one substrate;

b) depositing at least a part of the organometallic precursor onto
the at least one substrate to form a layer using an atomic layer
deposition process;

C) introducing vapors of ruthenium tetroxide (RuQO,) into the
reactor; and

d) reacting the vapors of ruthenium tetroxide with the layer
deposited in step (b) to form the ruthenium-containing film using
an atomic layer deposition process,

wherein the ruthenium-containing film is formed without the introduction of a

separate oxygen-containing reactant..

2. The method of claim 1, wherein the reactor has a temperature
between about 50°C and about 400°C, preferably between about 150°C and
about 250°C.

3. The method of either of claims 1 or 2, wherein the reactor has a
pressure between about 0.013 Pa and about 133 kPa, preferably between
about 1.33 Pa and about 13.3 kPa.

4. The method of any one of claims 1-3, wherein the vapors of
ruthenium tetroxide are generated from a blend of RuO, dissolved in one or

more solvents.

5. The method of any one of claims 1-4, further comprising

repeating steps a) through d) at least one time.
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6. The method of any one of claims 1-5, wherein:

the organometallic precursor is selected from the group consisting of
biscyclopentadienyl ruthenium (RuCpz), bis(methylcyclopentadienyl)
ruthenium (Ru(MeCp)z2), bis(ethylcyclopentadienyl) ruthenium (Ru(EtCp).),
bis(2,6,6-trimethylcyclohexadienyl) ruthenium (Ru(2,6,6-Mes-CgHa)2), bis(2,4-
dimethylpentadienyl) ruthenium (Ru(2,4-Me,-pentadienyl),),
tris(acetylacetonate) ruthenium (Ru(acac)s), tris(tetramethylheptadionato)
ruthenium (Ru(tmhd)s), tris(octadionato) ruthenium (Ru(od)s), and mixtures
thereof; and

the film is a ruthenium film.

7. The method of any one of claims 1-5, wherein:
the organometallic precursor comprises a metal selected from the
group consisting of strontium, calcium, barium, and combinations thereof; and

the film is a ruthenate film.

8. The method of claim 7, wherein:

the organometallic precursor is Sr(R,Cp)2, with R being Me, Et, Pr, or
Bu; and n=1-5, and

the film is a SrRuOs film.

9. The method of claim 8, further comprising introducing a second
organometallic precursor, the second organometallic precursor having the
formula Ba(R\Cp)2, wherein R is Me, Et, Pr, or Bu and n=1-5, and

the film is [Ba,Sr]RuOs.

10.  The method of claim 2, wherein the ruthenium tetraoxide is
dissolved in a mixture of at least two non-flammable fluorinated solvents, each
solvent having the general formula CxH,F,O:N,, wherein:

i) X2 3;

i) y+z<2x+2
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ii) z21;

iv) t=0;

V) u=0;and

Vi) t+u=0;and

vii)  X,y, z,t,and u are all integers; and

viii)  the solvent and ruthenium mixture contains less than about 100

ppm of moisture.
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