
Method for the deposition of a Ruthenium containing
film Background Ruthenium (Ru) is expected to be
introduced in the industrial semiconductor
manufacturing process for many applications in the
coming years. This move towards the use of new
materials for chip manufacturing is necessary to solve
issues generated by the continuous scaling trend
imposed to the industry. For the next generation
nodes, Ru is considered as the best candidate for the
electrode capacitor for FeRAM and DRAM applications.
Ru has the required properties, such as high melting
point, low resistivity, high oxidation resistance and
adequate work function, making it a potential gate
electrode material for CMOS transistor. Ru has
advantages compared to iridium and platinum due to its
lower resistivity and Ru ease of dry etching.
Additionally, RuO has a high conductivity so the
formation of Ru oxide by diffusion of oxygen, that
could come from ferroelectric films (PZT, SBT, BLT,.
..), will have less impact on electrical properties
than other metal oxides known to be more insulating.
Ru is also a promising BEOL process candidate as a
liner material for copper. A single Ru film would
replace the Ta, Ta(Si)N, and the copper seed layer. A
Ru process replaces the two steps Ta/Ta(Si)N process
with a single step. A large variety of Ru CVD
precursors are available and many have been studied.
However, the currently available precursors have a
very low vapor pressure (i.e. 0.1 Torr at 73C for
Ru(EtCp)2) . The Ru films obtained with these known
precursors contain significant amounts of carbon and
oxygen impurities. The C impurities are suspected to
come from the precursor 



material. The O impurity comes from the co-reactant
gas (O ) . It is known from T. Shibutami et al, Tosoh
R&D Review, 47, 2003, that Ru films have poor
adherence, uniformity and also have a
characteristically long incubation time. It is known
from e.g. US-B-6,897,160, to use Ru precursors such
astricarbonyl ( 1 ,3-cyclohexadiene) Ru precursor to
deposit rough ruthenium oxide layers, wherein said
particular precursor (see example 4 of said patent) is
held in a bubbler reservoir at room temperature (about
25C) and helium is bubbled through it. However, as
explained in US-A-6,517,616 to the same assignee, such
Ru(CO)3(1 ,3-cyclohexadiene) product is not liquid at
room temperature (it melts at about 35C) and it is
necessary to dissolve such precursor in a solvent in
order to obtain a liquid solution of precursor and
solvent through which the inert gas such as helium is
bubbled (US-B-6,517,616 discloses in great details
ruthenium precursors solutions in solvents- - see also
US-B-5,962,716). Ru(CO)3( 1 ,3-cyclohexadiene) is
disclosed also in the article of Y.W. Song et al., ECS
transactions, 2(4), 1-1 1, 2006, including its solid
nature at ambient temperature, with a melting point of
35C. All the known precursors of Ru containing a CO
molecule have essentially the same drawbacks which is
their high melting point such solid products require
the use of a solvent in order to handle a liquid
product through which can be delivered into the
reactor either through direct vaporization or by
bubbling an inert gas through it. However, the use of
a solvent is usually viewed as having a bad influence
on the deposition process due to the intrusion of the
solvent particles in the reactor and the incorporation
of undesired impurities in the deposited films.
Moreover, the solvents used are usually toxic and/or
flammable and their 



usage brings many constraints (safety aspects,
environmental issues). Besides, the use of precursors
with melting points higher than 20 C (and even for
those having a melting point above 0 C) implies many
additional constraints during the process deposition
(heating of the delivery lines to avoid condensation
of the precursor at undesired locations) and during
the transportation. The reactivity of the known CO
containing precursors does not enable today to reach
an ALD deposition regime. Ruthenium films are only
deposited by CVD and some articles even outline that
ALD mode is not possible with the Ru(CO)3( 1
,3-cyclohexadiene) precursor.Detailed Description It
is an object to provide ruthenium precursors which are
in liquid state at room temperature and more
preferably in liquid state at temperatures above 0 C,
which can be provided as pure liquids, without the
addition of a solvent, which enable the deposition of
pure ruthenium films or of ruthenium containing films
depending on the co-reactant used with the precursor,
whose resulting films are deposited without detectable
incubation time, and for which an ALD regime can be
obtained for pure ruthenium deposition as well as for
deposition of other ruthenium containing films (RuO2
as an example). Accordingly there is provided a
process for the deposition of a ruthenium containing
film on a substrate, comprising the steps of: a)
providing at least one substrate into a reactor; b)
introducing into the said reactor at least one
ruthenium containing precursor having the formula:
(Rn-chd) Ru(CO)3 , wherein, - (Rn-chd) represents one
cyclohexadiene (chd) ligand, 



substituted with n substituents R, any R being in any
position on the chd ligand; - n is an integer
comprised between 1 and 8 ( 1 < n < 8) and represents
the number of substituents on the chd ligand; - R is
selected from the group consisting of C1-C4 linear or
branched alkyl, alkylamides, alkoxides,
alkylsilyamides, amidinates, carbonyl and/or
fluoroalkyl for R being located in any of the eight
available positions on the chd ligand, while R can
also be oxygen O for substitution on the C positions
in the chd cycle which are not involved in a double
bond;- Unsubstituted positions on the chd ligand are
occupied by H molecules; - c) decomposing said at
least one ruthenium containing precursor under
temperature conditions above 100 C; - d) depositing
said ruthenium containing film onto said at least one
substrate. Preferably, at least one R substituents is
located on a carbon atom of the ligand involved a
double bond, more preferably in a double bond with
another carbon atom. According to a preferred
embodiment, n = 1 and R is a C1-C4 alkyl group,
preferably R is a methyl or ethyl group. According to
another embodiment, the ruthenium precursor formula is
Ru(CO)3(1-Me 1,4-chd) i.e.(1-methylcyclohexa 1,4
diene)tricarbonyl ruthenium Preferably to a further
embodiment, there is at least one R on a carbon of the
chd ligand not involved in a double bond. Preferably,
the temperature conditions are selected into a range
from 



100 C to 500C, more preferably from 150 C to 350C. The
pressure into the reactor shall be preferably
maintained between 1 Pa and 105Pa, more preferably
between 25Pa and 103Pa. The process of the invention
may further comprise the step of providing at least
one reducing fluid into the reactor, said reducing
fluid being preferably selected from the group
consisting of H2, NH3, SiH4, Si2H6, Si3H8, hydrogen
containing fluids and mixtures thereof. The process of
the invention may also further comprise the step of
providing at least one oxygen containing fluid into
the reactor, preferably selected from the group
consisting of O2, O3, H2O, H2O2, oxygen
containingradicals such as 0 or OH and mixtures
thereof. The present invention also relates to the use
of the ruthenium containing precursor having the
formula wherein - (Rn-chd) represents a cyclohexadiene
(chd) ligand substituted with n substituents R, any R
being in any position on the chd ligand; - n is an
integer comprised between 1 and 8 ( 1 < n < 8) and
represents the number of substituents on the chd
ligand; - R is selected from the group consisting of
C1-C4 linear or branched alkyls, alkylamides,
alkoxides, alkylsilylamides, amidinates, carbonyl
and/or fluoroalkyl for R being located in any of the
eight available positions on the chd ligand, while R
can also be oxygen O for substitution on the C
positions in the chd cycle which are not involved in a
double bond for the deposition of a Ru containing film
onto a substrate. Preferably, n = 1 and R is C1-C4
alkyl, preferably methyl or ethyl, while 



the R substituent is located on a carbon atom of the
ligand having a double C bond. According to one
embodiment, the ruthenium precursor formula is
Ru(CO)3(1-Me 1,4-chd) i.e.(1-methylcyclohexa 1,4
diene)tricarbonyl ruthenium, for which the
distribution of the ligand, together with the
configuration of the cyclohexadiene optimizes the
steric hindrance and the reduction of the electronic
interaction and then reduces the melting point.
According to another embodiment, n is greater than 1
and R is a C 1-C4 alkyl, preferably a methyl and/or
ethyl, while there is at least one R on a carbon of
the chd ligand having no double-bond. The molecular
structure of the cyclohexadiene ligand is freely
chosenamong all existing possibilities, such as
1,3-cyclohexadiene or 1,4-cyclohexadiene. According to
the invention, the reducing agent shall be preferably
selected from the group consisting of H2, NH3, SiH4,
Si2H6, Si3H8, hydrogen-containing radicals. The oxygen
containing fluid shall be preferably selected from the
group consisting of O2, O3, H2O, H2O2,
oxygen-containing radicals such as O* or OH* and
mixtures thereof. To carry out the process of the
invention, the pressure shall be comprised between 1
Pa and 100 000 Pa, preferably between 25 Pa and 1000
Pa. According to the invention, the various reactants
can be introduced into the reactor either
simultaneously (chemical vapor deposition),
sequentially (atomic layer deposition) or different
combinations thereof; another example is to introduce
the hydrogen-containing and/or oxygen-containing fluid
continuously and to introduce the at least metal
source by pulse (pulsed 



chemical vapor deposition). Accordingly, the ruthenium
containing precursors defined in step b) here above
shall be usually liquids, in other words having a
melting point below 20 C, and more preferably shall
have a melting point below 0 C. According to an other
embodiment, the metal containing precursor is selected
from the group consisting of: Ru(CO)3(I -Methyl-1
,3-cyclohexadiene), Ru(CO)3(2-Methyl-1
,3-cyclohexadiene), Ru(CO)3(5-Methyl,
1,3-cyclohexadiene), Ru(CO)3(I -Ethyl-1
,3-cyclohexadiene), Ru(CO)3(2-Ethyl-1
,3-cyclohexadiene), Ru(CO)3(5-Ethyl,
1,3-cyclohexadiene), Ru(CO)3(I -Propyl-1
,3-cyclohexadiene), Ru(CO)3(2-Propyl-1
,3-cyclohexadiene), Ru(CO)3(5-Propyl,1
,3-cyclohexadiene), Ru(CO)3(I -Butyl-1
,3-cyclohexadiene), Ru(CO)3(2-Butyl-1
,3-cyclohexadiene), Ru(CO)3(5-Butyl,
1,3-cyclohexadiene), Ru(CO)3(I -Methyl-1
,4-cyclohexadiene), Ru(CO)3(3-Methyl-1
,4-cyclohexadiene), Ru(CO)3(I -Ethyl-1
,4-cyclohexadiene), Ru(CO)3(3-Ethyl-1
,4-cyclohexadiene), Ru(CO)3(I -Propyl-1
,4-cyclohexadiene), Ru(CO)3(3-Propyl-1
,4-cyclohexadiene), Ru(CO)3(I -Propyl-1
,4-cyclohexadiene),Ru(CO)3(3-Propyl-1
,4-cyclohexadiene), and mixtures thereof. According to
another embodiment, the metal containing film
deposited onto the substrate shall be metallic film or
metal oxide film. Examples of the invention should be
now disclosed along with the figures which represent:
Figure 1a the ligand 1,3-cyclohexadiene, and Figure 1b
the ligand 1,4-cyclohexadiene (face and profile) in
boat position; Figure 2, the chemical structure of
Ru(CO)3(I -Methyl-1 ,4-cyclohexadiene); Figure 3, the
deposition rate of ruthenium films in CVD mode v.
deposition temperature; 



Figure 4 , a ruthenium film used as a gate electrode;
Figure 5, the In-depth profile of a ruthenium film
deposited by Ru(CO)3(I -Methyl-1 ,4-cyclohexadiene) on
a SiO2/Si substrate as measured by Auger; Figure 6,
multi layer deposition on a substrate (prior art v.
invention); Figure 7, the deposition time v. estimated
thickness of SiO2 and TaN; Examples: The precursors
disclosed herein are usually liquid at room
temperature, which means that their melting point is
below 20 C, (the temperature set at manufacturing
fabs). They are more preferably liquid at temperatures
below 0C. Ru(CO)3(I -Methyl-1 ,4-cyclohexadiene) is a
light yellow precursor which is liquid at 20C. This
precursor was then placed in a refrigerator set at 10
C and stored during a few weeks under these
conditions: Ru(CO)3(I -Methyl-1 ,4-cyclohexadiene) was
still liquid in this low temperature environment. This
precursor was then placed in a bath maintained at -50C
forseveral hours: it was still liquid, even though,
its viscosity increased. As a comparative test, water
was frozen in less than 3 minutes under the same
conditions. The precursors described in this invention
are liquid with very low melting point, which allows
to use these precursors without the addition of a
solvent. Deposition of pure ruthenium films: Pure
ruthenium films were deposited from temperatures above
250 C 



using Ru(CO)3(I -Methyl-1 ,4-cyclohexadiene). The
liquid precursor was stored in a bubbler and delivered
to the hot-wall reactor by a bubbling method. An inert
gas, helium in this case, was used as a carrier gas,
as well as for dilution purpose. Tests were done with
and without hydrogen as co-reactant. The deposition
characteristics of films deposited in CVD regime are
shown on Figure 3 . With a pressure of 0,5 Torr into
the reactor, films were deposited at a temperature
starting from 250 C, and the deposition rate reached a
plateau at 350 C. Figure 3 shows the deposition rate
values of ruthenium films on silicon oxide substrates
as a function of the deposition temperature. Silicon
oxide was selected as a state of the art oxide
materials (gate dielectrics, capacitors. ..) in order
to validate the use of the ruthenium precursors
disclosed herein for the deposition of ruthenium films
to be used as a metal electrode (MIM, DRAM, gate
electrode,. ..). Figure 4 represents the ruthenium
film deposited in such conditions to build a gate
electrode on a high k gate material deposited on a Si
wafer. (Drain and Source are not represented on Figure
4). The results obtained are disclosed on Figure 5
where two regimes clearly appear: the reaction rate
limited regime (from 250 to 350 C) and the
transportation limited regime (above 350C), which
characterize the CVD mode depositions. The
concentration of various elements into the ruthenium
films were analyzed by an Auger spectrometer. As can
be seen on Figure 5, pureruthenium films were
deposited onto a thermal silicon dioxide layer (chosen
for the same reason than above-mentioned). The
concentration of oxygen in the ruthenium film was
below the detection limit of AES. The concentration of
carbon was determined by comparing the peak
intensities of Ru-MNN (Ru1), 



Ru-LMM (Ru2) and C-KLL (C) of the analysis made of
films obtained by sputtering method and our technique:
the carbon content was found to be less than 0.5%. The
purity of the films is almost similar whether hydrogen
is used or not. Incubation time: Depositions done in
the experimental conditions described above have been
performed at durations up to 60 minutes on different
substrates such as SiO and TaN. Films were deposited
on silicon oxide substrates for the same reason than
explained above. Ruthenium is used as a simultaneous
barrier and glue layer in back-end of the line
applications as exemplified on Figure 6, or as an
electrode layer on nitride materials. . As shown on
Figure 6, TaN may be deposited on the low k material,
on which the Ru layer is deposited, then the copper
layer. The Ru layer avoids deposition of two different
layers, one of Ta, the other which is Cu seed layer.
As depicted on Figure 7, a linear behavior with a
y-intercept and x-intercept equal to 0 is observed
whatever the substrate. From these experiments, it can
be concluded that no or no significant incubation time
is observed. Atomic Layer Deposition: This precursor
Ru(CO)3(I -Methyl-1 ,4-cyclohexadiene) and the likes
are suitable for the atomic layer deposition of
ruthenium and ruthenium oxide films at low
temperatures (150-250 C) using the appropriate
co-reactant. It has been found that ALD is possible
when the co-reactant is molecular and atomic hydrogen,
as well as with ammonia and related radicals NH2, NH,
and oxidants.Deposition of ruthenium oxide films: 



Ruthenium oxide films were deposited by making the
ruthenium precursor and an oxygen containing fluid
react in a deposition furnace. In this particular
case, the oxygen containing fluid was oxygen.CLAIMS 1
- A process for the deposition of a ruthenium
containing film on a substrate, comprising the steps
of: a) providing at least one substrate into a
reactor; b) introducing into the said reactor at least
one ruthenium containing precursor having the formula:
(Rn-chd)Ru(CO) 3 , wherein - (Rn-chd) represents one
cyclohexadiene (chd) ligand, substituted with n
substituents R, any R being in any position on the chd
ligand; - n is an integer comprised between 1 and 8 (
1 < n < 8) and represents the number of substituents
on the chd ligand; - R is selected from the group
consisting of C1-C4 linear or branched alkyl,
alkylamides, alkoxides, alkylsilyamides, amidinates,
carbonyl and/or fluoroalkyl for R being located in any
of the eight available positions on the chd ligand,
while R can also be oxygen O for substitution on the C
positions in the chd cycle which are not involved in a
double bond - Unsubstituted positions on the chd
ligand are occupied by H molecules; - c) Decomposing
said at least one ruthenium containing precursor under
temperature conditions above 100 C. - d) Depositing
said metal containing film onto said substrate. 2 - A
process according to claim 1 wherein n = 1 and R is a
C1-C4 alkyl, 



preferably R is methyl or ethyl;3 - A process
according to claim 1 or 2, wherein at least one R
substituents is located on a carbon atom of the ligand
having a double C bond. 4 - A process according to one
of claims 1 to 3, wherein the ruthenium precursor
formula is 1-methylcyclohexa 1,4-diene. 5 - A process
according to claim 1 wherein n is greater than 1 and R
is a C1-C4 alkyl, preferably a methyl and/or ethyl. 6
- A process according to claims 5, wherein there is at
least one R on a carbon of the chd ligand having no
double bond. 7 - A process according to one of the
claims 1 to 6, wherein the temperature conditions are
selected into a range from 100 0C to 500 0C,
preferably from 150C to 350C. 8 - A process according
to one of the claims 1 to 7, wherein the pressure into
the reactor is maintained between 1 Pa and 105Pa,
preferably between 25Pa and 103Pa. 9 - A process
according to one of the claims 1 to 8, further
comprising the step of providing at least one reducing
fluid into the reactor, said reducing fluid being
preferably selected from the group consisting of H2,
NH3, SiH 4, Si2H6, SJ3H8, hydrogen containing fluids,
hydrogen radicals and mixtures thereof. 10 - A process
according to one of claims 1 to 9, further comprising
the step of providing at least one oxygen containing
fluid into the reactor, preferably selected from the
group consisting of O2, O3, H2O, H2O2, oxygen
containing radicals such as O or OH and mixtures
thereof.11 - Use of the ruthenium containing precursor
having the formula (Rn-chd) Ru(CO)3, wherein -
(Rn-chd) represents a cyclohexadiene (chd) ligand
substituted with n substituents R, any R being in any
position on the chd ligand; 



- n is an integer comprised between 1 and 8 ( 1 < n <
8) and represents the number of substituents on the
chd ligand; - R is selected from the group consisting
of C1-C4 linear or branched alkyls, alkylamides,
alkoxides, alkylsilylamides, amidinates, carbonyl
and/or fluoroalkyl for R being located in any of the
eight available positions on the chd ligand, while R
can also be oxygen O for substitution on the C
positions in the chd cycle which are not involved in a
double bond, for the deposition of a Ru containing
film on a substrate. 12 - Use according to claim 11,
wherein n = 1 and R is C1-C4 alkyl, preferably methyl
or ethyl; 13 - Use according to claims 11 to 12,
wherein at least one R substituent is located on a
carbon atom of the ligand having a double C bond. 14 -
Use according to one of claims 11 to 13, wherein the
ruthenium precursor formula is 1-methyl cyclohexa
1,4-diene. 15 - Use according to claim 11, wherein n
is greater than 1 and R in a C1-C4 alkyl, preferably a
methyl and/or ethyl. 16 - Use according to claim 15,
wherein there is at least one R on a carbon of the chd
ligand not involved in a double-bond. 


