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67 ABSTRACT

There is provided a barrier film preventing diffusion of
copper from a copper wiring layer formed on a semicon-
ductor substrate. The barrier film has a multi-layered struc-
ture of first and second films wherein the first film is
composed of crystalline metal containing nitrogen therein,
and the second film is composed of amorphous metal nitride.
The barrier film is constituted of common metal atomic
species. The barrier film prevents copper diffusion from a
copper wiring layer into a semiconductor device, and has
sufficient adhesion characteristic to both a copper film and
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1

MULTI-LAYERED WIRING LAYER AND
METHOD OF FABRICATING THE SAME

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to a semiconductor integrated circuit
including a copper wiring layer, and more particularly to a
barrier film which prevents copper diffusion from such a
copper wiring layer.

2. Description of the Related Art

As a semiconductor device has been designed io be
smaller and smaller in size, wiring delay exerts greater
influence on a silicon ULSI device. As a result, though a
wiring layer has been composed of aluminum, it'is necessary
1o compose a wiring layer of copper in place of aluminum.

Resislivity of copper is equal to about 70% of resistivity
of aluminum. However, since copper does not form passive
state composed of an oxide film, at a surface thereof, unlike
aluminum, copper is more corrosive than aluminum.

In addition, since copper has a high diffusion rate in both
silicon (Si) and silicon dioxide (SiO,), if copper enters

MOSFET formed on a silicon substrate, copper would

induce reduction in carrier lifetime.

Hence, it is absolutely necessary for a semiconductor
device having a. copper wiring layer to have a diffusion-
barrier film for preventing diffusion of copper into an
interlayer insulating film formed beiween copper wiring
layers. In addition, since such a diffusion-barrier film has to
have high adhesion characteristic to both an interlayer
insulating film and a copper wiring layer in order to keep
reliability in wiring.

Thus, there have been made many suggesnons ‘about a

structure of a barrier metal layer and a method of fabricating >

the same, in order to prevent copper diffusion form a copper
wiring layer.

For instance, a structure of a barrier metal laycr is

’euggested in the following articles: -
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(a). Semiconductor World, Nobuyoshl Awaya, February

1998, pp. 91-96 (hereinafter, referred to as Prior Art 1);
(b) Advanced Metallization and Interconnect Systems for
ULSI Applications in 1997, Kee-Won Kwon et al,,

1998, pp. 711-716 (hereinafter, referred to Prior Art 2);
" (c) Journal Electrochemical Socmly, M. T. Wang et al,,
July 1998, pp. 2538-2545 (heremaflnr referred to as
Prior Art 3); and ;
(d) 1998- Symposium on " VLSI ‘Technology. Digest of
. Technical Papers, D. Denning et al., 1998, pp. 22-23.
In addition, a structure of a barrier metal layer and a
method of fabricating the same both for preventing copper

‘diffusion is suggested also in Japanese Unexamined Patent

Publications 8-139092, 8-274098, 9-64044 and 10-256256,
and Japanese Patent Application No. 10-330938. Herein,
Japanese Patent Application No. 10-330938 is not published
yet, and hence does not constitute prior art fo the present

_ invention. However, it is explained in the specification only

for better understanding of the present invention. The appli-
cant docs not admit that Japanese Patent Application No.
10-330938 constitutes prior art to the present invention. -

It is quite difficult to dry-etch copper, and hence, a copper
wiring layer is formed generally by chemlcal mcchamcal
polishing (CMP).

~. Specifically, a copper wiring layer is formed as follows

An insulating film is formed on an underlying copper
wiring layer. Then, the insulating film is formed with a
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recess and a through-hole reaching the underlying copper
wiring layer. Then, a thin diffusion-barrier film is formed on
surfaces of the recess and the through-hole therewith siich
that the recess and the through-hole is completely covered at
surfaces thereof with the diffusion-barrier film in order to
prevent copper diffusion from uncovered region.
Thereafter, a copper film is deposited filling the recess and
the through-hole therewith by CVD or sputtering. Then, the
copper film and the diffusion-barrier film are removed in
selected regions by CMP. Thus, a copper wiring layer is

completed.

As will be obvious to those skilled in the art, the diffusion-
barrier film is required to have high coverage as well as
capability of preventing copper diffusion and adhesion to
copper.

The diffusion-barrier film is composed, for instance, of
refractive metal such as tungsten (W), tantalum (Ta) or
titanium (Ti), or nitride of such refractive metal such as
tungsten nitride (WN), titanium mmde (TiN) or tantalum
nitride (TaN).

As.explained in Prior Art 2, for instance, a tantalum (Ta)
barrier film has high adhesion with a copper film formed on
the tantalum barrier film by sputtering, ensuring improve-
ment- in crystallinity of the copper film. However, since
copper is diffused into the tantalum film, it would be
necessary for the tantalum barrier film formed below the
copper film, to have a thickness of 50 nm or greater.

Prior Art 4 reports that if a copper film is formed on a
tantalum film by CVD, fluorine (F) segregates at an interface
between the copper ﬁlm and TaN, resulting in degradation in
adhesion therebetween.

Prior Art 3 reporis that a crystallme TaN barrier film
oriented in directions of (200) and (111) can prevent copper
diffusion mere highly than a crystalline Ta barrier film.

As an solution to enhance a characteristic of preventing
copper diffusion and adhesion to copper, a multi-layered
structire of a metal film and a metal nitride film has been
suggested. =

For instance, the above-mentioned Japanese Patent Appli-
cation No. 10-330938 has suggested a method of fabricating
a multi-layered barrier film including a titanium film and -
formed by sputtering.

As illustrated i in FIG 1,in accordancc with the suggested
method, only an argon gas is introduced into a sputter
chamber to thereby form a titanium film 1. Then, a nitrogen
gas is introduced into ‘the - sputter, chambgr, and & thin
titanium nitride film 2 is formed on the titanium film 1

'aux111ar11y making use of reaction betweer titanium and

nitrogen. . Thus, there is formed -a multi-layered barrier

‘structure 3 comprised of the titanium film 1 and the thin

“-titanium nitride film 2.
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In the method, a metal oxide film formed on an underlying
wmng ﬁlm is removed by argon plasma prior to- carrying out
sputtcrmg

However, the conventional barner film for preventing
copper d1ffus1on is accorapanied with the following prob-
lems. |

The first problem is that it is quite dlﬁicult to make a
diffusion-barrier film Have both a characteristic of prevent-
ing éopper diffusion and a sufficient adhesive force with
copper. . )

- As illustrated in FIG. 2, it is now assumed to form a metal
film § having a crystallized pillar structure, on a semicon-
ductor substrate 4. In the metal film 5, a lot of grains each
comprised of individual erystals, and grain boundaries 7

" each defining an interface between the grains 6 exist

throughout the metal film 5, that is, from an upper surface to
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a bottom of the metal film 5. The grain boundaries 7 define
paths 8 through which coppet is diffused. As a result, the
metal film 5 has low barrier characteristic of prcvemmg
copper diffusion.

As illustrated in FIG. 3, it is now assumed to form a metal
film Sa on a semiconductor substrate 4. If the metal ilm Sa
is composed of metals having small resistivity, such as
tungsten (W), titanium (Ti) or tantalum (Ta), the metal film

5 would have a polycrystal structure. As a result, the metal

film Sa would have a pillar-like structure similarly to the
metal film 5 illustrated in FIG. 2; and accordingly, the metal
film 5a would have small barrier characteristic of prcveming
copper diffusion.

However, it should be noted that if a coppor film is formed
on a crystalline metal film, such as a B-Ta (002) film as
obtained in sputtering of a tantalum film, by sputtering, the
copper film would have high adhesion and rich crystal
orientation, though a barrier characteristic of preventing
copper diffusion would be deteriorated. As a result, the
copper film would enhance reliability in copper wiring,.

In contrast, the metal film 5a illustrated in FIG. 3, which
is composed of particles 9 such as amorphous TaN and
formed on the semiconductor substrate 4, has small
resistivity, specifically in the range of about 200 to 250
4Qcm, and does not have the paths through which copper is
diffused unlike the crystalline metal film 5 illustrated in FIG.
2. As a result, the metal film 5a would have high barrier
characteristic of preventing copper diffusion. '

Howeéver, since a surface of the metal film 5a is amor-

" phous and hence crystal lattice is not uniformly arranged, if
a copper film s formed on the amorphous metal film Sa by
CVD or sputtering, copper crystallinity and adhesion to
copper are degraded.

As mentioned so far, it is quite drﬂicult to form a
diffusion-barrier film having a single-layered structure comn-
prised only of a crystalline metal film or an amorphous metal
nitride film, and further having high barrier- characlcrrsllc of
preventing copper diffusion and high adhesion to copper.

The. second problem is caused when a diffusion-barrier
film 1s desrgncd to have a multi-layered structure in order to
avoid the above-mentioned problem of the sml,le-layercd
diffusion-barrier film.

For instance, if a‘diffusion-barrier film is designed to hiave
a multi-layered structure comprised of a crystalline metal
film having high adhesion to copper and an amorphous
metal nitride film having high barrier characteristic, such as
TaN, there would be obtained a diffusion-barrier film kaving
high barrier characteristic of preventing copper drffusmn and
high adhesion to copper.

However, since it was not possible in a conventional
method to successively form a crystalline metal film and an
amorphous metal nitride film by sputtering, the crystalline
metal film and the amorphous meta! nitride film had to be
separately formed in the same sputtering chamber or be
formed in separate sputtering chambers.

For instance, the above-mentioned Japanese Patent Appli-
cation No. 10-330938 has suggested a method including the
steps of introducing an argon gas into a spultering chamber
to thereby forrn a titanium film, and introducing a nitrogen
gas into the sputtering chamber to thereby form a titanium
nitride film on the titanium film.

However, in accordance with this method, the titanium
nitride film cannot be formed until pamal pressures of argon
and mtrogcn become stable by varying a mixture ratio of
argon and nitrogen. Hence, it is impossible to enhance a
fabrication yield of fabricating a diffusion- barner flm hav-
ing a multi-layered structure.
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The third problem relatcs to coverage of a film formed by

" sputtering.

In general, when a metal film or a metal nitride film is
formed by sputtermg, a metal target is sputtered by argon
plasma generated by virtue of rotational magnetic field and’
application of DC bias, and resultingly, a metal film or a
metal nitride film is deposited on a substrate located in
facing relation to the metal target.

In sputtering, a pressure at which a metal target is sput-
tered is low, specifically, equal to 1 Pa or smaller. Since
metal particles sputtered by argon plasma ar¢ radiated ran-

:domly to a surface of a substrate, for instance, if the

substrate is formed at a surface thereof with a deep recess or
hole, it would almost unpossrble to deposit a. metal film such
that such a recess or hole is completely covered with the
mietal film..

" In addition, since a sputtering pressure is low, argon
plasma could have a low plasma density, and hence, there
cannot be expected re-sputtering effect in which a metal film
deposited onto a surface of a substrate is sputtered by argon
plasma

" In order to enhance coverage of a metal film, there has
been suggested collimate sputtering in which a melal plate
formed with a lot.of through-holés is located between a
sputtering target and a substrate, and metal particles are
caused to pass through the through-holes.to thereby uniform

direction of metal particles. In accordance with the collimate

sputtermg, it is possible to deposit a metal film on a bottom
of a recess formed at a surface of a substrate, but it is not
possible to deposit a metal film onto an inner 51dewa11 of the
recess.

The fourth problem is that'a crystallme metal film having
high adhesion with a copper film tends to react with atmo-
sphere to lhcreby a reaction laver at a surface thercof.

Such a reaction layer would much detenorate adhesion of
a metal film with a. copper film.

The fifth problem is a copoer oxide ﬁlm is adhered again
to a recess or hole.” "™

"An oxide film formed on'a surface or an underlyrug wiring
metal film is removed by argon plasma prior to deposition of
a diffusion-barrier film by sputtering. When an underlymg
wiring layer is composed of copper, a copper oxide film is
scattered by argon- spullenng, and as a result, the thus
scattered copper oxide is adhered again to a recess or hole.
formed at a surface of an insulating film.

The sixth problem is that when a copper film is formed on
a tantalum film and an amorphous TaN film by CVD,
adhesion between the. copper film and a drifusron barrier
film is deteriorated.

SUMMARY. OF THE INVENTION
In view of the above-mentioned problems in a conven-
tional diffusion-barrier film, it is an object of the present
invention to provide a diffusion-barrier film having both a

diffusion-barrier characteristic of preventing copper from

being diffused into’a semiconductor device and high adhe-
sion between a copper film and an interlayer insulating film.

It is also an objcct of the present invention to provide a
multi- ldycred wiring’ structure 1nc1ud1ng the above-
mentioned diffusion-barrier film.

. Another Ob]CCl of the present invention is to provide a
method of fabricating such thc above- mentloned diffusion-
barrier film.

A further object of the present invention is to provide a
method of fabriudling a multi-layered copper wiring layer in
which' copper is-buried above the above- mentioned
drﬁusrou-bamer film.
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In one aspect of the present invention, there is provided a
barrier film preventing liffusion of copper from a copper
wiring layer formed on a semiconductor substrate, including
a multi-layered structure of first and second films, the first
film being composed of crystalline metal containing nitro-
gen therein, the second film being composed of amorphous
metal nitride, the barrier film being constituted of commor:
metal atomic species. :

-+ Itis preferable that the first film is formed on the second
film.

It is preferable that the second film has a thickness in the
range of 80 angstroms to 150 angstroms both inclusive.

It is preferable that the first film has a thickness in the
range of 60 angstroms to 300 angstroms both inclusive.

In another aspect of the present invention, there is pro-
‘'vided a multi-layered wiring structure including a barrier
film which prevents diffusion of.copper from a copper
wiring layer formed on a semiconductor substrate, the
barrier film having a multi-layered structure of first and
second films, the first film being composed of crystalline
metal containing nitrogen therein, the second film being
composed of amorphous metal nitride, the barrier film being
constituted of commor metal atomic species.

It is preferable that the barrier film covers a recess and a
hole formed throughout an insulating film formed on an
underlying wiring layer.

It is preferable that the multi- layered wiring structuré
further includes a copper film formed on the first film.

In still another aspect of the present invention, there is
provided a method of forming a diffusion-barrier film by

sputtermg, including the steps of (a) preparing gas contain- -

ing nitrogen therein, and (b) varying only power of an
electric power source for generating ‘plasma to- thereby
successively form a diffusion-barrier film having a multi-
layered structure of first and second films, the first film being
composed of crystalline metal containing nitrogen therein,
the second film being composed of amorphous metal nitride,

6.

being kept at a constant; and (b) setting the electric power
souice to.generate power having a second value greater than
the first value at the moment when the first film is formed by
a predetermined. thlckness to thereby form a second film on
the first film.

It is preferable that lhe first film is composed of amor-
phous mietal nitfide, and. the second film: is composed of

. crystalline metal containing nitrogen therein.
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the barrier film being constituted of metal atomic species of

sputter target.
Itis preferable that the gas containing nnrogcn therein has
a pressure equal to or greater than 5 Pa.

It is preferable that the gas contams nitrogen at 10 volume
% or ‘smaller. .

It is preferable that the metal atomic species of sputter:

target is one of tantalum, tungsten, titanium, molybdcnum
and niobium alone or in combmalron

It is preferable that the second film has a thickness in the

'range' of 80 angstroms to 150 angstroms both inclusive.

It is preferable that the first film has a thickness in the
range of 60 angstroms to 300 angstroms both inclusive.
There.is further provided a method of forming a diffusion-
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barrier film by RF magnetron sputtering making use of .

rotational magnetic field and RF power, including the steps
of (a) preparing gas containing nitrogen therein, and (b)
varying the RF power to thereby successively form a
diffusion-barrier film having a multi-layered structure of first
and second films, the first film be1ng composed of crystalline
metal containing nitrogen therein, th¢ second film being
‘composed of amorphous metal nitride, thc barrier film being
constituted of metal atomic species of sputter target,

There is still further provided a method of forming a
diffusion-barrier film by RF magnetron sputtering, including
the steps of (a) setting an electric power source for genera-
tion plasma to generate power havmg a first value, to thereby

a first film, with, a' concentration of nitrogen in plasma gas

55
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There is yet further provided a method of forming a

. copper wiring film, including ‘the steps of (a) radiating

plasma of argon containing hydrogen therein, to a recess or
hole formed at an insulating film formed on a semiconductor
substrate, (b) forming -a diffusion-barrier film to cover the
recess or hole therewith without exposing to atmosphere, the
diffusion-barrier film having a multi-layered structure of first
and second films, the first film being composed of crystalline
metal containing nitrogen therein, the second film being
composed of amorphous metal nitride, and (c) forming a
copper film on the diffusion-barrier film without exposing to
atmosphere.

It is preferable that the dlffuslon barrier film is formed by
sputtering. -

lt is preferable that the copper film is formed in vacuum.

It is preferable that the copper film is formed by thermal
chemical vapor deposruon in which thérmal dismutation in
a complex of organic metal i is utitized.

It is preferable that the copper film is.formed by sputtenng
in which copper target is used. .

The advantages obtained by the aforementloncd prescnt
invention will be described hereinbelow.

In the-diffusion-barrier. film in accordance with the present
invention, a copper film makes direct contact with a crys-

 talline metal film containing nitrogen therein, ensuring high

adhesion 1herebetween and high crystalhmty of a copper
ﬁlm

In addition, since the metal film contains mtrogen therein,
copper diffusion into a semiconductor device can be pre-

vented ‘more effectively ' than “a melal film having pure

crystals.. )
In the drifusron-bamer film in accordance with the present
vention, an amorphous metal film containing nitrogen
lherein lies under a crystalline metal film containing nitro-
gen therein. Hence, it is possible to effectively prevent
copper diffusion, and to ensure high adhesion with an
underlvrng insulating film such as a silicon dioxide film.
That is, by forming a copper wiring layer on the diffusion-
barrier film in acdordance with the present invention, it is
possible to not only ensure high crystallinity and high
adhesion of a copper \vmng layer, but also to prevent copper
diffusion. :

The method in accordance wrth the present invention
makes it possible to successwely form a diffusion-barrier
film having -a multi- layered structure of first and second
films, by varying only power of an electric power source for
generating plasma in sputtering in which gas contarmng
nitrogen-therein is employed. Herein, the first-film is com-

‘posed of crystalline metal containing nitrogen therein, and

the second film is composed of . amorphous metal nitride.
The barrier film is constituted of metal atomic' species of
sputter target.

Spec1ﬁcally, an electrlc power source for generating
plasma is first set to generate relatively low power with a
concentration of nitrogen in plasma gas being kept constant.
A film is formed in such a condition. Target metal makes
sufficient reaction with nitrogen, and resultingly, an amor-
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phous metal nitride film is formed. Immediately after the
formation of the amorphous metal nitride film, the electric
power source is set to generate relatively high power to
thereby form a film without allowing sufficient time for
reaclion between nitrogen and target metal. As a result, there

-is 'obtained a crystalline metal film containing mtrog,en
therein. .

Thus, it is posmble to successively form a diffusion-
barrier film in the same chamber, wherein the diffusion-
barrier film has a multi-layered structure including a crys-
talline’ metal fiim containing nitrogen therein and an

-amorphous metal pitride film.

The, method of fabricating a diffusion-barrier film
-employs RF magnetron sputtering in which rotaticnzl mag-
netic field and RF power are utilized. Since the method
_ makes it possible to carry out sputtering where a nitrogen-
containing gas has a pressure CQUal to or greater than 5 Pa,
plasma density of argon which is a main constituent of
sputtering gas can be enhanced, and thus, there can be
obtained coverage for entirely covering a recess or hole
formed at a surface of a substrate, with the diffusion-barrier
film.

The method of fabncalmg a diffusion-barrier film, in
accordance with the present invention, includes the step of
radiating plasmea of argon containing hydrogen therein, to a
recess or hole formed at .an insulating film formed on ‘a
semiconductor substrate. This step reduces a copper oxide
film formed on a surface of an underlying copper wiring
layer, to thereby turn.copper oxide back to copper, ensuring
remarkable reduction in re-sputtering of a copper oxide film
to a surfacc of a‘recess or hole formed at a surface of an
insulating film.

Then, a diffusion-barrier. film is formed to cover the récess
or hole therewith without-exposing to atmosphere, wherein
the ‘diffusion-barrier film has a multi-layered structurc of
first and second films, the first film being composed of

- crystalline metal containing nitrogen therein, the second filra
-being composed of amorphous metal nitride. Then; a thin
copper_ film is.formed on the diffusion-barrier film in
vacuum. As a Ttesult, there is obtained a multi-layered
structure’ cornpn'sed of the diffusion-barrier film and -the
" copper wiring film without a metal oxide layer bemg sand-
wiched therebetween.

The above and other objects and advantageous features of
the -present invention will be made apparent from the fol-
Iowmg, dcscr1puon made with reference to the accompany-
ing drawings, in which like reference characters designate
the same or similar parts throughout the drawings..

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional view of a.conventional copper
wiring structure. .

FIG. 2 is a cross- sectlonal view of another conventlonal
copper wiring structure.

FIG. 3 is a cross-seciional view of strll,another conven-
tional copper wiring structure.

cating lhe same.
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FIG. 4A is a cross-sectional view of a diffusion-barrier .

film in accordance with the first embodiment of the present
invention, illustrating the first step of.a method of fabricating
the same.

FIG. 4B is a cross-sectional view of a drffusron barrler
film in accordance with the first embodiment of the present
invention, illustrating the second slep of a method of tab-
ricating the same.

FIG. 4C is a cross-sectional view of a dltfusmn-bamer
film in accordance with the first embodiment of the present
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. 8
invention, 11]ustral1r1g the third step of a method of fabri-
cating the same.

FIG. 4D is a cross-sectional view of a diffusion-barrier
film in accordance with the first embodiment of the present
invention, illustrating the. fourlh step of a method of fabri-

FIG.'5 illustrates a hlgh-pressure RF .magnetron spuiter-
ing apparatus used in the first embodiment.

FIG. 6 is a graph showing coverage characteristic of a
tantalum film in high-pressur¢ RF magnetron sputtering.

FIGS. 7 and 8 .are cioss-sectional views of 2 recess
covered with a tantalum ﬁlm in high-pressure RF magnetron
sputtering.

FIG. 9 is a graph showmg a relation among a ratio of a
nitrogen gas in a mixture gas introduced into a chamber, RF
power, and resistiviiy of a film formed by sputtering.

FIGS. 10 :o 18 are graphs each showing film quality and
characteristica of TaN and Ta films in high-pressure RF
magnétron sputtering.

FIGS.- 19 and 20 aré photographs of a film formed by
high-pressure RF magnetron-sputtering which photograph is
taken by means of a scanning electron microscopy (SEM).

FIG. 21 is a cross-sectional view of a diffusion-barrier
film formed by high-pressure RF magnetron sputiering
which bzrrier-diffusion film is comprised of a crystalline Ta
film containing nitrogen in solid solution and an amorphous
metal TaN film.

FIG. 22 is 4 photograph of a film formed by hlgh-pressure
RF " magnétron spultermg which photograph is taken by
means of a scanning electron microscopy (SEM).

" FIG. 23 is a cross-sectional view of a dlffuswn harrier
film covering a recess. therewith.

FIG. 24 illustrates a DC magnetron sputtering apparatus
used in the fourth embodiment.

FIG. 25 is- a cross-sectional’ view ‘of a diffusion-barrier
film covering a recess forméd at a surface of an insulating
film formed above a lower wiring layer.

FIG. 26 is a cross-sectional view of a diffusion-barrier
film covéring a recess formed at a surface of an insulating
film forméed above lower wiring layets. .

FIG. 27 is a plan view of a cluster apparatus used for
forniing a copper wiring layer.

FIG: 28 is a graph showing a diffusion proﬁle of fluorine
into a diffusion-batrier film.

FIG. 29 is a graph showing a drﬁ?usron profile of (.opper
into a diffusion-barrier film.

FIG. 30 is a cross-sectional. view’ of a- copper wrrmg
structire in"accordance with the seventh embodiment. -

FIG. 31 is a cross-sectional view of a copper wiring
structure in accordance with the seventh embodimeul.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Preferred'embodlments in accordance w1th the present
invention will be explained herembclow with reference to
drawings.

A method of fabricating a diffusion-barrier film in accor-
dance with the preferred embodiment is explained herein-
below with reference to FIGS. 4A to 4D.

As illustrated in-FIG. 4A, a first -insulating- filin 12a is
formed on a semiconductor substrate 11, and a second
insulating film 125 is formed on the first insulating film 12a.
A copper wiring layer 44 is buried in the first insulating film
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12a. The second insulating film 12b is formed at a surface
thereof with recesses 13 in each of which a wiring is to be
formed. Holes 14 reach the first insulating film 12a from a
bottom of each of the recesses 13. :

First, the semiconductor substrate 11 is exposed to argon
plasma containing hydrogen therein, in a first chamber.

Then, the semiconductor substrateé 11 is transferred in
vacuum to a second chamber; and a film is formed cn the

semiconductor substrat¢ 11 in a nitrogen-containing gas by

sputtering in which a sputtering target is composed of
refractive metal.

First, an electric power source for generating plasma is set

US 6,538,324 B1

In the illustrated RF magnetron sputtering apparatus, a
chamber 21 is Kept to be in vacuum, specifically, to have an
internal pressure of about 1x1077 Pa to about 1x10-6 Pa by
means of a pump 33 such as a dry pump, a cryosorption
pump or a turbo pump. In the chamber 21 is placed a heater
34 which can heat a semiconductor substrate 22 introduced

- into the chamber 21, 11p_ te. about 20 to 300 degrees centi-

to generate relatively low power with .a concentration of

nitrogen in plasma gas being kept constant. As a result, the
target metal makes sufficient reaction with nitrogen, and -an
-amorphous metal nitride film 15 is deposited over a surface

- of the second insulating film 12b, as illustrated in FIG. 4B. -

Then, immediately after the formation of the amorphous
metal nitride film 15, the electric power source is set to
.generate relatively high power to thereby form 4 film
without allowing sufficient time for reaction between nitro-
.gen and the target metal. As a result, a crystalline metal film
16 containing nitrogen therein is formed on the amorphous
metal nitride film 15.

Thus, as illustrated in FIG. 4B, it is possible to succes-
sively and effectively fabricate the diffusion-barrier film 17
having -a. multi-layered structure, on both an inner sidewall
and a bottom of the recesses 13 and the holes 14 i in the same
chamber. By setting a sputtering pressure sufficiently high
while "deposition of the diffusion-barrier film 17 by
sputtering, it would be possible to enhance coverage of the
“diffusion-barrier film 17.

Thereafter, the semiconductor. subStrale 11 is transferred.

into a third chamber in vacuum. Then, a copper film 18 is
deposited over the diffusion-barrier film 17 in vacuum in the
third ¢chamber to thereby completely fill the recesses 13 and
the holes 14 with the copper film 18, as illustrated in FIG.
4C. Since the crystal metal film 16 containing: nitrogen
therein is exposed outside and the semiconductor substrate
11 is transferred in vacuum, an oxide film is-not formed at
a surface of the crystal metal film 16.

Then, as iilustrated in FIG. 4D, the d1ﬂhsmn-bamer film
17 and the copper film 18 are removed by CMP until the
second insulating film 12b appears. Thus, there is obtained
-a copper wiring structure having high reliability.

The reason of enhancement in barrier characteristic of
preventing copper dlﬁusmn is to introduce nitrogen into the
metal film 16. In addition, the metal film 16 containing
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nitrogen ensures high adhesion with copper. The amorphous

metal nitride film 15 also has a characteristic of preventing :

copper diffusion, and further enharices adhesion with the
second insulating film 12b. Thus, it is possible to ensure high
adhesion between the copper film 18 and the diffusion-
barrier film 17, and to prevent copper from being diffused
from the copper film 18 into the second insulating film 12b.

Hereinbelow are ‘¢xplained detailed examplés of the
‘above- mentioned embodiment. '

FIRST EXAMPLE

1o the first exdample, hereinbelow is explained sputtering
for fabricating a multi-layered structure comprised of a

crystalline metal film containing nitrogen lhercm and an’

amorphous metal nitride film.

The sputtering in the first example is carried out in'a RF
magnetron sputtering apparatus illustrated in FIG. 5.
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grade: A metai target 28 or the semiconductor substrate 22
is designed to-be able to raise or lower, and hence, a distance
between the metal target 28 and the semiconductor substrate
22 can be. varied in the range of 102 mm to 134 mm.
Argon and nitrogen gases are adJusted ‘with respect to a
flow rate by means of ‘mass flow coctrollers 31, and then,
introduced into the chamber 21. When the argon and nitro-
gen.gases are introduced into the chamber 21, the chamber
21.has an internal pressure of about 2 Pa to about 17 Pa.
The metal target 28 has a diameter, for instance, in the
range of about 300 mm fo about:320 mm. The metal target
28 is fixed to the chamber 21 through a target holder 27, a
cathode 23 and insulators 29. In the cathodes 23 are rotat-
ably arranged a plurality of permanent magnets 24. By
rotating the permanent magnets 24, magnetic field 30 in the
chamber 21.is uniformized, and erosion at a surface of the

* metal target 28 is also uniformized. As a result, it is possible

to enhance uniformity of a film to be formcd on the
semiconductor substrate 22. :

" AREF electric power 'source 25 for introducing RF power
into the chamber 21 is in electrical connection with the
cathode 23 through a matching box 32 carrying out imped-
ance matching. The RF electric power source 25 applies
radio frequency (RF) having a frequency-of 13.56 MHz to
the metal target 28 having a d1ameler of 300 mm, at 0 to 10
kW.

Turning the RF electric power source 25 on to thereby
introduce KF into the chamber 21, there is generated argon
plasma containing nitrogen therein. The target metal 28 is
sputtered by-argon ions generated in the argon plasma 26. As
a result,-metal particles of the target metal 28 fiy into the
semiconductor substrate 22, and thus, the crystalline metal
film 16 containing mtrogcn therein or the amorphous metal

‘ nitride film 15 is formed."

The inventor actually formed.a tantalum -film covering
therewith  the -hole 14 (see FIG. 4A) formed. through the
second insulating film 125 by means of the above-mentioned
RF niagnetron sputtering apparatus. The coverage charac-
teristic of the tantalum film is shown in FIG. 6.

The hole 14 had a diameter in the range'of 0.3 um to 1.5
um. The second insulating fitm 125 had a thickness of about
1.5 um where the hole 14 was formed.

As is cbvious in view of FIG. 6, as a sputtering prcssure
is increased from 2 Pa to 17 Pa, bottom coverage is
enhanced. Herein, bottom coverage is defined as a ratio of a
thickness of the tantalum film at a bottom of the hole 14 to
a thickness of thé tantalum film at a surface of the second
insulating film 12b. Specifically, when a sputtering pressure
is over 5 Pa, sufficient coverage can be obtamed to a hole
having a great aspect ratio.

A thickness of the tantalum film at an inner sidewall of the-
hole 14 is equal to about a half of a thickness of the tantalum
filmat a bottom of the hole 14. As a sputtering pressure is
increased, the tantalum film covers an inner sidewall of the
hole 14 therewith to a greater degree.

The reason of this phenomenon is considered as follows.

The first réason is an mcrcase in the number. of Ta ions in
plasma gas as illustrated in FIG 7.
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As.a sputtering pressure is increased, tantalum atomics
increasingly make collision with excited argon atomics,
resulting in that argon atomics are facilitated to be ionized.
The resultant tantalum jons are attracted to negative self-bias
generated at the semiconductor substrate 22. As a result, an

incident angle at which tantalum ion flux 35 is radiated to the

semiconductor substrate 22 becomes nearly 90 degrees.
Thus, ovcrhangmg which occurs in the v1c1mty of an edge
of recess or hole in conventional sputtering is suppréssed,
ensuring tantalum atomics to reach a bottom of the hole 14
or recess 13. As a result, a tantalum film 36 entirely covers
an inner sidewall of the hole 14.

The second reason is that the deposited tantalum film 36
is re-sputtered by argon ions 39, as illustrated in FIG. 8.

The argon ions 39 which are primary constituents of
plasma gas are accelerated by electric field and reach not
only a target but also the semiconductor substrate 22 which
is in a condition of negative self-bias. This means that the
tantalum film 36 having been deposited onto the semicon-
ductor substrate 22 is re-sputtered. Since the tantalum film
deposited in the vicinity of an edge of the hole 14 or recess
13 and causing overhanging is re-sputtered by the argon ions
39, as indicated with an arrow 37, tantalum atomics 38
directing to a bottom of the hole 14 or recess 13 are not
interfered at the edge of the hole 14 or rscess- 13.
Accordingly, it is ensured that a tantalum film is deposited
on a bottom and an inner sidewall of the hole 14 or recess
13.

In addition, since the tantalum film 36 deposited on a
bottom of the hole 14 or recess 13 is re- sputtered by the
argon ions 39, tantalum atomics generated by re-sputtering
are deposited again on an inner sidewall 40 of the hole 14 or
recess 13, ensuring enhancement in coverage at the sidewall
40 of the hole 14 or recess 13.

It is not possible to.determine which is a main reason for
enhancement in coverage among the above-mentioned first
and second reasons. However, since mean free path of
plasma ion is just a few millimeters under a pressure over 5
Pa, it is considered that almost 90 degrees of an incident
angle of the tantalum ion flux 35 does not contribute to
enhancement in coverage so much. The main reason why the
coverage is enhanced is considered that argon. ions are
generated in a sufficient density by virtue of a high pressure,
and a tantalum film having been deposited are re-sputtered
by the argon ions.

In accordance with. the expenments the inventor had
conducted, it was confirmed that coverage was enhanced in
sputitering of a tantalum nitride film, carried out undcr a high
pressure over 5 Pa.

As mentioned so far, it is preferable that a sputtering
pressure is set equal to or greater than 5 Pa in RF magnetron
sputtering. : :

SECOND EXAMPLE

FIG. 9 shows a relation between a flow rate ratio and
resistivity of a film formed by high-pressure RF magnetron
- sputtering having been explained in the first example, for
various RF powers. Herein, the flow rate ratio is defined as
a ratio of a volume of argon gas to be introduced into the
chamber 21 to a volume of nitrogen gas to be introduced into
the chamber 21 (N,/(Ar+N,)).

The relation shown in FIG. 9 was observed when ‘the
chamber 21 had a pressure of 13 Pa, the semiconductor
‘substrate 22 was heated at 200 degrees centigrade, the
permanent magnets 24 were rotated at 10 r.p.m.,. and.the
distance between the metal target 28 and the Semiconduclor
substrate 22 was 134 mm.
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As a ratio of N, gas in the flow rate ratio N,/(Ar+N,) is
increased, the resistivity- is once reduced, and.thereafter,
increased again, regardless the RF power. However, an
increase. rate of the N, gas ratio is dependent on the RF
power. The resistivity increases at 4 lower rate at the greater
RF power. ‘

FIGS. 10 to 13 show how X-ray diffraction (XRD)
patterns vary as the N2 gas ratio is varied when RF power of
6 kW (8.5 W/cm?) is applied to the: tanlalum target having
a diametér of 300 mm.

Specifically, FIGS. 10 to 13 shows XRD palterns when
the N, gas ratip is equal to 0%, 1%, 5%, and 7% respec-
tlvely Hereinbelow are explained FIGS. 10 to 13 in com-
parison with FIG. 9.

When the N, gas ratio is equal to 0% there is obtained a
B-Ta(002)-oriented crystalline tantalum film which has
resistivity in the range of about 160 to 200 uQ-cm, as
illustrated in FIG. 10.

When the N, gas ratio is equal to 1%, there is obtained a
cryslallme metal film (herein, a tantalum film) conlaining

and which has r651sl1v1ty in the range of about 100 yQ-cm
as illustrated in FIG. 11.

When the N, gas ratio is equal to 5%, it is understood in
view of FIG. 12 that XRD pattern strength is reduced, and
hence, there is formed an amorphous metal nitride film,
which' has’ re51suv1ty in the range of about 200 .to 250
#Q-cm.

When the- N, gas ratio is equal to 7%, a cryslallmp metal
nitride film (Ta;N,) is formed, and resistivity is further
increased, as illustrated in FIG. 13. .

As mentioned above, when the tantalum target is selected,
a crystalline structure, composition and resistivity of a film
to be formed by sputtering vary in dependence on both a
concentration of nitrogen gas in sputtering gas and RF
power. Conversely speaking, this means that it is possible to

-control characteristics of a film to be formed by sputtering,

by controlling both a concentration of .nitrogen gas in
sputtéring gas and RF powcr The prescnl invention is based
on this discovery. .

" However, it is difficult to vary a flow rate of sputtering gas

- (that is, a pressure of.sputtering gas) and N, composmon

ratio in sputtering. Accordingly, it is necessary in pracucal

use to keep both a flow rate of $puttering gas (that is, a
pressure of sputtering gas) and N, composition ratio
constant, and to vary only :RF power, to thereby control a
crystalline structure, composition and resistivity of a film to
be formed by sputtering.

FIG. 14 shows how resistivity varies when only RF power
is varied ‘while a N, gas ratio is kept fixed at 2%. AS is
obvious in view of FIG.‘ 14, it is understood that it is possible
to.contro] film quality and resistivity cof a film to be formed
by sputtering, even when only RF power is Varied. In FIG.
14, resistivity is varied when & gas pressure is equal to 10 Pa,
the permanent magnets are rotated at 10 r.p.m., and the
substrate was heated at 200 degrees centigrade.

FIGS. 15 to 18 show XRD characteristics relative to RF
power. FIGS. 15 to 18 show XRD characieristics observed
when.RF power is equal to 2 kW, 3 kW, 6 kW and 8 kW,
respectively.

Specifically, when RF power is equal to 2. kW taere is

" obtained amorphous Ta2N as illustrated in FIG. 15. By

65

increasing RF power, there is.obtained cryslalhnc. TaNg ;.
When RF power is equal to 8 kW, there is obtained a
crystalline ‘metal film containing nitrogen therein, wiich
includes a $-TFa film and TaN, , in mixture.



eV YO
g

US 6,538,324 B1.

: 13 -
FIGS. 19 and 20 are SEM (Scanning Electron

Microscopy) photographs of films obtained when RF power

is set equal to 2 kW and 8 kW, respectively.

When RF power is set equal to 2 kW, as is obvious in view -

of XRD illustrated in FIG. 15, there is not observed grain
boundary, because a deposited film has an amorphous struc-
ture. In contrast, when RF power is set equal to 8 kW, as is
obvious in view of XRD illustrated in FIG. 18, there is
obtained a crystalline film including a B-Ta film and TaNj
in mixture, and havmg a prllar-hi(e structure.

That is, if Ta, N, which is an amorphous metal nitride ﬁlm,
is deposited at 2 kW of RF power, and RF power is increased
up to 8 kW immediately when the film has acquired a
. desired thickness, the film is turned into a crystalline metal
film containing nitrogen therein. As a result, as illustrated in

FIG. 21, a diffusion-barrier film 17is formed on a semicon--

ductor substrate 11 where the diffusion-barrier film 17 has a
multi-layered structure comprised of an amcrphous metal
nitride film 15 and a crystalline metal film 16 containing
nitrogen therein. Specifically, the amorphous mietal nitride
film 15 is an amorphous Ta,N film, and the crystalline mnetal
film 16 is composed of crystalline B-Ta and crystalllnc
TaN, , in mixture.

FIG. 22 is a SEM photograph of a cross-section of the
diffusion-barrier. film 17 which is formed by changing
sputtering power from 2 kW to 8 kW while a TaN film is
being deposited, to thereby successively deposit the crys-
talline metal film 16 and the amorphous metal nitride film 15
each by a thickness of about 500 angstroms. It is confirmed
in FIG. 22 that the amorphous Ta,N film 15 and the
_crystalline metal film 16 contammg nitrogen therem form a
multi-layered structure. :

The reason of this phenomenon is considered as follows

When' sputtering power is set equal to 2 kW, since a
sputtering rate caused by argon ions is relatively low, there
is sufficient time for a tantalum target to be nitrided by N,
at a surface thereof. Hence, the tantalum target is nitrided at
a surface thereof, and -turned into Ta,N. Since the thus
produted Ta;N is sputtered by argon ions, a Ta,N. film is
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deposited. However, when. sputtering power is set equal to -

8 kW, the tantalum target is sputtered by argon ions before
- a surtacc of the tantalum target is sufficiéntly nitrided. As a
result, there is-obtaited a tan'alum ﬁlrn shghtly conunmng
nitrogen.

By utilizing the above-mentioned phenomenon, it'is pos-
sible to form the diffusion-barrier film 17 having a multi-
layered structure and covering therewith the recess 13 or the
hole 14 formed at the second insulating film 12b formed on
the semiconductor substrate 11, as illustrated in FIG. 23.

The lower film or amorphous metal nitride (Ta,N) film 15
is required to have such a thickness that barrier characteristic
of preventing copper diffusion is ensured and adhesion with
the underlying insulating film 125 is also ensured. A desired
thickness of the amorphous metal nitride (Ta,N) film 15 is
in the range of about 80 angstroms to about 150 angstroms.

On the other hand, the crystalline. nitrogen-containing
metal film 16 composed of crystalline 3-Ta and crystalline
TaN,, in mixture is required to have such a thickress that
barrier characteristic of prevemmg copper diffusion is
ensured and adhesicn with copper is also ensured. A desired
thickness of the crystalline metal film 16-is in the range of
about 60 angstroms to about 300 angstroms.

THIRD EXAMPLE'

The RF magnetron sputtering haying been cxplained in
the first example makes it possiblg to enhance coverage
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characteristic of a deposited film for covering a recess or
hole therewith, by introducing a gas having a higher pressure
than usual, specifically, a press'ure equal to or greater than 5
Pa, into-a chamber. That is, it is possible to form the
multi-layered barrier film 17 under desired coverage char-
acteristic by switching RF power with a sputtering pressure
being kept equal to or greater than 5 Pa, even when there is
carried out dual-damassin process in which the recess 13 and
the hole 14 formed at a surface of the second insulating film
12b formed on the semiconductor substrate 11 are concur-
rently fil'éd with the. dlffusron-bamer film 17.

FOURTH E‘(AMPLE

In the above menuoned first and second examplcs the
process il which a multi-layered barrier film is successrvely
formed by switching RF power while the film is being
formed is applied to RF magnetron sputtering. This process
may be applied to DC magnetron sputtering, as illustrated in
FIG. 24, though a N, gas ratio and RF power are different
from those in the first and second examples.

FIG. 24 illustrates a DC magnetron sputtering apparatus.
The apparatus is comprised of a chamber 21, a heater 34
fixed on a bottom of the chamiber 21 for heating a semicon-
ductor substrate 22, a target metal 28 fixed to a top of the
chamber 21 by means of insulators 29 and a cathode 23, a
pump 33 for exhausting air from the chamber 21 such that
a pressuré in the chamber 21 is in the range of about 1x10~7
Pa to about 1x107° Pa, a magnet 42 positioned above the
target metal 28, mass flow controllers 31 for adjusting flow
rates of argon gas and nitrogen gas, and ‘allowing the gases
1o enter the chamber 21, and a DC electric power source 41
for applymg a DC voltage to both thc cathode 23 and the

" heater 34
35

Turmng the DC eleclrlc power source 41 on, argon plasma
containjng nitrogen therein is generated in-the chamber 21.

_FIFTH EXAMPLE

In the fitst and second examples, there is formed only one
via-hole. and wiring. Howevér, it should be noted that the
present invention may be apphed to.a copper w1r1ng struc-
ture mcludmr! two or more via-holes and wirings.

n 'he fifth example as illustrated in FIG. 25, a first
insulating £lin 12« is formed on a semrconductor substrate

11. The first insulating film 124 is formed with via-holes

whict “is filled with a copper witing layer 44 with a
diffusion-barrier film 17 being sandwiched between-an inner .
surface of each of the via-holes and the copper wiring layer
44. A sécond insulating film 12b is formed on the first
insulating film 12a. The second insulating film 1256 is also
formed’ with recesses and via-holes which is filled with a
copper wiring (not illustrated) with a diffusion-barrier film
17 being sandwiched between inner surfaces of the recesses
and the via-holes, and the copper wiring. »

Thus, recesses and/or holes formed throughout. each of
multi-layered insulating films are covered with the
diffusion-barrier film 17, and then, the recesses and/or holes
may be filled with a copper wiring layer.

An example of the multi-layered structure is illustrated in
FIG. 26. The illustrated multi-layered structure is comprised
of three insulating layers. Each of the insulating layers is
formed with recesses and via-holes, which are covered at
their surfaces with a diffusion-barrier layer 17, and filled
with copper wiring layers'44a and 44b.

Hereinbelow is explained a method of fabricaling the
multi-layered structure illustrated in FIG. 26.
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A semiconductor substrate 11 is formed at a surface
thereof with oxide layers 11a. A semiconductor device 11
is formed on the semiconductor substrate 11 between the
oxide layers 11a.

- Afirst insulating film 124 is formed on the semiconductor
substrate 11. The first insulating film 12a is comprised of, for
instance, a silicon’dioxide film. The first insulating film 124
is formed with recess arid holes reaching the semiconductor
device 11b. The recesses and holes are covered at their inner
surfaces with the diffusion-barrier film 17. The diffusion-
barrier film-17 has a multi-layered structure comprised of a
crystalline nitrogén-containing metal film and an amorphous
metal nitride film, and has sufficient coverage to cover
recesses and holes therewith. The diffusion-barrier film 17
may be formed by such high-pressure RF magnetron sput-
tering as mentioned in the first example.

Then, the recesses and holes are filled with copper in
vacuum. Then, the copper film and the diffusion-barrier film
17 are removed by CMP until the first insulating film 124
appears. Thus, there is fabricated the copper wiring layer
44a. '

Since copper does not form passive state at a surface, the

copper wiring layer 44a may be oxidized. In order to prevent -

oxidation of the copper wiring layer 44a, a silicon nitride
film 12d is formed over the first insulating film 12a.
Then, a second insulating film 126 is formed on the first
insulating film 12a. The second insulating film 12b is
formed with recesses and holes reaching the copper wiring
layer 44a formed in the first insulating film 12a. Thén, the
recesses and holes formed in the second insulating film 12b
are covered with thé diffusion-barrier film 17, and the
recesses and holes are filled ‘with the copper wiring layer

44b. By repeating the above-mentioned steps by the desired

number, there can bé fabricated a semiconductor device

‘having such a multl-lavered copper wiring structure as

1llustrated in FIG. 26
" SIXTH EXAMPLE

The sixth example relates to an apparatus and a method of
successively forming both a dlffusmn barrier film having'a
multi-layered structure and copper wiring layer.

FIG. 27 is a top plan view of an apparatus of forming a
copper wiring layer, in accordance with the sixth example.

The apparatus includes a cluster chamber 51 including a
scparatlon chamber 51 at'a center. The separation chamber
51 is equipped therein withi a robot 52 for transferrmg a
semiconductor substrate.

The cluster chamber 51 is comprised further of two lord
lock chambers 45, a chamber 46 used for heating a semi-
conductor substrate, an etching chamber 47 used for clean-
ing recesses and holes, a sputter chamber 48 ‘used for
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minutes. As a result, the lord lock chamber 45 has a vacuum
degree of 7x107 Pa to 8x107> Pa.

Then, a gate valv_e between the lord lock chamber 45 and
the separation chamber 51 is made open. The separation
chamber 51 is in advance kept in a vacuum degree of about
5x10~% Pa to 1x10~° Pa by means of a dry pump and a turbo
pump. Hence, the semiconductor substrate is transferred into

. the separation chamber 52 by the robot 52 ‘without being

exposed to atmosphere ,‘

Then, the semlconductor substrate i is transferred into the

chamber 46 which is in advan_cc k=pt in a vacuum degree of
about 6x10> * Pa by means of a dry pump and a furbo pump.’
The semiconductor substrate is heated at’about 50 to about
200 degrees centxgrade in the chamber 46 to thereby remove
moisture existing at a surface of the semiconductor substrate
and clean a surface of the semiconductor substrate.
" Then, the semiconductor substrate is transferred into the
etching chamber 47 from the chamber 46 through the
separation chamber 51. The etching chamber 47 is kept in a
vacuuni degree of about 5x107° Pa by means of a cryosorp-
tion pump, dry pump and a turbo pump.

After introducing the semiconductor substrate into the
etching chamber 47, the semiconductor substrate is plasma-
etched in argon gas or argon gas diluted with hydrogen gas
(H,/Ar=3%). By carrying out plasma-etching, a surface of
the semiconductor substrate and inner surfaces of a recess
and a hole are reduced and cleaned. ‘

The. plasma-etching has an-advantage that edges of a

recess and a hole are ground by the plasma-etching, and.
accordingly, an opening area of the recess and hole is
broadened, ensuring enhancement in coverage characteris-
tic. . . :
" Then, the semiconductor substrate is transferred into the
sputter chamber 48 from the etching chamber 47 by means
of the robot 52. The sputter chamber 48 is kept in a Vacuum
degree of about 4x107° Pa by means of a cryosorption pump,
dry pump and & turbo pump. The high-pressure. RF magne-
tron sputtermg as having béen explained-in the first cxample
is carried out .in the spuiter- chamber 48: :

- In the sputter chamber 48; a crystallme mtrogcn-
containing’ metal film (a.film composed of crystalline 3-Ta

. and crystalline TaN ; in mixture) and an amorphous metal

45
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fabricating a diffusion-barrier film, and a chamber 49 used

for forming a copper wiring layer, arranged around the
separation chamber 51.

It .is possible to form a copper-wiring layer. without
exposure of a semiconductor substrate to atmosphere

through the use of the cluster chamber 50.

Hereinbelow are explained steps of fabrlcatmg a copper
w1r1ng layer.

First, a semiconductor substrate is introduced into one of
the lord lock chambers 45. An insulating film is formed in
advance on the semiconductor substrate, and the insulating
film is formed in advance with a recess and/or hole. .

Then, the lord lock chamber 45 is evacuated of. air.by
mearis-of a dry pump and a turbo pump for about ﬁve
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nitride film (a Ta,N film) are deposited on the semiconductor
substrate by the method having been explained in the first
and second examples, wherein RF power is instantaneously
switched: In this example, a gas pressure is kept at 10 Pa, a
substrate temperature is'kept at 200 degrees centigrade, a N,
gas ratio is kept at 2%, and RF power is switched from 2 kW
to 8 kW..As a result, there is obtained a diffusion-barrier film
having a multi-layered structure and also having enhanced
coverage characteristic under the characteristics illustrated
in FIG. 6. - )

Then, - the semiconductor substrate is transferred in
vacuum to the chamber 49 from the sputter chamber 48. The
chambér 49 is kept in a vacuum degree of about 4x10™* Pa
by means of a dry pump and a turbo pump. Since the
semiconductor substrate is transferred in vacuum, the crys-
talline nltrogen-contammg metal film in the diffusion-barrier
film is kept clean ‘at a surface thereof. A copper film ‘is
deposited on the crystalline nitrogen-containing metal film
by chemical vapor deposition.(€VD) such that the recess
and hole is-filled with copper, as follows..

The semiconductor substrate is kept-at about 170 to- about
200 degrees centigrade. A source. including Cu (hfac) tmvs
(tnmethylwnylsrlyl heyaﬂuoroacetylacetonate copper (1)) as
a main constituent is. introduced into a carburetor at 1'to 2
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grams per minute through a liquid transfer system. The -

source gasified in the carburetor is introduced into the
chamber 49 together with nitrogen carrier gas, resultmg in
that the chamber.49 is kept at about 1-kPa.

The gas introduced into the chamber 49 makes chemical
reaction on the semicondtctor substrate, and is turned into
copper, and then, deposited on the semionductor substrate.
Herein, copper is deposited by such a thickness that a recess
and/or hole is sufficiently filled with copper, for instance, a
thickness in the range of about 8000 angstroms to about
15000 angstroms.

In particular, when a copper film is formed by CVD,
segregation of fluorine at a surface of the diffusion-barrier
film, diffusion of fluorine into the diffusion-barrier film, and
diffusion of copper into the diffusion-barrier film exert a
great influence on the adhesion, which fluorine is contained
in Cu (hfac) tmvs which is a source for carrying out CVD.

FIGS. 28 and 29 illustrate diffusion profiles of fluorine
and copper into the diffusion-barrier film, respectively,

which profiles were measured by SIMS (secondary ion mass

Spectroscopy).

In a B-Ta film obtained by sputtering carried out in argon
atmosphere, since fluorine segregates at an’ interface
between copper and tantalum, the $-Ta film would have poor
adhesion. With respect to a Ta,N film, though fluorine is
diffused into the Ta,N film, copper is scarcely diffused in the
Ta,N film. As a result, atomics are coupled with each other
with a poor force, and hence, the Ta,N film would have poor
adhesion. In contrast, with réspect to a TaN,, film, since
copper and fluorine are allowed to be diffused “into the
TaN,, film, atomics-are coupled-with each other with a
strong force, and as a result, the TaNO , film would hrgh
adhesion.

Thus, it is understood that if copper is dep051ted by CVD,

the diffusion-barrier film having a multi-layered structure
comprised of a crystalline TaN,; film and an amorphous
Ta,N filin would have enhanced adhesion and bamer char-
acteristic of preventing copper diffusion.

In accordance with the sixth example, a copper wiring
layer can be formed on a semiconductor substrate without
the semiconductor substrate being exposed to atmosphere.
Accordingly, the diffusion-barrier film is kept clean at a
surface, and hence, film ‘quality of a copper film formed by
CVD is likely to be reflected to a crystalline structure of a
tantalum film of the diffusion-barrier film. Thus, it is pos-
sible to enhance crystal orientation of copper and adhesion
between copper and, a diffusion-barrier film.

SEVENTH EXAMPLE

The seventh example relates to thc cluster chamber 50
illustrated. in FIG. 27. In the seventh example, the sputler
uchamber 48 is positioned in.a region where a copper wiring
layer is to be formed, which region cortesponds o the
chamber 49 in which a copper wiring layer is formed. Since
the diffusion-barrier film includes a TaNy; film containing
crystalline B-Ta therein, at a surfice, adhesion between the
diffusion-barrier film and a copper film formed by sputtering
is kept the same as adhesion between the dlffusmn barrier
film and a copper film formed by CVD. ’

EI(a HTH EXAMPLE

In the efghth‘ example, the semiconductor substrate is
taken out of the cluster chamber 50 illustrated in FIG. 27.
The semiconductor substrate has such a copper wiring

slruclure as illustrated in FIG. 30. Specifically, recesses and -
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holes formed in the second insulating film 12b are covered
with the diffusion-barriér film 17, and a copper film 53 is
formed covering the diffusion-barrier film 17 therewith.

A-second copper film 54 is deposited over the copper film
53 by plating such that the recesses and holes are filled with
the second copper film 54. As a result, as illustrated in FIG.
31, it'is possible to fabricate a structure comprised of the

multi-layéred barrier layer 17, the copper film 53 formed by

- CVD or sputtering, and the second copper film 54 formed by

platirig. Thercafter, as illustrated in FIG. 4D, for. instance,
the second copper film:54, the coppér film 53 and the
diffusion:barrier film 17 are femoved by CMP. Thus, there
is obtained a copper wiring structure.

While: the present invention has been described in con-
nection with the preferred embodiments, the present inven-
tion providcs the following advantages.

Thé first advantage is that it is possible to have a
diffusion-barrier film having sufficient barrier characteristic
of preventing copper diffusion and high adhésion with a
copper film. This is because the diffusion-barrier film is
designed to have a multi-layered structure comprised of an
amorphous metal nitride film having a high barrier charac-

teristic of preventing copper diffusion and a crystalline

nitrogen-containing metal film having high adhesion with
copper.

The second advanlage is that it is possible to successively
fabncate the diffusion-barrier film in a common chamber.
This ensures reduction in”apparatus cost and reduction in
time for fabricating’ the diffusion-barrier film.

This i$ becatse that it is possible to successwely form an

' 'amorphous metal pitridé film and a crystalline nitrogen-
- containing metal film by insiantaneously changlng only RF

35

40

45

50
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power with a volume ratio of a nitrogen'gas to a- -process gas
introduced into a chamber, bemg kept constant. In accor-
dance with this method, an'upper metal film in the diffusion-
barrier film mevuably contains nitrogen therein.

The thrd advantage is that a copper film can be formed
with a surface of the diffusion-barrier film being kept clean,
through the use of an apparatus of transferring a semicon-
ductot substrate in vacuum. As' a resull rehabﬂlty in a-
copper wiring layér can be cnhanced. .

While the present’ invention has been described in con-
nection with ceriain preferred- embodiments, it is to be
understood that the subject matter encompassed by way of
the present invention is. not to be limited to those specific
embediments. On the contrary, it is intended for the subject
matter of the invention to include all alternatives, modifi-

* cations and equivalents as can be included within the spmt

and scope of the following claims.

The entire disclosure of Japanese Patent Apphcauon No.
11-214110 filed on Jun. 24, 1999 including specification,
claims, drawmgs and summary is. 1ncorporalcd herein by
reference in its enurety

What is claimed is:

1. A barrier film preventing diffusion of copper from a
copper wmng laycr formed on a semiconductor substrate,

- comprising a multi- layered structure of . first ‘and second

60

65

films,

said first film being’ composed of crystalhne metal con-
taining nitrogen therein,

said second film bemg composed of amorphous metal
nitride, .

said barrier film belng constituted- of common metal
atomic species, .

said first Ailm being formed on said second film,
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said first film in direct contact with said second ﬁlm' i

said first film containing nitrogen in a smaller content than

that of said second film.

2. The barrier film as set forth in claim 1, whercm said
second film has a thickness in the range of 80 angstroms to
150 angstroms both inclusive.

3. The barrier film as set forth in claim 1, wherein said first
film has a thicknéss in the range of 60 angstroms to 300
angstroms both inclusive.

4. The barrier film as set forth in claim 1, wherein said first
film is composed of 3-Ta and TaN, ;, and said second film

" is composed of Ta,N. L

5. A multi-layered wiring structure comprising a bamer
film which prevenis diffusion of copper from a coppet
wiring layer formed on a semiconductor substrate,

said barrier film having a multi- layered structure of first

and second films,

said first film being composed of crystalline metal con-

taining nitrogen therein,

said second film being composed of amorphous metal

nitride, '

said barrier film being constituted of common metal

atomic species,
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said first film being formed on said second film,
said first film in direct contact with said second film,

said first film containing nitrogen in a smaller content than
that o said second film. :

6. The multi- layered wiring slructure as set forth in claim
5, wherein said second film has a thickness in the range of
80 angstroms to 150 angstroms both inclusive.

7. The multi-layered wiring structure as set forth in claim
5, wherein said first film has a thickness i in the range of 60
angstroms to 300 apgstroms both inclusive.

8. The multi-layered wiring structure as set forth in claim
S, wherein said barrier film covers a recess and a hole
formed throughout -an-insulating film formed on an under-
lying wiring layer.

9. The multi-layered wumg structure as set forth in claim
5, further comprising a copper film formed on said first film.

10. The multi-layered wiring structure as set forth in claim
5, wherein said first film is composed of -Ta and TaNj ;,
and said second film is composed of Ta,N.

* * * * *
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MULTI-LAYERED WIRING LAYER
| AND
METHOD OF FABRICATING THE SAME

5 BACKGROUND OF THE INVENTION
FIELD OF THE INVENTION
The invention relates to a semiconductor integrated circuit ihcluding a
 copper wiring layer, anci more particularly to a barrier film which pfevenfs copper

diffusion from such a copper wiring layer.

DESCRIPTION OF THE RELATED ART |
As a semiconductor device has been designed to be smaller and smaller
in size, wiring delay‘exerts greaterl inﬂuence on a silicon ULSI device. As a
result, though a wiring layer has been composed of aluminum, it is necessary to
compose a wiring layer of copper in place of aluminum.

Resistivity of copper is equal to about 70% of resistivity of aluminum.

However, since éopper does not form passive state composed of an oxide film, at a
surface thereof, unlike aluminum,‘ copper is more corrosive than aluminum.
In addition, since copper has a high diffusion rate in both silicon (S1)
20 and silicon dioxide (SiOz), if copper enters MOSFET fofmed on a silicon substfate,
copper would induce reduction in carrier lifetime.

Hence, it is absolutely necessary for a semiconductor device having a
copper wiring layer to have a diffusion-barrier film for p‘r'evzentﬁing diffusion of
copper into an interlayer insulating film formed between copper wiring layers.

25 In addition, since such a diffusion-barrier film has to have high adhesion
charac;ceristic to both an interlayer insulating film and a copper wiring layer in
order to keép réliabilityin wiring.

Thus, there have been made many suggestions about a structure of a

barrier metal layer and a method of fabricating the same, in order to prevent
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copper diffusion form a copper wiring layer.
For instance, a sﬁructure of a barrier metal layer is suggested in the
following articles:
(a) Semiconductor World, Nobuyoshi‘Awaya, Febmary 1998, pp. 91-96.
5 (hereinafter, referred to as Prior Art 1); ' |
(b) Advanced Metallization' and Interconnect Systems .for ULSI Appli";:ations
in 1997, Kee-Won Kwon et ai., 1998, pp. 711-716 (hereinafter, referred to Prior Art
2); ,
(c) Journal Electrochemical Society, M. T. Wang et al., July 1998 pp 2538-
25645 (heremafter referred to as Prior Art 3); and
(d) 1998 Symposium on VLSI Technology Digest of Technical Papers, D.
Denning et al., 1998, pp. 22-23. |
In addition, a structure of a barrier metal layer and a method of
fabricating the same both for preventing copper diffusion is suggested also in
Japanese Unexamined Patent Publications 8-139092, 8-274098, 9-64044 and 107
256256, and‘Japanese Pétent Application No. 10-330938. Hereiﬁ, Japanese
Patent Application No. 10-330938 is not published yet, and hence does hot_

constitute prior art to the present invention. However, it is explained in the
specification only for better understanding of the present invention. The

20 applicant does not admit that Japanese Patent Application No. .10-330938 |

constitutes prior art to the present invention. .
It is quite difficult to dry-etch coppef, and hence, a copper wiring layer
1s formed generally by chemical mechanical polishing (CM?).
" Specifically, a copper wiring layer is formed as follows.

25 An insulating film is formed on an ﬁnderlying copper Wiriné layer. |
Then, the insulating film is formed with a recess and a through-hole reaching the
underlyix}g copper wiring layer. Then, a thin diffusion-barrier ﬁlm is formed on
surfaces of" the recess and the through-hole therewith such that the recess and the

through-hole is completely covered at surfaces thereof with the diffusion-barrier

Page 55 of 333



film in order to prevent copper diffusion from uncovered region. _

Thereafter, a copper film i1s deposited filling the recess and the
through-hole therewith by CVD or sputtering. Then, the copper film and the
diffusion-barrier film are removed in selected regions by CMP. Thus, a copper

5 wiring layer is completed.

As will be obvious to those skilled in the art, the diffusion-barrier film is
required to have high coverage as well as capability of preventing copper diffusion
and adhesion to copper. | |

‘The diffusion-barrier film is composed, for instance, of refractiVe metal
such as tungsten (W), tantalum (Ta) or titanium (Ti), or nitride of such refractive
metal such as tungsten nitride (WN), titanium nitride (TiN) or tantalum nitride
(TaN). | |

As explained in Prior Art 2, for instance, a tantalum (Ta) barrier film
has high adhesion with a copper film formed on the tantalum barrier film by
sputtering, ensuring improvément in"crystallinity of the copper film. However, .
since copper is diffused into the tantalum film, it would be necessary for the

tantalum barrier film formed below the copper ﬁlm, to have a thickness of 50 nm

or greater.
Prior Art 4 reports fhai: if a copper film is formed on a tantalum ﬁlxﬁ by
20 CVD, fluorine (F) segregates at an interface between the copper> film and TaN,
resulting in degradation in adhesion therebetween.
Prior Art 3 reports that a crystalline TaN barrier film oriented in
diréctions of (200) and__(lll) can prevent copper diffusion more highly than a
crystalline Ta barrier film.
25 As an solution to enhance a characteristic of preventing copper.
diffusion and adhesion to copper, a: multi—layered structure of a metal film and a
metal nitride film has been suggested. |
For instance, the above-inentioned Japanese Patent Application No.

10-330938 has vsuggeSted a method of fabricating a multi-layered barrier film

3

‘l, !
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including a titanium film and formed by sputtering.

As i‘llustrate‘d in Fig. 1, in aqcordanée with the suggested method_, only .
an argon gas is introduced into a sputter chamber to thereby form a titanium film
1. Then, a nitrogen gas is introduced into the sputter chamber, and a thin |
titanium nitride filmr 2 is formed on the titanium film 1 auxiliarily making use of
reaction between titanium and nitrogeh. Thus, there is formed a multi-layered
barrier structure 3 comprised of fhe titanium film 1 and the thin titanium nitride
film 2. |

| In the method, a r‘netal oxide film formed on an underlying wiring film |
is removed by argon plasma prior to carrylng out sputterlng

However, the conventlonal barner film for preventing copper d1ffusmn
is accompanied with the following problems.

The ﬁrst problem is that it is quite difficult to make a diffusion-barrier
film have both a characteristic of preventing copper dlffllSlOIl and a sufficient
adhesive force W-1th copper.

As illustrated in Fig. 2, it is now assumed to form a metal film 5 havmg
a crystallized pillar structure, on a semiconductor substrate 4. In the metal film
5, a lot of grains each comprised of individual crystals, and grain boundarles 7
each defining an interface between the grains 6 exist throughout the metal film 5,

that is, from an upper surface to a bottom of the metal film 5. The grain

boundaries 7 define path‘s 8 through which copper is diffused. As a result, the

metal film 5 has low barrier characteristic of preventing copper diffusion.

As 111ustrated in Fig. 3, it is now assumed to form a metal film 5a on a

'semlconductor substrate 4. If the metal film 5a is composed of metals havmg

- small resistivity, such as tungsten (W), titaqium (Ti) or tantalum (Ta), the metal

film 5 would have a polycrystal structure. . As a result, the metal film 5a would
have a pillar-like structure similarly to the metal film 5 illustrated in Fig. 2, and

accordingly, the. metal film 5a would. have small barrier characteristic of

‘preventing copper diffusion.
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However, it _should be noted that if a copper ﬁlm_ is formed on a

crystalline metal film, such as a B-Ta (002) film as obtained in sputteri-ng' of a

tantalum film, by sputtering, the copper film would have high adhesion and rich

crystal orientaﬁon, though a barrier characteristic of pi'event»ing copper diffusion

5 would be deteriorated. As a result, the copper film would enhance reliabﬂity in’
copper wiring. | | . —

In contrast, the metal film 5a illustrated in Fig. 3, which is composed of

~ particles 9 such as amorphous TaN and formed on the semiconductor substra_te 4,

has small resistivity, épeciﬁcally in the range of about 200 to 250 u Q- cm, énd'

does not have the paths through which copper is diffused unlike the crystalline

metal film 5 illu_strated in Fig. 2. As aresult, the metal film 5a would have high

barrier characteﬁstié of preventirivg'copll)er‘ diffusion. |
Howevér, since a surface of the metal film 5a is amorphous and hence |

crystal lattice is not uniformly arranged, if a copper film s formed on the

amorphous metal film 5a by CVD or sputtering, copper crystallinity and adhesion

to copper are )degraded.

As mentioned so far, it is quite difficult to form a diffusion-barrier film

having a single-layered structure comprised only of a crystalline metal film or an
amorphous metal nitridé film, and further haviﬁg high ba{rrier characteristié of
20 preventing copper diffusion and high‘adhesion to copper.
The second problem is caused when a diffusion:barrier ﬁlm is designed
to have a multi-layered structure in order to avoid the above-ine‘ntioned 'proBlem

of the single-layered diffusion-barrier film. |
For instance, if a diffusion-barrier film is designed to have a multi-
25 layered structure comprised of a crystalline metal film having high adhesion to
_ copper and an amorphous metal nitride ﬁlm having high barrier chafaéteristic,
| such as TaN, there woul(i t\)e obtainéd a diffusion-barrier film having lhigh barrier

characteristic of preventing copper diffusion and high adhesion to copper.

However, since it was not possible in a conventional method: to
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successively form a crystalline metal film and an amorphous metal nitride film by
sputtering, the crystalline metal film and the amorphous metal nitride film had to

be separatély formed in the same sputtering chamber or be fornied in separate |

- sputtering chambers.

For instance, the above-mentioned Japanese P.altent Application No.
10-330938 has suggeétéd a method including the steps of introducing an-argon gaé
into a sputtering chambeér to thereby form é, titanium ﬁini,, and introducing a .
nitrogen gas into the sputtering chamber to thereby form a titanium nitride film
on the titanium ﬁlm. |

However, in accordance with thisnﬁethod, the. titanium nitride film
cannot be formed until partiél pressures of argoﬁ and nitrogen become stable by
varying a mixture ratio of argon and nitrogen. Hence, it is impossible »tol enhance
a fabrication yield of fabricating a diffusibmbarrier film having a mul_ti-layered o
structure. |

The third probléin- relateé to coverage of a ﬁlm formed by s’puttering.

' InA general, ’Wh‘en a mefal film or a metal nitride film is formed by
sputtering, a metal target is sputtered by Iarg'on plasma generated by virtue df '
rotational magnetic ﬁe\ld and application of DC bias, and resultingly, a metal vﬁlm
or a metal nitride film is deposited on a substrate located in facing relation‘ to the
metal target. o |

In sputtering, a pressure at Which a metal target is sputtered is low, -
specifically, equal to 1 Pa or smaller. Since metal particles sp_uttered by argon -
plasma are radiated rahdomly to a surface of a substréte‘,»for instance, if the
substrate is formed a{tl a surface thereof with a deep recess or hole, it would almost
impossible to deposit a metal film such that such a recess or hole is completely
covered with the metal film. |

In addition, since a sputtering pressure is low, argon plasma could have

-a low plasmé density, and hence, there cannot be expected fe-sputtering effect in

which a metal film deposited onto a surface of a substrate is sputtered by argon

6.
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- plasma.

In order to enhan¢e coverage of a metal film, there has been suggested

collimate sputtering in which a metal plate formed with a lot of throﬁgh-holes 1s

located between a sputtering target and a substrate, and metal partviclesv_”are
caused to pass through the through-holes to thereby uniform direction of metal

pérticles. In accordance with the collimate sputtering, it is possible to deposit a

- metal film on a bottom of a recess formed at a surface of a substrate, but it is not

possible to deposit a metal film onto an inner sidewall of the recess.

The fourth problem is that a crystalline metal film having high
adhesion with a copper film tends to react with atmosphere to thereby a reaction
layer at a surface thereof. ,

Such a reaction layer Woul_d much deteriorate adhesion of a metél film
with a copper film. 7 |

The fifth problem is a copper bxidé film is adhered again to a recess or
hole.

An oxide film formed on a surface of an underlying wiring metal film is
removed by argon plasma prior to deposition 6f a diffusion-barriér film by
sputtering. - When an undérlyinngiring'layer is composed of coppéi‘, a copper :
oxide film is scattered by argon sputtering, .and as a result, the thus scattered
copper oxide is adhered again to a recess or hole formed at a surface of an |
insulating ﬁlms.

The sixth problem is that when a copper film is formed on a tantalum
film and an amorphdﬁs TaN film by CVD, adhesion between the copper film and a

diffusion-barrier film is deteriorated.

SUMMARY OF THE INVENTION
In view of the above-mentioned problems in a conventional diffusion-
barrier film, it is an object of the present invention to provide a diffusion-barrier

film having both a diffusion-barrier characteristic of preventing copper from being
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diffused into a semiconductor device and high adhesion bétween a copper film and

~ an interlayer insulating film.

It is aléo an object of the present invention to provide a multi-layered
wiring structure including the above-mentioned diffusion-barrier film.

Another object of the present invention is to provide a vme’thod of
fabricating such the above-mentioned diffusion-barrier film.

A further object of the presént invention is to provide a"vmethod of
fabricating a multi-layered copper wiriﬁg layer in which _éopper is buried abové
the above-mentioned diffusion-barrier film.

Iﬁ one aspect of the present invention, there is provided a barrier film
preventing diffusion of copper frorﬁ a copper wiring layer formed on a
semiconductor substrate, i‘ncluding a multi-layered structure of first and second
films, the first film being composed of crystalline metal containing nitrogen
therein, the second film being composed of amorphoﬁs metal nitride, the barrier
film being constituted of common metal atomic species.

It is preferable that the first film ‘is fqrmed on the second film.

It is preferable that the second film has a thickness in the rangé of 80
angstroms to 150 angstroms both inclusive. | |

It is preferable that the first film has a thickness in the range of 60
angstroms to 300 angstroms both inclusive. '

In another aspect of thé present invention, there is provided a multi-
layered wiring structure including a barrier film 'which prevents diffusion of
copper from a copper wiring layer formed on a semiconductor substrate, the .
barrier film having a multi-layered structure of first and second ﬁlms, the first
film being composed of crystalline metal c'ontéining nitrogen therein, the second
film being composed .of v aihorphous metal nitride, the barrier film. being
constituted of common metal atomic épeéies.

It is preferable that the barrierV ﬁlm covers a recess and a hole formed

throughout an insulating film formed on an underlying wiril.l'g layer.
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It is preferable that thé multi-iayered wiring structure further includes
a copper film formed on the first film. ,

In still another aspect of the present invention, there is provided a
method of forming a diffusion-barrier film by sputtering, including the stepsrof (a)
preparing gas containing nitrogen therein, and (b) varying only power of an
electric powér source for genera'ting plasma to thereby. successiifely form a
diffuéion-barrier film having a multi-layéfed structure of first and second films,
the first film being cbmposed of crystalline metal containing nitrogen therein, the
second film being composed of amorphous metal nitride, the barrier film being
constituted of metal atomic species éf sputter target. |

It is preferable that the gas containing nitrogen therein has a pressure
equal to or greater than 5 Pa. | |

It is preferable that the gas contains nitrogen at 10 volume % or -
smaller. - |

It is preferable that the metal atomic species of sputter target is one of
tantalum, tungsten, titahium, moiybdenum and niobium alone or in combination.

It is preferable that the second film has a thickness in the range of 80"
angstroms to 150 angstroms both inclusive.

It is preferable that the first film hag a thickness in the range of 60 .
angstroms to 300 angstroms both inclusive. .

There is further provided a method of forming a diffusion-bar'riei' film
by RF magnetron sputtering making use of rotational magnetic ﬁéld and RF
power, including the steps of (a) prepafing gas containing nitrogen thérein, and (b)
varying the RF power to thereby successively form a diffusion-barrier ﬁlm-having
a multi-layered structufe of first and second films, the first film being composed of V»
crystalline metal containing nitrogen therein, the second film being composed of
amorphous metal nitride, the barrier film being constituted of metal atomic

species of sputter target.

There is still further provided a method of forming a diffusion-barrier*
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film by RF magnetron sputtering, including the steps of (a) setting an electric .
power source for generation plasma to generate power having a first value, to
thereby a first film, with a concentration of nitrogen in plasma géé being kept ata’
constant, and (b) setting the electric power source fo generate power having a
“second value greatef than the first vélue at the moment when the first film is
fo’rrriled by a predetermined thickness, to thereby form'a second film on thé first
film.

It is préferable that the first film is composed of amorphous metal
nitride, and the‘se'cond film is composed of crystalline metal containing. nitrogen
therein. |

There is yet further prdvided a method of forming a copper wiring film,
including the steps of (a) radiating plasma of argon containing hydrogen t‘hereinv,
to a recess or hole formed at an insﬁlating film formed on a semiconductor
substrate, (b) fofming a diffusion-barrier film to ¢over the recess of hole therewith -
without exposing to atmosphere, the diffusion-barrie_r ﬁlm having a multi-la&ered
structure of first and second films, the first film being cdmposed of crystalline
metal containing nitrogen therein, the second film being composed of amorphous:
metal nitride, and (c) forming a copper ﬁim on the diffusion-barrier film without
exposing to atmosphere. " |

It i.s preferable that the diffusion-barrier film is formed by sputtering.

It is preferable that the copper ﬁlm is formed in vacuum. |

Itv'vis preferable that the copper film is formed by thermal chemical
vapor deposition in which therma1 dismutation in a complex of orgahic metal is
utilized.

It is preferable that the copper film is formed by sputtering in which

- copper target isused. . ’ \

The advantages obtained by the aforementioned present invention will

be described hereinbelow.

In the diffusion-barrier film in accordance with the present invenﬁon, a

10

-
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copper film makes direct contact w1th a crystalhne metal film contammg mtrogen'
therein, ensuring hlgh adhesion therebetween and high crystallinity of a copper
film.

In addition, since the metal film contains nitrogen therern, copper
diffusion into a semiconductor device can be prevented more effectively than a
metal film having pure crystals. |

In the diffusion-barrier film in accOrdance with the present irlvention,
an amorphous metal film containing nitrogen thereirl lies under a crystalline
metal film confaining niPrOgen therein. Hence, it 1s possible to effectiveh‘r
prevent copper diffusion, and to eneure high adhesion- ‘wit,h an underlying .
insulating film such as a silicon dioxide film. That is, by forming a copper wiring
layer on the diffusion-barrier film in accordance with the present invention, it ie
possible to not ohly ensore high crystallinity and high adhesion of a copper wiring |
layer, but also to prevent copper diffusion. _

The method in ac‘cordance' with fhe pres‘eht invention makes it possible
to successfvely form a diffusion-barrier film having a multi-layered structure of
first and second films, by varying only power of an electric power s‘ource‘ for
generating plasma in sputtering in which gas conteining‘ nitrogen therein is
employed. Herein, the first film is composed of crystalline metel_ containing
nitrogen therein, and the second film is composed of amorphous metal nitrrde._
The barrier film is consfituted of metal atomic species of sputter target.

Speciﬁcally, an electric power source for generating plaema 1s first set to
generate relatively low power with a concentration of nitrogen in‘plasma gas
being kept constant. A film is formed in such a conditiorl. Target metal makes
sufficient reaction with nitrogen, and resultingly, an amorp}ious metal nitride film -
is formed Immedlately after the formation of the amorphous metal nltrlde ﬁlm
the electric power source is set to generate relat1vely high power ‘to thereby form a
film without allowing sufficient time for reaction between mtrogen and target

metal. As a result, there is obtained a crystalline metal film containing nitrogen
11
2
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therein. . _

Thﬁs, it is possible to sﬁccessively fprm a diffusion-barrier film in the
same chamber, wherein the diffusion-barrier ﬁlm has a multi-layered étruct_ure_
including a crystalline métal' film coritai_hing nitrogen therein and an amorpho'us
metal nitride film. | » |

'Thé method of fabricating a diffusion-barrier film employs RF )
magnetron sputtering in which rotat.ional ‘magnetic field and RF ,pdwer - afe
utilized. Since the method makes it possible to carry oﬁf ‘sputtelifin,g where a
nitrogen-containing gas ‘}‘ias‘ a pressure éqﬁal to or greater than 5 Pa, plasma
density of argon which i1s a main constitﬁent of sputtering gas can bé ehhanced,
and thus, there can be obtained coverage for entirely covering a recess or hole |
formed at a surface of a substrate, with the diffusion-barrier film. | ,-

The method of fabricating a. diffusiqh-barrier film, in accordance with
the present invention, includes the step o.f radiating plasma of ‘érgon containing
hydrogenfthgrein, to a recess or hole formed at an insulating film formed oni a
semiconductor substréte. This. step redqce_s-a copper oxide film formed on a
surface of an underlying coppervwiring ‘layer,.to thereby turn copper oxide _baék to
copper, enéuring remarkéble feductibn in re-sputtering of a copper oxide film -to_‘ a:
surface of a recess or hole formed at a surface of an insulating film.

Then, a diffusion-barrier film is formed to cover the recess or hole

‘therewith without exposing to atmosphere, wherein the diffusion-bari‘ier film has

a multi-layered structure of first and second films, the first film being composed of
crystalline metal containing nitrogen therein, the second film being composed of
amorphous metal nitride: "Then, a thin copper film 1is formed on the diffusion-
barrier film in vacuum. » Asa resﬁlt, there is obtained a multi-layered structure
comprised of the diffusion;barrier film and the copper wiring film without a metal |
oxide layer b'eing sandwiched therebetween.

The above and other objects and advantageous features of the present

invention will be made apparent from the following dés’cription made with

12 |
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reference to the accompanying drawings, in which like reference characters

designate the same or similar parts throﬁghout the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a cross-sectional view of a conventional ‘copper wiring
structure. 7

Fig. 2 is a cross-sectional view of another conventional coppélj Wiring‘
structure.

Fig. 3 is a cross-sectional view of still another conventional cbpper
wiring structure. |

Fig. 4Ais a cross-sectional view of é diffusion-barrier film in accordance
with the first embodiment of the present invention, illustrating the first step of a
method of fabricating the same. |

Fig. 4B is a cross-sectional view of a diffusion-barrier film in accordance
with the first embodiment of the present invention, illustrating the éecond step of
a method of fabricating the same.

Fig.4Cisa cross-sectiohal view of a diffusion-barrier film in aécordance
with the first embodiment of the present invention, illustrating the third step of a
method of fabricating the same. |

Flg 4Disa cro.ss-sectional view of a diffusion-barrier film ip accbrdance
with the first embodiment of the present invention, illustrating the fourth step of
a method of fabricating the same.

| Fig. 5 illustrates a high-pressure RF magnetron sputtering apparatué

used in the first embodiment. v

Fig. 6 is a graph showing coverage éharacteristic ofa taﬁtalum film in
high-pressure RF magnetron sputtering.

Figs. 7 and 8 are cross-sectional views of a recess covered with a -

~ tantalum film in high-pressure RF magnetron sputtering.

Fig. 91is a graph shdwing a relation among a ratio of a m'trogén gasin a |

13~
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\
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et

mixture gas introduced into a chamber, RF power, and resistivity of a film formed
by sputtering. |

Figs. 10 to 18 are graphs each_showing film q‘ual"ity and characteristics.
of TaN and Ta ﬁlmo in high-pressure RF magnetron sputtering. ‘

Figs. 19 and 20 are photographs of a film formed by high-pressure RF
magnetron sputtering which photograph i is taken by means of a scannmg electron
microscopy (SEM).

Fig. 21 is a cross-sectional view of a diffusion-barrier ﬁlm formed by
high-préssure RF magnetron sputtermg which barrier-diffusion film is comprlsed
of a crystalhne Ta ﬁlm containing n1trogen in solid solution and an amorphous
metal TaN film.

Fig. 22 is a photograph of a film formed by high-pressure RF magnetron
sputtering which photograph is taken by means of a scanning ele.ctron microscopy
(SEM). | | |

Fig. 23 is a cross-sectional view of a diffusion-barrier film ‘covering a
recess therewith.

Fig. 24 iliustrates a DC magnetron sputtering apparatus used in the
fourth embodiment. |

Fig. 25 is a oross-sectional view of a diffusion-barrier film covérihg a
recess formed at a surface of an insulating film formed abovev a lower wiring layer;

| Fig. 26 is a cross;sectiOnol view of a diffusion-barrier film covering a
recess formed at.a surface of an insulating film formed above lower wiring layers.b

Fig. 27 is a plan view of a cluster apparatus used for forming a copper
wiring layer. -

Fig. 28 is a graph showing a diffusion profile of ﬂuorino into a
diffusion-barrier film.

Fig. 29 is-a graph showing a diffusion profile of copper into a diffusion-
barrier film. ¢ o

Fig. 30 is a cross-sectional view of a copper wiring structure in

14
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accordance with the seventh embodiment.
Fig. 31 is a cross-sectional view of a copper wiring structure in

accordance with the seventh embodiment.

DESCRIPTION OF THE PREFERRED EMBODIMENTS
| Preferred embodiments in accordance with the present invention will
be explained hereinbelow with reference to drawings. _ |
| A method of fabricating a diffusion-barrier film in accordance with fhe
preferred embodiment is explained hereinbelow with reference to Figs. 4A t(; 4D.

As illustrated in Fig. 4A, a first insulating film 12a is formed on a
semiconductor substrate 11, and a sec_ond insulating film 12b is formed on the
first insulating film 12a. A copper wiring layer 44 is buried in the first insulating
film 12a. The second insulating film 12b is formed at a surface thereof with
recesses 13 in each of which a wiring is to be formed. Holes 14 reach the first
insulating film 12a from a bottom‘of each of the recesses 13.

First, the semiconductor substrate 11 is exposed to argon plasma
containing hydrogén therein, in a first chamber.

Then, the semiconductor substrate 11 is 'transferred in vacuum to a
second chamber; and a film is formed on the semiconductor substrate 11 in a
nitrogen-containing gas by sputtering in which a sputtering target is co‘mpo'sed of
refractive metal.

First, an electric power source for generating plasma is set to generate.
relatively low power with a concentration of nitrogen in plasma gas being kept
constant. As a result, the target metal makes sufficient reaction with nitrogen,
and an amorphous metal nitride film 15 is deposited over a surface of the second
insulating iﬁlm 12b, as illustrated in Fig. 4B.

Then, immediately after‘the formation of the amorphous metal nitride
film 15, thé electric power sburce is set to generate relatively high power to

thereby form a film without allowing sufficient time for reaction between nitrbgen =

15
¢
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and the target metal. As a result, )a crystallme metal film 16 contammg mtrogen
therein is formed on the amorphous metal n1tr1de film 15. p

Thus, as 111ustrated in Fig. 4B, it is possible to su‘ccessivyely'and
effectively fabricate the diffusion-barrier film ‘1‘7 having a multi-layered structuré,
on both an inner sidewall and a bottom of the recesses 13 and the holes 14 in the
same chamber. By setting a sputtering pressure sufﬁciiently high ;vhile
depos1t10n of the diffusion-barrier ﬁlm 17 by sputtenng, it would be poss1ble to
enhance coverage of the d1ffu31on barrier film 17. |

Thereafter, the semiconductor substrate 11 is transferred into é third
chamber in \'racuum‘ Th"en a copper film 18 is deposited over the diffusion-
barrler film 17 in vacuum in the th1rd chamber to thereby completely fill the_
recesses 13 and the holes 14 with the copper film 18, as 1llustrated in Fig. 4C.
Since the crystal metal film 16 conta1n_1ng nitrogen therein is exposed outside and
the semiconductor substrate 11 is transferred in vacuum, an oxide film is not’
formed at a surface of the crystal metal film 16.

Then, as illustrated in Fig. 4D, the diffusion-barrier film 17 and Athe

copper film 18 are removed by CMP until the second insulating film 12b appears.

Thus, there is obtained a copper wiring structure having high reliability.

The reason of enhancement in barrier characteristic of prevéntiné
copper diffusion is to infroduce nitrogen into the metal film 16. Iﬁ addition, the
metal film lé containing nitrogen ensures high adhesion with copper. The
amorphous metal nitride film 15 also has a characteristic of preventing copper
diffusion, and furthér enhances adhesion with the second insulating film 12b.
Thus, it is possibIe to ensure high adhesion between the éopper film 18 and the -
diffusion-barrier film 17, and to prevent copper from being diffuse(i from the
copper film 18 into the secon& insulating vﬁlm 12b. | o

Here_inbeldw are explained detailed examples of the above-mentioned
embodiment. |

[First Example]

16

Page 69 of 333



10

15

20

25

In the first éxample, hereinbelow is explained sputtering for fabriCating‘
a multi-layered structure comprised of a crystalline metal film cont‘aix;ing
nitrogen therein and an amorphous metal nitride film. o

| The sputtering in the first example is carried out in a RF magnetron
sputtering app‘aratus illustrated in Fig. 5.

In the illustrated RF magne'tllron sputtering apparatus, a chamber 2 1is
kept to be in vacuum, specifically, to have an internal pressure of aboutl 1 X 10'7 |
Pa to about 1 x 10‘“ Pa by means of a pump 33 such as a dry pump, a éryo'sofption
pump or a turbo pump. In the chamberiZl is placed a heater 34 which can heat a
semiconductor substrate 22 introduced into the chamber 21, up to about 20 to 300
degrees centigrade. A metal target 28 or the semiconductor substrate 22 is
designed to be able to raise or lower, and hence, a distanéé befween the metal
target 28 and the semiconductor substrate 22 can be varied in the range of 102

mm to 134 mm.

Argon and nitrogen gaseé are adjusted with respéct to a flow rate by

means of mass flow controllers 31, and then, introduced into .the chamber 21.

When the argon and nitrogen gases are introduced into the c'ham‘ber. 21, the

chamber 21 has an internal pressure of about 2 Pa to about 17 Pa.

The metal target 28 has a diameter, for instance, in the range of about
300 mm to about 320 mm. The metél target 28 is fixed to the chamber 21
through a target holder 27, a cathode 23 and insulators 29. In the cathodes 23
are rotatably arranged a pluralit",'y' of peg'manent magnéts 24. By rotating the
permanent maghéts 24, >magnet'icv field 30 in the chamber 21 is uniformized, and‘
erosion at a surface of the metal target 28 is also upiformized., As.a result, it is
possible to enhanée uniformity of a film to be formed on the semiconductor‘
substrate 22.

A~ RF electric power éourc‘e 25 for introducing RF power intd the
chamber 21 is in electrical connection with the cathode 23 through a matching box

32 carrying out impedance matching. The RF electric power source 25 applies |

17
\
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radio frequency (RF) havmg a frequency of 13 56 MHz to the. metal target 28
having a dlameter of 300 mm, at O to 10 kW.

Turnmg the RF electric power source 25 on to thereby introducé RF into
the chamber 21, there is generated‘argon plasma containing nitrogen therein.
The target metal 28 is sputtered by argon ions generated in ‘the argon plasma 26.
As a result, metal particles of the target metal 28 fly in;co the /semiconductor o
substrate 22, and thus, the crystalline metal film 164contai‘ning nitrogen therein
or the amorf)hous metal nirride film 15 is formed. | |

The 1nventor actually formed a tantalum film covering therew1th the'
hole 14 (see Fig. 4A) formed through the second insulating film 12b by means of
the above-mentioned RF magnetron sputtering apparatus. ’I/‘he coverage
characteristic of the tantalum film is shown in Fig. 6.

The hole 14 had a diameter in the range of 0.3um to 1.54m. The

second insulating film 12b had a thickness of about 1.5 zm where the hole 14 was

formed. -

As is obv1ous in. v1ew of Fig. 6, as a sputtering pressure 1s 1ncreased
from 2 Pa to 17 Pa bottom coverage is enhanced Herein, bottom coverage is.
defined as a ratio of a thickness of the tantalum film at a bottom of the hole 14toa
thickness of the tantalum film at a surface of the second insulating film 12b
Specifically, when a sputtering pressure is over 5.Pa, sufficient coverage can be
obtained to a hole having a great aspect ratio. |

| A thickness of the tantalum ﬁlm at an inner sidewall of the hole 14 is -
equal to about a half of a thickness of the tantalum film at a bottom of the hole 14.
As a sputtermg pressure is increased, the tantalum film covers an inner s1dewall
of the hole 14 therew1th to a greater degree.

The reason of thls phenomenon is conmdered as follows

The first reason is an increase in the number of Ta ions 1n plasma gas,

as illustrated in Fig. 7.

As a sputtering pressure is increased, tantalum‘.'atomics increasingly
‘ . . v } .
18
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make collision with excited argon atomics, resulting in that argon atomics are
fdcilitated to be ionized. The resultant tantaldm ions are attracted to negative
self-bias generated at the semiconductor substrate 22. Asa result, an incident
angle at which tantalum iqniﬂux 35 is radiated to the semiconductor substrate 22
becomes nearly 90 degrees. Thus, overhanging which occurs in the Vicinity of an
edge of recess or hole in conventional sputtering‘is suppressed, ensuring tantalum
atomics to reach a bottom of the hole 14 or recess 13. Asaresult,a _tahtalum film
36 entirely covers an inner‘sidewall of the hole 14.

The‘ second reason is that the- deposited tantalum film 36 is re-
sputtered by argon ions 39, as illustrated in Fig. 8.

The argon ions 39 which are primary constituents of plasma gas are

accelerated by electric field and reach not only a target but also the semiconductor

. substrate 22 which is in a condition of negative self-bias. This means that the

tantalum film 36 having been deposited on.to‘ the semiconductor substrate‘22 1s
re-sputtered. Since the tantalum film deposited in the vicinity of an edge of the
hole 14 or recess 13 and causihg overhanging is re-sputtered by the argon ions 39,
as indicated with an arrow 37, tantalum atomics 38 directing to a bottom" of the \
hole 14 or recess 13 are not interfered 'at the edge of the hole 14 or recess 13.
Accordingly, it is ensured that a tentalum film is deposited on a bottom and an
inner sidewall of the hole 14 or recess 13. |

In addition, since the tantalum film 36 deposited on a bottom of the hole
14 or recess 13 is re-sputtered by the argon ione 39, tantalum atomics genereted
by re-sputtering are deposited again on an inner sidewall 40 of the hole 14 or
recess 13, ensuring enhancement in coverage at the sidewall 40 of the hole 14 or
recess 13. o | '

It is not possible to determine which is a main reason forv enhancement
in coverage among the above-mentioned first and second reasons. However,
sincé mean free path of plasma ion is just a few millimeters under a pressure over
5 Pa, it is considered that almost 90 degrees of an incident angle of the tantalum

19
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ion flux 35 does not cOntribute to enhancement in coverage so much. The main
reason why the coverage is enhanced is considered that argon ions are generated
in a sufficient density by virtue of a high pressure, and a tantalum film having
been deposited are re-sputtered by the argon ions. |

In accordahce with the experiments thé inventor had conducted, it was
confirmed that coverage was enhanced in sputtering of a tantalum nitride film;
carried out under a high pressure over 5 Pa. | .

- As mentioned so far, it is preferable that a sputtering pressure is set
equal to or greater than 5 Pa in RF magnetron sputtering. |
[Second Example]

Fig. 9 shows a relation between a flow rate ratio and resistivity of a fillm‘ |
formed by high-pressure RF magnetron sputtering having been explained in the
first example, for various RF powers. Herein, the flow rate ratio is deﬁhed as a
ratio of a volume of argon gas to be introduced into the chamber 21 to a voiunié of
nitrogen gas to be introduced into the chémber 21 (N,/ (Ar + N,)).

The relatiqn shown in Fig. 9 was observed when the chambér 21 had a

pressure of 13 Pa, the semiconductor substrate 22 was heated at 200 degrees

centigrade, the vpermanent magnets 24 were rotated at 10 r.p.m., and the distance :

between the metal target 28 and the semiconductor substrate 22 was 134 mm.

As a ratio of N, gas in the flow rate ratio N,/ (Ar + N,) is increased, the
resistivit/:y is once reduced, and thereafter, increased again, regardless the RF
power. However, an increase rate of the N, gas ratio is dependent on the RF
power. The resistivity inCr‘eases ét a lower rate at the greater RF powér. '

Figs. 10 to 13 shdw how X-ray diffraction (XRD) pattei‘ns vary as the N,
gas ratio is varied when RF power of 6 kW'(8.5 W, cm?) is applied to the tantalum
target having a diameter of 300 mm.

SpeciﬁCally, Flgs 10 to 13 shows XRD patterns when the N, gas ratio is
equal to 0%, 1%, 5%, and 7% respectivel&.. Hereinbelow are e'xplained Figs. 10 to

13 in comparison with Fig. 9.

20~
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When the N, gas ratio is equal to 0%, there is obtained a B —Ta (002)-
oriented crystalline tantalum ﬁlm which has’resisti_vity in the range of about 160
to 200 y¢ Q-cm, as illustrated in Fig. 10.

When the N, gas ratio is equal to 1%, there is obtained a crystalline
metal film (herein, a tantalum film) containing nitrogen therein, which includes
B —Ta and TaN;, in mixture and which hag resistivity in the range of about 100
¢ Q-cm, as illustrated in Fig. 11.

When the N, gas ratio is equal to 5%, it is understood in view of Fig. 12
that XRD pattern strength is reduced, and hence, there is formed an amorphous
metal nitride film, which has resistivity in the range of about 200 to 250 1 Q -cm.

When the N, gas ratio is equal to 7%, a crystalline metal nitride film

- (Ta;N;) is formed, and resistivity is further increased, as illustrated in Fig. 13.

As mentioned above, when the tantalum target is selected, a'érystalline

‘structure, composition and resistivity of a film to be formed by sputtering vary in

dependence .on both a concentration of nitrogen gas in sputtering gas and RF’
power. Conveljsely speaking, this means thaf it 1is possible to control
characteristics of a film to be formed by sputtering, by cont;'olling both é
concentration of nitrogen gas in sp_uttéring gas and RF power. Thev’ present
invention 1s based on this discovery. ,

However, it is difficult to vary a ﬂ(;w rate of sputtering gas (that is, a
pressure of sputtering gas) and N, composition ratio in sputtering. Accordingly,
it is necessary in practical use to keep both a flow rate of sputtering gas (th#t 1s, a
pressure of sputtering gas) and N, composition ratio constant, and to vary only RF
power, to thereby control a crystalline structure, composition and resisti'viﬁy of a‘
film to be fqrmed by sputtering. |

Fig. 14 shows how resistivity vé'ries when only RF power is varied while
a N, gas ratié is kept fixed at 2%. As is obvious in view of Fig. 14, it is understood
that it is possible to control film quality and resistivity of a film to be formed by -
sputtering, even when only RF power is varied. In Fig. 14, resistivity is varied

21
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when a gas pressure is equal to 10 Pa, the peimanenf mégnéts are rotated at 10
rp.m., and the substrate was heafed at 200 degrees centigrade.

Figs. 15 to 18 show XRD characteristics relative to RF power. Figs.‘15
to 18 show XRD characteristics observed when RF power is equal to 2 kW, 3 kW, 6
kW and 8 kW, respectively. - o .

Specifically, when Rf‘ power is e‘ciual to 2 kW, there is obtained
amorphous Ta,N, as illustrated in Fig. 15. By increasing. RF power, there is
obtained crystalline TaN,,. When RF.power is equal to 8 kW, there is obtained a
crystalline metal ﬁlm. containiné nitrogen therein, which includes a (-Ta film
and TaN,, in mixture. | |

| Figs. 19 and 20 are SEM (Scanning Electron Microscopy) photographs

of films obtained when RF power is set equal to 2 kW and 8 kW, respecfivély. e

When RF powef 1s set equal ‘t(') 2 kW, as is obvious in view ‘of, XRD
illustrated in Fig. 15, there is nqt‘ obseriled grain boundary, because a deposited
ﬁlni has an amorphous strgc‘ture.' In contrast, when RF power is set equal' to 8
kW, as is obvious in | view ‘of XRD illustrated in Fig. 18, there is obtained va
crystalline film including a B -Ta film and TaN,, in mixture, and having a pillar-
like structure.

That is,/ if Ta,N, which is an amorphoﬁs metal nitride ﬁlrx;, is deposited
at 2 kW of RF power, and RF bower is increased up to 8 kW immediéltely Wh_eh the
film has acquired a desired thickness, the film is turned iﬁto a crystalline metal

film containing nitrogen therein. As a result, as 'illustiated in Fig. 21, a

diffusion-barrier film 17 is formed on-a semiconductor substrate 11 where the

 diffusion-barrier film 17 has a multi-layered structure comprised of an amorphous

25

/

metal nitride film 15 and a crystaliine metal film 16 containing nitrogen therein.
Specifically, the amorphous metal nitride_ﬁlm 15'is an amorphous Ta,N ﬁim, and
the crystalline métalb‘ﬁl’m 16 is ébmpOsed of crystalline B -Ta and crystalline
TaN,, in mixture. o |

Fig. 22 is a SEM photograph of a cross-section of the diffusion-barrier -
A} )

22
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film 17 which is formed by changing sputtering power from 2 kW to 8 kW while a
TaN film is being deposited, to thereby successively deposit the crystalline metal
film 16 and the amorphoué metal nitride film 15 each by a thickness of about 500
angstroms. It is confirmed in Fig. 22 that the amorphous Ta2N film '15-afid the
crystalline metal film 16 containing ‘nitrogen therein forn; a mﬁlti-layere’d
structure. |

The reason of this phenomenon is considered as follows. .

When“ sputtering powei is set equal to 2 kW, since a sputterihg rate
caused by argon ions is relatively low, ;chere is sufﬁcient vtin:.te for a tantalum
target to be hitride’d. by N, at a surface thereof. Hence, the‘tantalu'm tar'gét is
nitrided at a surface thereof; and turned into Ta,N. Since the thus prodﬁc.:ed
Ta,N is sputtered by argon ions, a Ta,N ﬁlm is depbsited. However, when
sputtering power is set equal to 8 kW, the tantalum target is sputtered by ai'gon
ions before a surface .of the tantalum target is sufﬁbiently' nitrided. As a resu_lt,
there is obtained a tantalum film slightly éontaining nitrogen.

By utilizing the above-mentioned phenomenon, it is possible to form the
diffusion- bairier film 17 having.a multi-layered structure and covering th‘erewith
the recess 13 or the hole 14 formed at the second 1nsu1at1ng film 12b formed on the -
sem1conductor substrate 11, as ﬂlustrated in Fig. 23.

The lower film or amorphous mgtal nitride (TaQ'N) fﬁm 15 is required to

have such a thickness that barrier characteristic of preventing copper'diffusion is

~ ensured and adhesion with tlie underlyihg insulating film 12b is also ensured. A

desired thickness of the amorphous metal nitride (Ta,N) film 15 is in the range of '
about 80 angstroms to about 150 angstroms. |

On the other hand, the crystalline nitrogen-containing metal film 16

“composed of crystalline S -Ta and crystalline TaN,; in mixture is required to

\
have such a thickness that barr1er characteristic of preventing copper d1ffus1on is

enSured and adhes1on w1th copper is also ensured. A desired thickness of the '

crystalline metal film 16 is in the range of about 60 angstroms to about 300
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angstroms.
[Th1rd Example] _

The RF magnetron sputtermg having been explamed in the first v_
example makes it poss1ble to enhance coverage characteristic of a depos1ted film
for covering a recess or hole therewith, by introducing a gas having a higher |
pressure than usual, speciﬁcallsi, a pressure equal to or greater than 5 Pa, into’ a
chamber. That is, it is possible to form the multi-layeredvbarrier film 17 under
desired coverage characteristic by switching RF power with a sputtering pressure
being kept equal to or greater than 5 Pa, even when there is carried out dual-
damassin process in which.the recess 13 and the hole 14 formed at a surface of the
second insulating film 12b formed on the semiconductor substrate 11 are |
concurrently filled with the diffusion-barrier film 17.

[Fourth Example] 7 |

In the above-mentioned first and second examples, the process in which.
a multi-layered barrier film is successively formed by switching RF power while
the film is being formed is applied to RF magnetron sputtering. This ‘process '
may be applied tO»DC magnetron sputtering, as illustrated in Fig. 24, though a N, -
gas ratio and RF power are different from those in the first and second examples.

Fig. 24 illustrates a DC magnetron sputtering apparatus. The »
apparatus is comprised of a chamber 21, a heater 34 fixed on a bottom of the
chamber 21 for heating a semiconductor substrate 22, a target metal 28 fixed to a
top of the chamber 21 hy means of insulators 29 and a cathode 23, a pump"33 for:
exhausting air from the vchamber 21 such that a pressure in the chamber 21 is in
the rangé of about 1x 1077 Pa to about 1$< 107%Pa, a magnet 42 positioned above
thev target metal 28, mass flow controllers 31 for adjusting flow rates_ of argon gas .
and nitrogen gas, and _allowing the gases to enter the chamber 21, and ‘a DC
electric power source 41 for applying a DC voltage to both the cathode 23 and the
heater 34. |

Turning the DC electric power _source: 41 on, argon plasma conta_ining‘ -

24
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nitrogen therein is generatec_l in fhe chamber 21.
[Fifth Example]

In the first and second examplés, there is formed only one via-hole and
wiring. However, it should be noted that the‘ present invention may be api)lied to
a copper wiring structure including two or more via-holes and wirings. | |

In the fifth example, as illustrated in Fig. 25, a first insulating film 12a
is formed on a semiconductorl substrate 11. The first insulating film 12a is
formed with via-holes which is filled With a cbpper" wiring layer 44 with a
diffusion-barrier film 17 being sandwichéd between an inner surface of each of the

Via-hoies and the copper wiring layer 44. A second insulating film 12b is formed

on the first insulating film 12a. The second insulating film 12b is also formed

with recesses and via-holes which is ﬁlled with a copper wiring (not illustrated)
with a diffusion-barrier film 17 being sa_ndwiched between inner éurfaces of the
recesses and the via-holes, and the copper wiring. | |

Thus, recesses and/or holes formed throughout each of multi-layered
insulatiﬁg films are covered with the diffusion-barrier film 17, and then, the
recesses and/or holes may bve ﬁlled with a copper wiring layer.

An example of the multi-layered structure is illustrated in Fig. 26.
The illustrated multi-layered structure is comprised of three insulating layers.
Each of the insulating layers is formed with recesses and via-holes, which are
covered at their surfaces with a diffusion-barrier layer 17, and filled with copper
wiring layers 44a and 44b. | |

Hereinbelow is explained a method of fabricating the multi-layered
structure illustrated in Fig. 26. | | | .

| A semiconductor substrate:- 11 is formed at a surface thereof with oxide

layers 11a. A semiconductor device 11b is formed on the semiconductor substrate
11 between the oxide layers 11a.

A first insulating film 12a is formed on the semiconductor substrate 11.

The first insulating film 12a is comprised of, for instance, a silicon dioxide' film.

25
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The first insulating film 12a is formed. with recess and holes reaching the
semiconductor device 11b. The recesses and holes are covered'at their inner
surfaces with the diffusion-barrier film 17. The diffusion-barrier film 17 has a
multi-layered structure comprised of a crystalline nitrogen-containing metal film'
and an amorphous metal nitride film, errd has sufficient cove/rage to cover recesses
and holes therewith. The diffusion-barrier film 17 may be formed by such high-
pressure RF magnetron sputterlng as mentioned in the first example.

Then, the recesses and holes are filled with copper in va(:uum. Then,
the copper film and the diffusion-barrier film 17 are removed by CMP ur1til the . .
first insulating film 12a appears. Thus, there is fabricated the copper wiring
layer 44a.

Since oopper does not form passive state at a surface, the copper wiring
layer 44a may be oxidized. In order to prevent oxidation of the copper w1r1ng
layer 44a, a silicon nitride film 12d is formed over the first insulating film 12a.

Then a second insulating ﬁlm 12b is formed on the ﬁrst 1nsulat1ng f11m
12a. The second insulating film 12b i is formed with recesses and holes reaching
the copper wiring layer 44a formed in the first insulating film 12a. Then, the
recesses and holes formed in the second insulating film 12b are covered with the
diffusion-barrierﬁlm 17, and t}re recesses and holes are filled with: the copper
wiring layer 44b. By repeating the above-mentioned steps by the desired
number, there can be fabricafed a semiconductor device having soch a multi-
layered copper wiring structure as illustrated in Fig. 26. |
[Sixth Example] |

The s1xth example relates to an apparatus and a method of successively
forming both a diffusion-barrier film havmg a multi-layered structure and copper
wiring layer. ' ‘

Fig. 27 is a top plan view of an apparatus of forming a copper wiring -
layer, in accordance with the sixth example.

The apparatus includes a cluster chamber 51 including a separation
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chamber 51 at a center. The separation chamber 51 is equipped therein with a
robot 52 for transferring a semiconductdr substrate.

The cluster chamber 51 is comprised further of two lord lock chamber.s‘
45, a chamber 46 used for heating a semiconductor substrate, an etching chamber
47 used for cleaning recésses and holes; a sputter chamber 48 used for fabricating -
a diffusion-barrier film, and a éhamber 49 used for forming a copper wiring layer,
arranged around‘the separation qhamber 51. ,

It is possible fo form a coppe.r wiring layer without exposure of a
semiconductor substrate to atmosphere‘through the use of the cluster chamber 50.

Hereinbelow are explained steps of fabricating a copper wiring layer.

First, a semiconductor substrate is introduced into one of the lord lock
chafnbers' 45. An insulating film is formed in advance on the semiconductor
substrate, and the insulating ﬁlin 1s formed in advance with a recess and/or hole.

Then, the lord lock chamber 45 is evacuated of air by meaﬁé of a dry
pump and a turbo pump for .ab'out five minutes‘. As a result, the lord lock
chamber 45 has a vacuum degree of 7X 107 Pa to 8 X 107* Pa. |

Then, a gate valve between the lord lock chamber 45 and the separation
chamber 51 is made open. The separétion chamber 51 is in advance kept ina -
vacuum degree of about 5x 107° Pé‘to 1X107° Pa by means of a dry pump and a
turbo pump. Hence, the semiconductor substrate is transbferred_ into the
separation chamber 52 by the robot 52A without being exposedﬂto atmosphere.

Then, the semiconductor substrate is transferred into the chamber 46
which is in advance kept in a vacuum degree of about 6 x 10~° Pa by means of a
dry pump and a turbo pump. The semiconductor substrate is heated at about 50
to about 200 degrees centigrade in the chamber 46 to thereby‘femove moisture
existing at a surface of the semiconductor substrate and clean a éurface of ﬁhe
semic()nducfor substrate.

Then, the semiconductor substrate is transferred into the etching

chamber 47 from the chamber 46 through the separation chamber 51. ‘The

27
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-1in Fig. 6.

etching chamher 47 is keptin a vacuum degree of about 5% 107¢ Pa by means of a -
cryosorption pump, dry pump and a turbo pump.

After introducing the semiconductor substrate into the etching chamber
47, the semiconductor substrate is plasma-etched in argon gas or argon gas
diluted with hydrogen gas (Hz/ Ar = 3%). By carrying out plasma-et_chinﬂg, a
surface of the semiconductor substrate and inner surfaces of a recess and a hole -
are reduced and cleaned. |

The»plasma-etching has an advantage that edges of a recess and a hole
are ground by the plasma-etching, and accordingly, an opening area o‘f the recess
and hole is broadened, ensuring enhancement in coverage characte.ristic. |

Then, the \semiconductor substrate is transferred into the sputter
chamber 48 from the etching chamber 47 by means of the robot 52. The sputter
chamber 48 is kept rn a vacuum degree of about 4x107% Pa by means of a
cryosorption pump, dry pump and a turbo pump. The high-pressure RF
magnetron sputte'ring as having been explained in the first example is carried out
in the sputter chamber 48. | R

In the sputter chamber 48, a crystalline nitrogen-containing metal film
(a film composed of crystalline 8 —Ta and crystalline TaN,, in mirture) and an
amorphous metal nitride film (a Ta,N film) are depo‘sited on the semiconductor
substrate by the method having been explained in the first and second examples,
wherein RF power is in'stantaneous'ly switched. In this e‘xample a gas pressure
1s kept at 10 Pa, a substrate temperature 1s kept at 200 degrees centlgrade a N
gas ratio is kept at 2%, and RF power is sw1tched from 2 kW to 8 kW As a result,
there is obtamed a diffusion-barrier film havmg a multi-layered structure and
also having enhanced coverage characteristic under the characterlsncs 1llustrated '

' \

Then, the semiconductor substrate is transferred in vacuum to the
chamber 49 from the sputter chamber 48 The chamber 49 is kept in a vacuum

degree of about 4 X 10~ Pa by means of a dry pump and a turbo pump. Smce the
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semiconductor substrate is transfe‘rréd in vacuum, the crystalline nitrogen-
containing metal film in the diffusion-barrier ﬁlm‘ is kept clean at a surface
thereof. A copper film is depoéited on the crysfalline nitrogen-containing metal
film by chemical vapor deposition (CVD) such that the reéesé and hole is filled -
with copper, as follows. \

The semiconductor substrate is kept at about 170 to about 200 degrees
centigrade. A source including Cu (hfac) tmvs (trimethylvinylsilyl
hexafluoroacetylacetonate copper (I) ) as‘a main constituent is iﬁtroduced into a
carburetor at 1 to 2 gréms per minute through a liquid .trahsfer'system. The
source gasified in the carburetor is introduced into the chamber 49 together Wi\th
nitrogen carrier gas, resulting in that the chamber 49 is kept at about 1 kPa.

The gas introduced into the chamber 49 makes chemical reaction 61'1 the
semiconductor substrate, and is turned into copper, and then, deposited on the
semiconductor substrate. Herein, copper is deposited by such a thickness th;t a
recess and/or hole is sufficiently filled with copper, for instance, a thlckness in thev
range of about 8000 angstroms to about 15000 angstroms.

In particular, when a copper film is formed by CVD, segregation of
fluorine at a surface“ of the diffusion-barrier film, diffusion of fluorine into the
diffusion-barrier film, énd diffusion of copper into the diffusion-barrier ﬁlfn exert
a great 1nﬂuence on the adhesion; which ﬂuorlne is contamed in Cu (hfac) tmvs
which is a source for carrying out CVD. _

Figs. 28 and 29 illustrate diffusion profiles of fluorine and cop’per‘into
the diffusion-barﬁer film, respectively, which profiles were measured by SIMS
(secondary ion mass speCtroscqpy).

| N In a B —Ta film obtained by sputtering carried out in ai;gon
atmosphere, since fluorine segregates at an interface between c’obper and
tantalum, the B —Ta film would have poor adhesion. Wlth respect to a TazN
film, though fluorine is dlffused 1nto the TazN film, copper is scarcely diffused i in

the Ta,N film. As a result, atomics are coupled with each other with a poor forc_e,

29
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and hence the Ta,N film would have poor adhesion. In contrast with respect to
a TaN,, ﬁlm since copper and ﬂuorme are allowed to be d1ffused into the TaN01 '
film, atomics are coupled w1th each other with a strong force, and as a result, the
TaN,, film would high adhes1on |

Thus, it is understood that if copper is deposited by CVD, the dlffllSlOIl-
barrier film havmg a multi-layered structure comprised of a crystalline TaNO.1 film
arld an amorphous Ta,N film would have enhanced adhesion and barrier
characteristic of preventing copper diffusion.

In accordance with the sixth example, a copper Wiring layer can be

formed on a sem1conductor substrate without the semlconductor substrate bemg

~ exposed to atmosphere. Accordingly, the diffusion-barrier film is kept clean at a

surface,uand hence, film quality of a c0pper ﬁlm_formed by CVD is likely to be
reflected to a crystalline structure of a tantalum film of the diffusiou-barrier film.
Thus, it is possible to enliance crystal orientation of copper and adhesion betweeri
copper arid a diffusion-barrier film. |
[Seventh Ei(ample]

The seventh example relates to the cluster chamber 50 illustrated in
Fig. 27. In the seventh example, the sputter chamber 48 is positioned n a region
where a copper wiring layer is to be formed, which region corresponds to the

chamber 49 in which a copper wiring' layer is formed. Since the diffusion-barrier

film includes a TaN,, film containing ':crystallirie B —Ta therein, at a surface, ,

adhesion between the diffusion-barrier film and a copper ﬁlm formed by-

sputtering is kept the same as adhesion betWeen the diffusion-barrier film and a

- copper film formed by CVD.

[Eighth Example]

In the eighth example, the semiconductor substrate is taken out of the

" cluster chamber 50 illustrated in Fig. 27. The semiconductor substrate has such

" a copper wiring structure as illustrated in F1g 30. Specifically, recesses and

holes formed in the second insulating film 12b‘ are covered with the diffusion-

30
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barrier film 17, and a copper film 53 is formed covering the diffusion-barrier film
17 therewith.

A second copper film 54 is deposited over the copper film 53 by plating

“such that the recesses and holes are filled with the second copper film 54. As a

result, as illustrd,ted in Fig. 31, it is possible to fabricate a structure comprised of
the multi-layered barrier layer 17, the copper film 53 formed by‘ CVD or
sputtering, and the second copper film 54 fofmed by plating. Thereafter, as
illustrated in Fig. 4D, for instance, the secpnd copper film 54, the copper film 53
and the diffusion-barrier film 17 are removed by CMP. Thus, there is obtained a
copper wiring structure. | h |
While the present invention has been described in connection with the -
preferred embodiments, the present invention provides the following advantagés.
The first advantage is that it is possible to have a diffusion-barrier film
héving sufficient barrier characteristic of prevénting copper diffusion ahd high
adhesion with a copper film. This is because the diffusion-barrier ﬁlm is
désigned to have a mult‘i-layered structure comprised of an amorphous ﬁletal
nitride film having a high barrier characteristic of preventing copper diffusion
and a crystalline nitrogen-conta‘ining metal film having high adhesion with
copper. |
The second advantage is that it is possible to successively fabricate the
diffusion-barrier film in a common chamber. This ensures redu&ion in
apparatus cost and reduction in time for fabricating the diffusion-b'arrier film.
This is because thét it'is possible to successively form an amorphous
metal nitride film and a crystalline nitrogen-containing metal film by
instantaneously changing only RF power with a volume ratio of a nitrogen gas to
a process gas introduced into a chamber, beihg kept constanf. ‘In'- accorlt.iance with

this method, an upper metal film in the diffusion-barrier film inevitably contains

nitrogen therein.

The third advantage is that a copper film can be formed with a surface
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of the diffusion-barrier film being kept clean, through the use of én .app.ai'atus of
transferring a semiconductor substrate in vacuum. Aé a resﬁlt, reliability in a
copper wiring layer can be enhanced. | |
While. the present invention has been described in éor}nec'tion with
5 certain preferred embodiments, it is to be understood that the subject métter
| encompassed by way of the present invention is not to be limited to those specific
embodiments. On the contrary, it is intended for the subject -ﬁiatter of the
invention to include all alternatives, modifications and equivalénts és can be
included within the spirit and scope of the following claims. | |
10 . The entire disclosure of Japanese Patent Application No. 11-214110
filed on June 24, 1999 including speciﬁcation,lclaims, drawings and summary is

incorporated herein by reference in its entirety.
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WHAT IS CLAIMED IS:

Q\I/[ 1. A barrier film preve’nting diffion of copper from a copper wiring layer
formed on a semiconductor substrafe, comprising a multi-layered structure of first
5 and second films,

said first film beipd composed of crystalline metal containing nitrogen

therein, |
said second fim being composed of anﬁorphous metal nitride,
said bargfer film being constituted of common métal atomic species.
10
2. The ieffilm as set foi‘th in claim 1, wherein said first film is formed on

said second

. The barrier ﬁlni as set forth in claim 1, wherein said second film has a

15  thickness in the range of 80 angstroms to 150 angstroms both inclusive.

2

A The barrier film as sef forth in claim 1, wherein said first film has a

thickness in the range of 60 angstroms to 300 angstroms both inclusive.

5. A multi-layered wiring structure cgfnprising a barrier film which prevents

0
T adiffusion of copper from a copper yiring layer formed on a semiconductor
substrate,
said barrier ﬁlm having a fulti-layered structure of first and second ‘ﬁlms,A' ‘

said first film being fomposed of crystalline metal containing nitrogen .
25  therein, |
said second film Weing composed of amorphous metal nitride,
said barrier fifm being cohstituted of common metal atomic species.

6. The multi-layered wir@g/st ucture as set forth in claim 5, wherein_said
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first film is forﬁ/ n said second film.

4 The multi-layered wiring structure as set forth in claim 5, wherein said
second film has a thickness in the range of 80 angstroms to 150 angstroms both .‘
inclusive.

87 The multi-layered wiring structure as set forth in claim'5, wherein said
first film has a thickness in the range of 60 angstroms to 300 angstroms both
inclusive. -

A The multi-layered wiring structure as set forth in claim 5, wherein said
barrier film covers a recess and a hole formed throughout an insulating film
formed on an underlying wiring layer. |

)O’. The multi-layered wiring structure as set forth in élaim 5, further
comprising a copper film formed on said first film.

11. A method of forming a diffusion-barrier fi¥n by sputtering, comprising

the steps of:

(a)‘ preparing gas containing nitrogen tierein; and
(b) varying only power of an electri¢ power source for generating plaSma to
fon-barrier film having a multi-layered |
g, said first film being composed of cry'stalline
£d second film being composed of amorphous
metal nitride, said barrierfi

sputter target.

12. The method

therein has a ppéssure equal to or greater than 5 Pa.
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13. The method as set forth in claim 11, wherein said gas .ntain\s nitrogen

at 10 volume % or _small;ar.
5 14. The method as set forth in claim 11, wherein said metal atomic species of
sputter target is one of tantalum, tungsten, titanium, /m onbdenum and niobiﬁin

alone or in combination, . \

< 15. The method as set forth in claim 11/wherein said second film has a

10  thickness in the range of 80 anéstroms to 150/angstroms both inclusive.
\ |
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20. The method as set forth in ‘claim 17, wherein said metal afomic species of

sputter target is one of tantalum, tungsten, titanium, molybd¢hum and niobium
alone or in combination.

21. The method as set forth in claim 17, wherejh said second film has a

thickness in the range of 80 angsﬁ‘oms to 150 angstroms both inclusivé. -

22. The méthod as set forth in claim 17/ wherein $aid first film has a

. thickness in the range of 60 angstroms to 300 gngstroms both inclusive.

- 23. Amethod of forming a diffusion-b arrier film by RF ﬁmagnefron sputtering, -
comprising the steps of: ‘
(a) setting an electric powey /ce for generation plasma to generate power
having .a first vélue, to thereb irst film, with a concentration of nitrogen in
plasma gas being kept at a congtant; ahd
(b) setting said electric power »s'ource to generate power having a second
value greater than said first yalue at the moment when said first film is formed by

a predetermined thickness/to théreby form a second film on said first film.

24. The method ag/set forth m claim 23, wherein said first film is composed of ”
amorphous metal ni ide, and said second film is composed of crystalline metal o

containing nitroger/ therein.

25. The mgthod as set forth in claim 23, wherein said plasma gas contains

nitrogen gas gt a pressure equal to or greater than 5 Pa.

26. The method as set forth in claim 23, wherein said plasma gés contains

nitrogery gas at 10 volume % or smaller.
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27. The method as set forth in claim 23, wherein metal '_,aémic species of
sputter target is one of tantalum, tungsten, titanium, molybdenum and niobium

alone or in combination.

28. The method as set forth in claim 23, wherein said first film has a

thickness in the range of 80 angstroms to 150 angstfoms both inclusive.

29. The method as set forth in claim 23/ wherein said second film has a

thickness in the range of 60 angstroms to 300/angstroms both inclusive.

'30. A method of forming a copper wiring film, comprising the stepé of:
(a) radiating plasma of argon coptaining hydrogen theréin, to a recess or hole
formed at an insulating film formed oy a semiconductor substrate;
(b) forming a diffusion-parrier/film to cover said recess or hole therewith
without exposing to afmophere, said diffusion-barrier film having a' multi-
layered structure of first (and sécond films, said first film being composed of
crystalline metal containing_ni ogen therein, said second film beving composed of
amorphous metal nitride; and |

(c) forming a copper film on said diffusion-barrier film Without exposing to
atmosphere. |

31. The method as et forth in claim 30, wherein said diffusion-barrier film is
formed by sputtering.

32. The method as set forth in claim 30, wherein said cobper film is formed in

vacuum.

33. The jhethod as set forth in claim 32, wherein said copper film is formed

by thermal ¢ 1emical vapor deposition in which thermal dismutation in a complex
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of organic metal is utilized.

34. The method as set forth in claim 32, ¥herein said copper film is formed

by sputtering in which copper target is used.
35. The method as set f 4im 30, wherein. said first film has a
thickness in the range of 60 ajgstrefns to 300 angstroms both inclusive.

36._ The method &5 set forth in claim 30, wherein saidv second film has a

thickness in the raxge of 80 angstroms to 150 angstroms both inclusive.
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ABSTRACT OF THE DISCLOSURE o g saetts

There is provided a barrier film preventing diffusion of copper from a

copper wiring layér formed on a semiconductor substrate. 'The_ba‘friér film has a

5 multi-layered structure of first and second films wherein the first ﬁll‘n') 1s composed
of ci'ystalline.mvet'al containing nitrogen therein, and the second film is composed
of amorphous metal nitrifle. The barrier film is constituted of common metal
atomic species. The barrier ﬁlm‘preveﬁts copper diffusion from a édpper wiring

layer into a semiconductor device, and has sufficient adhesion characteristic to

10  both a copper film and an interlayer insulating film.
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