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ABSTRACT

Cobalt is added to a copper seed layer, a copper plating layer,
or a copper capping layer in order to modify the microstruc
ture of copper lines and vias. The cobalt can be in the form of
a copper-cobalt alloy or as a very thin cobalt layer. The grain
boundaries con?gured in bamboo micro structure in the
inventive metal interconnect structure shut doWn copper grain

boundary diffusion. The composition of the metal intercon
nect structure after grain groWth contains from about 1 ppm to
about 10% of cobalt in atomic concentration. Grain bound
aries extend from a top surface of a copper-cobalt alloy line to
a bottom surface of the copper-cobalt alloy line, and are
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MICROSTRUCTURE MODIFICATION IN
COPPER INTERCONNECT STRUCTURE

Apparently, groWth of the grain siZe is limited at the bottom of
metal lines in ?ne featured metal interconnect structures

employing copper.
FIELD OF THE INVENTION

Referring to FIG. 1, vertical cross-sectional vieW of an
exemplary prior art interconnect structure comprises a dielec
tric layer 110, a barrier layer 120, a copper seed layer 130, and
a plated copper layer 140. The dielectric layer 110 is typically
formed on a semiconductor substrate (not shoWn) containing

The present invention relates to semiconductor structures,

and particularly to metal interconnect structures having large
grain siZes at a bottom of a metal interconnect line and meth
ods of manufacturing the same.

semiconductor devices (not shoWn). The dielectric layer 110
comprises a dielectric material. After formation of a via cav

BACKGROUND OF THE INVENTION

ity and a line cavity Within the dielectric layer 110 by litho
graphic patterning and etching, a barrier layer 120 is formed

Current sub-90 nm copper interconnect technology suffers
from a non-bamboo microstructure, i.e., a microstructure
Without bamboo-like features, in lines and vias. This leads to
problems associated With copper diffusion such as electromi

to prevent diffusion of contaminants into a metal via and a
metal line to be subsequently formed, as Well as to prevent the

diffusion of metal into the dielectric layer 1 1 0, and to promote
adhesion of the metal via and the metal line to the dielectric
layer 110. The copper seed layer 130 is formed on the barrier

gration and stress voiding.
Three different modes of copper diffusion are knoWn. The

layer 120, for example, by physical vapor deposition. The

?rst mode is copper diffusion along grain boundaries of a
copper interconnect structure. The second mode is copper
diffusion at a surface of a copper interconnect structure, i.e.,

plated copper layer 140 is formed by plating on the copper
20

at an interface at Which the copper interconnect structure

adjoins another material. The third mode is copper bulk dif
fusion through grams, i.e., across an interface at Which tWo

grain boundaries meet. Typically, the rate of diffusion is the
highest for the ?rst mode, and loWest for the third mode. Thus,
it is advantageous to form a copper interconnect structure
containing a metal line in Which the metal line has a bamboo
like pattern in the grain microstructure, or a “bamboo micros
tracture.” In the bamboo micro structure, the lateral Width of a
grain is the same as the Width of the metal line or the metal via.

25

less. Typically, the as-deposited copper seed layer 130 has an
average grain siZe from about 2 nm to about 10 nm. The

thickness of the copper seed layer 130 may be from about 5
30

The length of the grain is greater than the Width of the metal
line so that grain boundaries look like a stalk of a bamboo
35

the grains in the copper seed layer 130 and the plated copper
layer 140 groW. The recrystallization process typically
40

employs an anneal at an elevated temperature. While the

45

typical microstructure of a thin copper ?lm, Which has been
annealed, has grain siZes 2-3 times the ?lm thickness With a
mixture of grain orientations, a bottom portion of a post
grain-groWth copper layer 180 in a metal interconnect struc
ture having ?ne features, e.g., features having a Width less
than 90 nm, contains small grains having a lesser dimension
than the Width of the metal interconnect structure. Typically,
the dimensions of such small grains are about 2 to 4 times
smaller than the Width of the metal interconnect structure, i.e.,
the Width of the metal line or the diameter of the via.

cantly more resistance to electromigration than non-bamboo
microstructures. The bamboo microstructure essentially

shuts doWn diffusion along grain boundaries, since bamboo
grain boundaries are substantially at right angles to the cur

An alternative method of suppressing electromigration in a
metal interconnect structure exists. It is Well knoW that if the
length of a metal line is less then the “Blech” length, copper
ion motion Will not occur, shutting doWn the electromigration
process. Mechanical stress at lengths less than the “Blech”

50

Referring to FIGS. 3A-3C, the post-grain-groWth copper
layer 180 is planariZed to form a copper interconnect struc
ture 190 so that a top surface of the copper interconnect
55

length opposes the drift of copper ions.A typical Blech length

tures consisting of copper. While, in principle, designing all
interconnect metal lines shorter than the “Blech” length
60

ture, and practically renders such layouts impractical.
Thus, there exists a need for suppressing copper diffusion
Without resorting to use of a design rule stipulating that all
metal interconnect lines be shorter than the “Blech” length.
HoWever, there are no currently knoWn solutions for achiev
ing a bamboo microstructure in sub-90 nm metal lines.

structure 190 is substantially coplanar With a top surface of
the dielectric layer 110. While the grain siZe near the top
surface of the copper interconnect structure 190 may be about
2 to 3 times the Width of the copper interconnect structure

is on the order of 10 microns for present interconnect struc

Would solve the problem, such a limitation puts a severe
constraint on the design and layout of an interconnect struc

may be less than or greater than the range indicated above.

Referring to FIG. 2, the exemplary prior art interconnect

metal line and any electromigration is forced to occur

rent ?oW.

50 nm. The plated copper layer 140 has a microstructure in
Which the grain siZe is from about 5 nm to about 400 nm, and
typically from about 10 nm to about 200 nm, although the

structure is subjected to a recrystallization process in Which

divergent sites such as grain boundaries and material inter
faces. Since electrical current ?oWs along the direction of a

“through” i.e., substantially perpendicular to the plane of
grain boundaries, the bamboo microstructure offers signi?

nm to about 60 nm, and typically from about 10 nm to about

grain siZe depends on the details of the plating process and

plant With notched segmentation.
It is advantageous to have a bamboo microstructure Where
grains span the Width and height of a line or via. The phe
nomenon of electromigration occurs When a current ?oWing
in the line, due to an externally applied ?eld, leads to a net
drift of Cu ions in the direction of the electron How. This drift
eventually Will lead to line failure due to loss of copper at

seed layer 130. Typically, a super?ll (bottom-up ?ll) process
is employed to prevent formation of any seam in the metal via
and the metal line.
The copper seed layer 130, as deposited, has a polycrys
talline structure in Which the average siZe of the grains is
comparable With the thickness of the copper seed layer or

190, the grain siZe near the bottom surface of the copper
interconnect structure 190 is less than the Width of the copper
interconnect structure 190. Thus, despite an appearance of a
bamboo microstructure as observed at a top surface of the
copper interconnect structure 190, the copper interconnect
structure 190 does not have a bamboo microstructure since

the bottom portion of the copper interconnect structure 190
65

does not have large enough grains, and a bamboo-style seg
mentation betWeen grain boundaries is not present in the
exemplary prior art interconnect structure.

US 7,843,063 B2
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the recessed line pattern, and Wherein each grain boundary

In vieW of the above, there exists a need for metal inter
connect structure having ?ne features siZes such as sub-90 nm

Within the bamboo microstructure extends to a bottom surface

metal lines, i.e., metal lines having a Width less than 90 nm,

of the copper-containing layer.
The grain siZe may be increased Within the copper-contain

and containing a bamboo microstructure so that copper dif

fusion and associated problems may be avoided, and methods

ing seed layer and the copper-containing layer such that grain

of forming such a metal interconnect structure.

boundaries are separated from one another by at least a Width
of a metal line at a bottom surface of the metal line.

SUMMARY OF THE INVENTION

In even another embodiment, the method further comprises

planariZing the copper-containing layer, Wherein a remaining
portion of the copper-containing seed layer and the copper
containing layer constitutes a copper-cobalt alloy line,

The present invention incorporates cobalt into a copper
interconnect structure in order to modify the microstructure
to achieve bamboo-style grain boundaries in sub-90 nm tech

Wherein an average grain siZe measured at a bottom of the

nologies. Preferably, bamboo grains are separated at dis

copper-cobalt alloy line exceeds a Width of the copper-cobalt

tances less than the “Blech” length so that copper diffusion

alloy line.
In yet another embodiment, the copper-cobalt alloy line

through grain boundaries is avoided. The cobalt can be incor
porated into a copper seed layer to be formed under a metal
line, as a capping layer to be formed over a metal line, or

during a plating process. Annealing the copper interconnect
structure at temperatures above 250° C. induces preferential
groWth of (200) grains at a faster rate When Co is added to a

20

plated Cu material. The added Co also triggers the groWth of
Cu grains doWn to the bottom surface of the metal line so that
a true bamboo microstructure reaching to the bottom surface

is formed, and the Cu diffusion mechanism along grain
boundaries oriented along the length of the metal line is

concentration from about 1 ppm to about 10 atomic percent,

and Wherein the copper-containing seed layer is formed by
25

eliminated.
Cobalt is added to the copper seed layer, the copper plating

layer, or the copper capping layer in order to modify the
microstructure of copper lines and vias. The cobalt can be in
the form of a copper-cobalt alloy or as a very thin cobalt layer.
The cobalt can promote normal (groWth of all orientations

According to another aspect of the present invention,
30

(200) orientations) in the ?ne lines and vias leading to bam
boo grains (spanning the line Width and height). Tailored to
35

boundary diffusion. At least one bamboo grain (at right angles
40

providing a dielectric material layer containing a recessed
line pattern;
forming a metallic barrier layer directly on the dielectric
material layer at sideWalls of the recessed line pattern;
forming a copper-containing seed layer directly on the
metallic barrier layer; and
electroplating a copper-containing layer directly on the
copper-containing seed layer, Wherein at least one of the

In one embodiment, the method further comprises increas
45

55

Wherein an average grain siZe measured at a bottom of the

copper-cobalt alloy line exceeds a Width of the copper-cobalt

alloy line.
In yet another embodiment, the copper-cobalt alloy line
60

copper-containing layer.

per-containing layer form a bamboo microstructure Within

copper-containing layer.
In another embodiment, the method further comprises pla
nariZing the copper-containing layer, Wherein a remaining
portion of the copper-containing seed layer and the copper
containing layer constitutes a copper-cobalt alloy line,

Wherein grain siZe increases during the annealing Within the
In another embodiment, the method further comprises
increasing grain siZe and decreasing resistance Within the
copper-containing seed layer and the copper-containing
layer, Wherein the copper-containing seed layer and the cop

containing seed layer and the copper-containing layer,
Wherein the copper-containing seed layer and the copper
containing layer form a bamboo microstructure Within the
recessed line pattern, and Wherein each grain boundary Within
the bamboo microstructure extends to a bottom surface of the

50

ing the copper-containing seed layer and the copper-contain
ing layer at a temperature from about 20° C. to about 400° C.
for a time period from about 1 second to about 1 Week,

forming a copper-cobalt alloy cap layer containing a cobalt
concentration from about 1 ppm % to about 50 atomic percent

ing grain siZe and decreasing resistance Within the copper

copper-containing seed layer and the copper-containing layer
comprises a copper-cobalt alloy containing a cobalt concen
tration from about 1 ppm to about 10 atomic percent.
In one embodiment, the method further comprises anneal

providing a dielectric material layer containing a recessed
line pattern;
forming a metallic barrier layer directly on the dielectric
material layer at sideWalls of the recessed line pattern;
forming a copper-containing seed layer directly on the
metallic barrier layer;
electroplating a copper-containing layer directly on the

directly on the copper-containing layer.

ppm to about 10% of cobalt in atomic concentration.
According to an aspect of the present invention, a method
of forming a metal interconnect structure is provided, Which

comprises:

provided, Which comprises:

copper-containing seed layer; and

to the current ?oW) every “Blech” length acts as a blocking

site for copper diffusion. The composition of the metal inter
connect structure after grain groWth contains from about 1

physical vapor deposition (PVD), chemical vapor deposition
(CVD), atomic layer deposition (ALD), electrodeposition, or
electroless deposition.
another method of forming a metal interconnect structure is

simultaneously) or abnormal grain groWth (growth of the
occur at distance less than the “Blech” length, the grain
boundaries con?gured in bamboo microstructure in the
inventive metal interconnect structure shut doWn copper grain

has a bamboo microstructure, Wherein each grain boundary
extends from the top surface of the copper-cobalt alloy line to
a bottom surface of the copper-cobalt alloy line, and is sepa
rated from any other grain boundary by a distance greater than
the Width of the copper-cobalt alloy line.
In still another embodiment, the copper-containing seed
layer comprises a copper-cobalt alloy containing a cobalt

65

has a bamboo microstructure, Wherein each grain boundary
extends from the top surface of the copper-cobalt alloy line to
a bottom surface of the copper-cobalt alloy line, and is sepa
rated from any other grain boundary by a distance greater than
the Width of the copper-cobalt alloy line.
According to even another aspect of the present invention,
a metal interconnect structure is provided, Which comprises:
a dielectric material layer containing a recessed line pat

tern;

US 7,843,063 B2
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a metallic barrier layer abutting the dielectric material layer

In even another embodiment, atop surface of the copper

cobalt alloy line is substantially coplanar With a top surface of
the dielectric material layer.
In still another embodiment, the copper-cobalt alloy line
has a bamboo microstructure, Wherein grain boundaries
extends from the top surface of the copper-cobalt alloy line to
a bottom surface of the copper-cobalt alloy line, and is sepa
rated from any other grain boundary by a distance greater than
a Width of the copper-cobalt alloy line.

at sidewalls of the recessed line pattern and overlying an

entirety of the dielectric material layer;
a copper-containing seed layer abutting the metallic barrier
layer and overlying an entirety of the dielectric material layer;
and

a copper-containing layer comprising electroplated copper
and abutting the copper-containing seed layer, Wherein at
least one of the copper-containing seed layer and the copper

containing layer comprises a copper-cobalt alloy containing a

In a further embodiment, the metal interconnect structure

cobalt concentration from about 1 ppm to about 10 atomic

further comprises a copper-cobalt alloy via of integral con
struction With the copper-cobalt alloy line and free of any
grain boundary parallel to the via, i.e., perpendicular to a

percent.
In one embodiment, the copper-containing layer comprises

substrate.
In a yet further embodiment, the metallic barrier layer is of

O, N, C, Cl, and S, a sum of concentrations of Which is from
about 1 ppm to about 200 ppm.

unitary construction and abuts and encloses the copper-cobalt

In another embodiment, the copper-cobalt alloy contains a

alloy via.

cobalt concentration from about 10 ppm to about 2 atomic

percent.
BRIEF DESCRIPTION OF THE DRAWINGS

In even another embodiment, the copper-containing seed

layer comprises a copper-cobalt alloy containing a cobalt

20

FIGS. 1, 2, and 3A-3C shoW sequential vieWs of an exem
plary prior art interconnect structure. FIGS. 1, 2, and 3A are

concentration from about 1 ppm to about 10 atomic percent
and has a thickness from about 5 nm to about 60 nm.

vertical cross-sectional vieWs. FIG. 3B is a horiZontal cross

In yet another embodiment, the copper-containing layer
comprises a copper-cobalt alloy containing a cobalt concen
tration from about 1 ppm to about 10 atomic percent and has

sectional vieW of FIG. 3A along the plane B B'. FIG. 3C is a
25

a thickness from about 50 nm to about 800 um above a portion

of the dielectric material layer located outside the recessed
line pattern

According to yet another aspect of the present invention,
another metal interconnect structure is provided, Which com

30

prises:

at sideWalls of the recessed line pattern and overlying an

FIG. 6C is a horizontal cross-sectional vieWs of FIG. 6A
35

FIG. 7 is a vertical cross-sectional vieW of a second exem

FIG. 8 is a vertical cross-sectional vieW of a third exem
40

plary interconnect structure according to a third embodiment
of the present invention.
FIG. 9 is a graph shoWing a comparison of samples A-D for
a time-dependent sheet resistance. Samples A and C are prior
art structures and samples C and D are structures according to

45

the present invention.
FIGS. 10A and 10B are focus ion beam (FIB) images of

abutting the copper-containing layer.
In one embodiment, the copper-containing layer comprises
about 1 ppm to about 200 ppm.

sample A immediately after plating and after 1 day, respec

In another embodiment, the copper-cobalt alloy contains a

tively. FIGS. 11A and 11B are FIB images of sample B

cobalt concentration from about 10 ppm to about 10 atomic

immediately after plating and after 1 day, respectively. FIGS.

percent.
According to still another aspect of the present invention,
yet another metal interconnect structure is provided, Which

50

comprises:

12A and 12B are FIB images of sample C immediately after
plating and after 1 day, respectively. FIGS. 13A-13C are FIB

images of sample C immediately after plating, after 1 hour,
and after 1 day, respectively.

a dielectric material layer containing a recessed line pat

tern;
a metallic barrier layer abutting the dielectric material layer

along the plane C-C'. The planeA-A'in FIGS. 6B and 6C is the
plane of the vertical cross-sectional vieW of FIG. 6A.
plary interconnect structure according to a second embodi
ment of the present invention.

a copper-cobalt alloy cap layer containing a cobalt concen
tration from about 1 ppm to about 50 atomic percent and

O, N, C, Cl, and S, a sum of concentrations of Which is from

vertical cross-sectional vieW of FIG. 3A.
FIGS. 4, 5, and 6A-6C shoW sequential vieWs of a ?rst
exemplary interconnect structure according to a ?rst embodi
ment of the present invention. FIGS. 4, 5, and 6A are vertical
cross-sectional vieWs. FIG. 6B is a horiZontal cross-sectional

vieW of FIG. 6A along the plane B-B'.

a dielectric material layer containing a recessed line pat
tern;
a metallic barrier layer abutting the dielectric material layer

entirety of the dielectric material layer;
a copper-containing seed layer abutting the metallic barrier
layer and overlying an entirety of the dielectric material layer;
a copper-containing layer comprising electroplated copper
and abutting the copper-containing seed layer; and

horiZontal cross-sectional vieWs of FIG. 3A along the plane
C-C'. The plane A-A' in FIGS. 3B and 3C is the plane ofthe

55

DETAILED DESCRIPTION OF THE INVENTION

and embedded in the recessed line pattern; and

As stated above, the present invention relates to metal
interconnect structures having large grain siZes at a bottom of
a metal interconnect line and methods of manufacturing the

a copper-cobalt alloy line abutting the copper alloy seed
layer and embedded in the metal barrier layer and having an
atomic concentration of cobalt from about 1 ppm to about 10
atomic percent, Wherein an average grain siZe measured at a

60

same, Which are noW described in detail With accompanying

65

?gures. It is noted that like and corresponding elements are
referred to by like reference numerals.
Referring to FIG. 4, a ?rst exemplary metal interconnect
structure according to a ?rst embodiment of the present
invention comprises a dielectric layer 10, a metallic barrier

bottom of the copper-cobalt alloy line exceeds a Width of the

copper-cobalt alloy line.
In one embodiment, the copper-cobalt alloy line comprises
O, N, C, Cl, and S, a sum of concentrations of Which is from
about 1 ppm to about 200 ppm.

In another embodiment, the atomic concentration of cobalt
is from about 10 ppm to about 2 atomic percent.

layer 20, a copper-cobalt alloy seed layer 30X, and a plated
copper-containing layer 40. The dielectric layer 10 is typi

US 7,843,063 B2
7

8

cally formed on a semiconductor substrate (not shown) con

typically from about 1 ppm to about 200 ppm. Preferably, the

taining semiconductor devices (not shoWn). The dielectric
layer 10 comprises a dielectric material such as silicon oxide,

plated copper-containing layer 40 is formed by electroplat
ing. Typically, a super?ll (bottom-up ?ll) process is employed

silicon nitride, organosilicate glass (OSG), SiCOH, a spin-on

to prevent formation of any seam Within the via cavity or the

loW-k dielectric material such as SiLKTM, etc. The dielectric
layer 10 may be porous, or non-porous.A via cavity and a line

line cavity so that the plated copper-containing layer 40 is free
of any cavity therein.
The plated copper-containing layer 40 may, or may not,
comprise cobalt. In one case, the plated copper-containing

cavity is formed Within the dielectric layer 10 by lithographic
patterning and etching such that the via cavity overlaps With
the line cavity in an integration scheme that is knoWn in the art
as a dual damascene integration scheme. While the present
invention is described for a dual damascene integration
scheme, variations of the present invention in a single dama

layer 40 may consist essentially of copper, so that any mate

rial other than copper in the plated copper-containing layer 40
is at a trace level. In another case, the plated copper-contain

ing layer 40 may comprise a copper-cobalt alloy With a cobalt

scene integration scheme is explicitly contemplated, in Which

concentration from about 1 ppm to 10 atomic percent, and
preferably from about 10 ppm to about 2 atomic percent.

the metal vias and metal lines are formed by tWo separated
electroplating processes. In this case, the methods of the
present invention is repeated tWice, a ?rst time, to form the
metal vias containing a copper-cobalt alloy and having a

Incorporation of cobalt into the plated copper-containing
layer 40 may be effected by replacing a plating bath contain
ing a solution of pure copper With plating bath containing a

single grain or large grains With boundaries running perpen

solution of a copper-cobalt alloy, i.e., adding cobalt to the
plating bath so that cobalt is incorporated into the ?lm during

dicular to the via (parallel to the substrate), and a second time,

to form metal lines containing a copper-cobalt alloy having

20

plating.

the same bamboo structure as the bamboo structure to be

The thickness of the plated copper-containing layer 40, as

described beloW for the dual damascene integration scheme.
A metallic barrier layer 20 is formed to prevent diffusion of

measured outside the area containing the via cavity and the

contaminants from and/ or into a metal via and a metal line to

containing layer 40, may be from about 50 nm to about 800

be subsequently formed, as Well as to promote adhesion of the
metal via and the metal line to the dielectric layer 10. The

line cavity prior to the ?lling thereof by the plated copper
25

nm, and typically from about 100 nm to about 300 nm,

although lesser and greater thicknesses are contemplated

metallic barrier layer 20 may comprise Ta, TaN, W, WN, TiN,

herein also. As deposited, the plated copper-containing layer

or a stack thereof such as Ta/TaN, Ta/TaN/Ta, TaN/Ta, etc.

40 has a microstructure in Which the grain size is from about

The metallic barrier layer 20 may be formed by chemical

vapor deposition (CVD), physical vapor deposition (PVD),

5 nm to about 400 nm, and typically from about 10 nm to
30

about 200 nm, although the grain size depends on the details
of the plating process and may be less than or greater than the
range indicated above.
Referring to FIG. 5, the ?rst exemplary metal interconnect
structure is subjected to a recrystallization process in Which
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the grains in the copper-cobalt alloy seed layer 30X and the

atomic layer deposition (ALD), etc. The thickness of the
metallic barrier layer 20, as measured at a bottom surface of
the line cavity, may be from about 1 .5 nm to about 25 nm, and
typically from about 3 nm to about 10 nm, although lesser and
greater thicknesses are also contemplated herein.
The copper-cobalt alloy seed layer 30X is formed on the

plated copper-containing layer 40 groW. The recrystallization

metallic barrier layer 20, for example, by physical vapor
deposition (PVD), chemical vapor deposition (CVD), atomic
layer deposition (ALD), electrodeposition, or electroless
deposition. The copper-cobalt alloy seed layer 30X is a cop

process typically employs an anneal at a temperate from
about 20° C. to about 400° C. for a time period from about 1

second to about 1 Week. The grain size increases during the
40

annealing Within the copper-cobalt alloy seed layer 30X and

per-containing seed layer Which also comprises cobalt, i.e.,

the plated copper-containing layer 40. While an anneal above

comprises an alloy of copper and cobalt. Not necessarily but
preferably, the copper-cobalt alloy seed layer 30X may con

500 C. is preferred, some degree of recrystallization occurs at
room temperature so that the present invention may be advan
45

tageously employed even Without an anneal process, i.e., by
leaving the ?rst exemplary metal interconnect structure alone

50

increasing the size of the grains.
The cobalt added into copper-cobalt alloy seed layer 30X
affects the microstructure of a copper-cobalt alloy layer 80,
Which is formed by the recrystallization of the copper-cobalt

sist of copper and cobalt. The concentration of cobalt in the

copper-cobalt alloy seed layer 30X may be from about 1 ppm
to 10 atomic percent, and preferably from about 10 ppm to
about 2 atomic percent. Incorporation of cobalt into the cop

at room temperature for an extended time, and thereby

per-cobalt alloy seed layer 30X may be effected, for example,
by replacing pure copper in a sputtering target of a PVD
process With a target containing a copper-cobalt alloy.

The copper-cobalt alloy seed layer 30X, as deposited, has

alloy seed layer 30X and the plated copper-containing layer

a polycrystalline structure in Which the average size of the

40, after the recrystallization process. Cobalt has loW solubil
ity in copper and forms no intermetallic compounds With
copper. Cobalt thus precipitates in the grain boundaries dur
ing the recrystallization process. It has been observed during
the research leading to the present invention that the cobalt
also induces groWth of large grains even at the interface With
the metallic barrier layer 20 such that the size of the grains is
substantially the same at the top of the copper-cobalt alloy
layer 80 as at the bottom of the copper-cobalt alloy layer 80.

grains is comparable With the thickness of the copper-cobalt
alloy seed layer 30X or less. Typically, the copper-cobalt
alloy seed layer 30X has an average grain size from about 2

55

nm to about 10 nm. The thickness of the copper-cobalt alloy
seed layer 30X, as measured above a bottom surface of the
line cavity, may be from about 5 nm to about 60 nm and
typically from about 10 nm to about 50 nm, although lesser
and greater thicknesses are also contemplated herein.

60

The plated copper-containing layer 40 is formed by plating

In general, a copper-cobalt alloy undergoes abnormal grain

a copper-containing material on the copper-cobalt alloy seed

groWth at temperatures above 250° C., in Which various grain
orientations groW at non-uniform groWth rates. There is pref
erential grain groWth of the (200) grains, Which are termed

layer 30X. The plating process may employ electroplating or

electroless plating. The plated copper-containing layer 40,
due to the nature of the process employed for formation, i.e.,
due to the nature of the plating process, comprises 0, N, C, Cl,
and S. The sum of concentrations of O, N, C, Cl, and S is

65

grains of a “cubic” texture. This groWth can be quite dramatic
With ?nal (200) grains over ten to ?fteen times the ?lm thick
ness. In this system, the grain groWth mechanism favors the

US 7,843,063 B2
9

10

growth of (200) orientation grains over (111) orientation
grains. In the end, large (200) grains are imbedded in ?ner
(111) orientation grains. J. M. B. Harper et al., “Crystallo

layer 20, a copper-containing seed layer 30, and a plated
copper-cobalt alloy layer 40X. The dielectric layer 10 is typi

graphic texture change during abnormal grain groWth in
Cu4Co thin ?lms,” Appl. Phys. Lett. 65 (2) 177, (1994).

taining semiconductor devices (not shoWn), and may com

cally formed on a semiconductor substrate (not shoWn) con
prise the same material as in the ?rst embodiment. A via

cavity and a line cavity is formed Within the dielectric layer 1 0

According to the present invention, cobalt in the copper
cobalt alloy seed layer 30X nucleates neW grains in the plated
copper-containing layer 40 so that the grains in the plated
copper-containing layer 40 may groW to dimensions larger
than the feature siZe of metal lines to be subsequently formed.

by lithographic patterning and etching such that the via cavity
overlaps With the line cavity in an integration scheme that is
knoWn in the art as a dual damascene integration scheme. A
metallic barrier layer 20 is formed in the same manner as, and
has the same composition and thickness as, in the ?rst

Further, grain groWth extends into the copper-cobalt alloy
seed layer 30X so that the entirety of the copper-cobalt alloy

embodiment.
The copper-containing seed layer 30 is formed on the

layer 80 is affected by the grain groWth. In addition, the plated
copper-containing layer 40 may optionally supply additional
cobalt to accelerate the abnormal grain groWth during the
recrystallization process.
The copper-cobalt alloy layer 80, Which has been through

metallic barrier layer 20, for example, by physical vapor
deposition (PVD), chemical vapor deposition (CVD), atomic
layer deposition (ALD), electrodeposition, or electroless

the recrystallization process, has grain siZes 2-3 times the
thickness t as measured over a line feature area of the copper

cobalt alloy layer 80 to the top surface of the dielectric layer

20

10. The bottom portion of the copper-cobalt alloy layer 80,
including the portions corresponding to the via cavity and the
line cavity prior to formation of the copper-cobalt alloy seed
layer 30X, in the ?rst exemplary metal interconnect structure
does not contain small gains. This is because the grain siZe of
the bottom portion of the copper-cobalt alloy layer 80 is
substantially the same as the grain siZe of the top portion of
the copper-cobalt alloy layer 80, and is thus from about 2-3
times the thickness t of the copper-cobalt alloy layer 80. The
absence of small siZe grains at the bottom portion of the
copper-cobalt alloy layer 80 prevents diffusion of copper
atoms or cobalt atoms along a grain boundary. Grain bound

is at a trace level. In another case, the copper-containing seed

layer 30 may comprise a copper-cobalt alloy With a cobalt
concentration from about 1 ppm to 10 atomic percent, and
preferably from about 10 ppm to about 2 atomic percent.
25

a copper-cobalt alloy.
The copper-containing seed layer 30, as deposited, has a
30

grains is comparable With the thickness of the copper-con
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bamboo microstructure extend to a bottom surface of copper
40

Referring to FIGS. 6A-6C, the copper-cobalt alloy layer 80
is planariZed, for example, by chemical mechanical pla
of the copper-cobalt alloy line 90 is substantially coplanar

boundaries since any remaining grainboundaries are substan
tially perpendicular to the direction of current ?oW.
Referring to FIG. 7, a second exemplary metal interconnect
structure according to a second embodiment of the present
invention comprises a dielectric layer 10, a metallic barrier

plating a copper-cobalt alloy on the copper-containing seed
layer 30. The plating process may employ electroplating or

electroless plating. The plated copper-cobalt alloy layer 40X,

nariZation, to form a copper-cobalt alloy line 90.A top surface

the copper-cobalt alloy line 90. The bamboo-style segmenta
tion betWeen grain boundaries is present throughout the
entirety of the copper-cobalt alloy line 90. The bamboo
microstructure eliminates copper diffusion along grain

seed layer 30 has an average grain siZe from about 2 nm to
about 10 nm. The thickness of the copper-containing seed
layer 30, as measured above a bottom surface of the line
cavity, may be from about 5 nm to about 60 nm, and typically
from about 10 nm to about 50 nm, although lesser and greater
thicknesses are also contemplated herein.

The plated copper-cobalt alloy layer 40X is formed by

cobalt alloy layer 80 and separated from one another by at

With a top surface of the dielectric layer 10. The grain siZe
near the top surface of the copper copper-cobalt alloy line 90,
for example, as represented in the horiZontal cross-sectional
vieW of FIG. 6B, may be about, or greater than, 2 to 3 times
the Width of the copper-cobalt alloy line 90. The grain siZe of
the copper copper-cobalt alloy line 90 at an interface With the
metallic barrier layer 20, for example, as represented in the
horiZontal cross-sectional vieW of FIG. 6C, is substantially
the same as the grain siZe of the copper-cobalt alloy line 90
near the top surface of the copper copper-cobalt alloy line 90,
and consequently, may be about, or greater than, 2 to 3 times
the Width of the copper-cobalt alloy line 90. Thus, the copper
cobalt alloy line 90 has a bamboo microstructure throughout
and is free of small grains having a siZe less than the Width of

polycrystalline structure in Which the average siZe of the

taining seed layer 30 or less. Typically, the copper-containing

in the direction of the Width of the recessed line feature. Thus,

least one grain.

Incorporation of cobalt into the copper-containing seed layer
30 may be effected, for example, by replacing pure copper in
a sputtering target of a PVD process With a target containing

aries that are present Within a recessed line feature tend to run

the grain boundaries in the copper-cobalt alloy layer 80 do not
join one another, and the copper-cobalt alloy layer 80 has a
bamboo microstructure in Which grain boundaries Within the

deposition. The copper-containing seed layer 30 may, or may
not, comprise cobalt. In one case, the copper-containing seed
layer 30 may consist essentially of copper, so that any mate
rial other than copper in the copper-containing seed layer 30
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due to the nature of the process employed for formation, i.e.,
due to the nature of the plating process, comprises 0, N, C, Cl
and S. The sum of concentrations of O, N, C, Cl, and S is
typically from about 1 ppm to about 200 ppm. Preferably, the

plated copper-cobalt alloy layer 40X is formed by electro
plating. Typically, a super?ll (bottom-up ?ll) process is
employed to prevent formation of any seam Within the via
50
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cavity or the line cavity so that the plated copper-cobalt alloy
layer 40X is free of any cavity therein.
The plated copper-cobalt alloy layer 40X is a copper-con

taining layer Which also comprises cobalt, i.e., comprises an
alloy of copper and cobalt. Not necessarily but preferably,
metallic components of the plated copper-cobalt alloy layer
40X may consist of copper and cobalt. The concentration of

cobalt in the plated copper-cobalt alloy layer 40X may be
from about 1 ppm to 10 atomic percent, and preferably from
about 10 ppm to about 2 atomic percent. Incorporation of
60

cobalt into the plated copper-cobalt alloy layer 40X may be
effected, for example, by replacing a plating bath containing
a solution of pure copper With plating bath containing a solu

tion of a copper-cobalt alloy, i.e., adding cobalt to the plating
bath so that cobalt is incorporated into the ?lm during plating.
65

The thickness of the plated copper-cobalt alloy layer 40X,
as measured outside the area containing the via cavity and the

line cavity prior to the ?lling thereof by the plated copper

