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METHOD FOR MAKING INTEGRATED
CIRCUIT INCLUDING INTERCONNECTS
WITH ENHANCED ELECTROMIGRATION
RESISTANCE USING DOPED SEED LAYER
AND INTEGRATED CIRCUITS PRODUCED
THEREBY

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

RELATED APPLICATIONS

This application 1s a based upon provisional application
Ser. No. 60/150,156 filed Aug. 20, 1999, now abandoned and
1s a confinuation-in-part application of U.S. patent applica-
tion Ser. No. 09/619,587 filed on Jul. 19, 2000 which, 1n
turn, 1s based upon prior filed provisional application Ser.
No. 60/145,036 filed Jul. 22, 1999, the entire disclosures of

all of which are incorporated herein by reference.

FIELD OF THE INVENTION

The present imnvention relates to the field of integrated cir-
cuits and integrated circuit manufacturing, and more
particularly, to making interconnection structures with
enhanced electromigration resistance, and while not signifi-
cantly increasing the resistivity of the metal.

BACKGROUND OF THE INVENTION

A metal interconnect system 1n wide use in the later
1990’s included an Al+Cu alloy interconnect line clad on
cach side with a barrier metal, and combined with planarnzed
tungsten plugs for vias. A via 1s the structure that provides
the electrical connection from one vertical level of intercon-
nects to the next. The system saw wide acceptance in the
industry, especially for high performance logic applications,
such as microprocessor chips. The system was percerved as
satisfactory, except that a severe degradation 1n electromi-
gration resistance was noted on test patterns with multiple
levels of interconnects and tungsten plug vias, versus test
patterns using one interconnect level and no vias.

As much as a 100 times reduction 1 median-time-to-
tailure (T5,) values, or more, were noted. One technical
paper covering this phenomenon in detail 1s by R. G. Filipp1
et al., entitled, “The Effect of Copper Concentration on the
Electromigration of Layered Aluminum-Copper (11-AlCu-
T1) Metallurgy With Tungsten Ditffusion Barriers.” The
paper appears in the 1992 VMIC Coniference Proceedings,
on page 359. The researchers showed that the copper doping
1s swept away from the tungsten in the direction of current
flow. The aluminum, then depleted of 1ts copper, electromi-
grates rapidly and voids appear at or near the W/Al interface.
Increasing the concentration ol copper helps to a limited
extent, but degrades the resistivity. Stripes with a close by
“reservoir” of copper also showed improvement, but none of
these measures completely solved the problem. In general,
the phenomenon may be referred to as a flux divergence at a
dissimilar material interface.

A similar phenomenon has been noted 1n a copper system
with tungsten plugs. This was reported, for example, by
Kazuhide Abe, et al., and coworkers 1n a paper entitled, “Cu
Damascene Interconnects with Crystallographic Texture
Control and Its Electromigration Performance,” and appears
in the IEEE 1998 Reliability Physics Symposium Proceed-
ings on page 342.
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The widely-accepted dual Damascene copper systems
does not use tungsten plugs between interconnect levels, but
does employ a barrier metal. This barrier layer lies, 1n
general, between the upper surface of a copper interconnect
and the bottom of an overlying copper via. Thus, some flux
divergence may occur at this interface at high current den-
sity. The location of the copper metal depletion depends on
the direction of current flow. For example, 1f the current
flows up nto overlying metal, this 1s the area of voiding and
damage.

SUMMARY OF INVENTION

In view of the foregoing background, it i1s therefore an
object of the invention to provide a integrated circuit pro-
cessing method which eliminates or significantly diminishes
the flux divergence phenomenon such that little degradation
of electromigration resistance occurs at the via structures
relative to other regions in the interconnect system.

Another object of the invention 1s to provide a thin, hard-
ened alloy skin on selected copper surfaces to reduce elec-
tromigration resistance and/or provide for passivation.

These and other objects, features and advantages 1n accor-
dance with the present mvention are provided by a method
for making an integrated circuit device comprising forming
at least one interconnect structure adjacent a substrate by
forming at least one barrier layer, forming a doped copper
seed layer on the at least one barrier layer, and forming a
copper layer on the doped copper seed layer. The method
may further comprise annealing the itegrated circuit device
alter forming the copper layer to diffuse the dopant from the
doped copper seed layer into grain boundaries of the copper
layer. The doped copper seed layer may include at least one
of calcium, cadmium, zinc, neodymium, tellurium, and
ytterbium as a dopant to provide the enhanced electromigra-
tion resistance.

Forming the copper layer may comprise plating the cop-
per layer. In addition, forming the copper layer may com-
prise forming the copper layer to include at least one of
calcium, cadmium, zinc, neodymium, tellurium, and ytter-
bium as a dopant. In some embodiments, the dopant 1n the
seed layer may be suflicient so that no additional dopant 1s
needed 1n the copper layer.

The method may further comprise forming at least one
dielectric layer adjacent the substrate, and forming at least
one opening in the at least one dielectric layer for receiving
the at least one mterconnect structure therein. Forming the at
least one barrier layer may include forming at least one bar-
rier layer comprising metal. The barrier layer may comprise
one of tantalum nitride and tantalum silicon nitride.
Alternately, the barrier layer may include cobalt and phos-
phorous. The method may also 1include forming a displace-
ment plated copper layer on which the at least one barrier
layer 1s formed.

Another aspect of the invention relates to an integrated
circuit device. More particularly, the device may include a
substrate, at least one dielectric layer adjacent the substrate
and having at least one opeming therein, and at least one
interconnect structure in the at least one opening. The nter-
connect structure may comprise at least one barrier layer
adjacent the at least one opening, a doped copper seed layer
on the at least one barrier layer, and a copper layer on the
doped copper seed layer. The copper layer may comprise
grain boundaries adjacent the doped copper seed layer con-
taining dopant therein. These grain boundaries may be filled
during an annealing step during processing. The doped cop-
per seed layer may comprise at least one of calcium,
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cadmium, zinc, neodymium, tellurium, and ytterbium as a
dopant. I desired, the copper layer may also comprise at
least one of calctum, cadmium, zinc, neodymium, tellurium,
and ytterbium as a dopant.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic cross-sectional view of an integrated
circuit device made in accordance with the present mven-
tion.

FIGS. 2 through 4 are schematic cross-sectional views of
the integrated circuit device as shown in FIG. 1 during vari-
Ous processing steps.

FIG. 5 1s a schematic cross-sectional view of an integrated
circuit device 1n accordance with an alternate embodiment
ot the invention.

FIG. 6 1s a schematic cross-sectional view of another

embodiment of an integrated circuit device 1n accordance
with the mvention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The present invention will now be described more fully
hereinafter with reference to the accompanying drawings, in
which preferred embodiments of the mvention are shown.
This invention may, however, be embodied 1n many different
forms and should not be construed as limited to the embodi-
ments set forth herein. Rather, these embodiments are pro-
vided so that this disclosure will be thorough and complete,
and will fully convey the scope of the mvention to those
skilled 1n the art. Like numbers refer to like elements
throughout, and prime notation 1s used in an alternate
embodiment to indicate similar elements.

Referring initially to FIGS. 1-4, the method for making
an 1tegrated circuit device 10 1n accordance with the mven-
tion 1s first described. The device 10 includes a substrate 11
in which various doped regions (not shown) may be formed
to define active devices, such as transistors, etc. as will be
readily appreciated by those skilled in the art. One or more
dielectric layers 12 may be formed over the substrate 11. The
dielectric layer 12 may be patterned and etched and filled
with metal, such as copper or an alloy thereof, to define the
copper interconnect line 15. As will also be appreciated by
those skilled 1n the art, at least one barrier metal layer 13,
and a copper seed layer 14 may be formed prior to elec-
trodeposition of the copper interconnect 135. Those of skill in
the art will appreciate that various etch stop layers may also
be provided, however, these layers are not shown for clarity.

As shown 1n FIG. 2, an opening 235 may be formed extend-
ing through the dielectric layer 16 using conventional tech-
niques. As shown 1n FIG. 3, the device 10 1s subjected to a
plating bath 24 including a plating metal more noble than
copper. This forms a thin plating layer 20 on the exposed
surface portion of the copper interconnect 15. This may be
tollowed by an anneal which drives 1n the more noble metal
a short distance into the copper, such that the electromigra-
tion resistance of the copper near the barrier layer 21 1s
greatly improved. This also passivates the exposed copper
interconnect 15 improving its resistance to oxidation and
staining. This process 1s readily implemented 1n a cost effec-
t1ve manner.

As shown 1n FIG. 4, a barrier layer 21 and a copper seed
layer 22 may be formed to line the opening 25 as will be
appreciated by those skilled in the art. The barrier layer 21
may be tantalum mitride, tantalum silicon mitride, or other
similar materials as will be appreciated by those skilled 1n
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the art. The resulting opening 25 may then be filled with
copper, such as using copper electroplating techniques, for
example, to form the structure shown in FIG. 1.

By selection of relatively inert metals, such as Pd or Pt,
the mvention also tends to passivate the temporarily exposed
surface of the copper until the next step 1n the process 1s
underway. This reduces oxidation and staiming of the copper.

Alternatively, the copper interconnect 15 may be displace-
ment plated following 1ts delineation by CMP as 1s normally
used 1n the Damascene approach as will be appreciated by
those skilled 1n the art. In other words, 1n other
embodiments, the entire upper surface could be displace-
ment plated as described herein.

Several metals have higher reduction potentials than
copper, that 1s, are more noble than copper. Selected reduc-
tion potentials are as follows: Ag+—=Ag, 0.8 volts;
Au+—Au, 1.7 volts; Pd++—Pd, 0.95 volts; Ir+++—1Ir, 1.2
volts; Rh++—=Rh, 0.6 volts; Hg++—=Hg, 0.8 volts; Pt++—Pt,
1.2 volts, Copper itself exhibits a single electrode potential
of Cu+—Cu, 0.52 volts. Any metal 1n a simple 10n solution
which has a reduction potential more positive than copper
will spontaneously oxidize the copper and plate 1tself onto
the copper as the metal. The displacement plating can be
achieved using simple 1on chemistries, such as sulfates or
chlorides as will be appreciated by those skilled 1n the art. A
monolayer or more will form depending on the porosity of
the coating. A metal which 1s less noble than copper, such as
cadmium, Cd+—Cd, -0.4 volts, will not undergo the dis-
placement reaction with copper.

After the formation of the very thin metal coating or plat-
ing layer 20, an anneal is preferably performed sometime 1n
the water processing flow so that the metal 1s driven 1nto the
copper a few atomic layers downward. For palladium, for
example, considering the bulk diffusion constant of Pd
through Cu, the diffusion length v Dt for an anneal of one
hour at 450° C. is about 100 A. Thus a zone of roughly 100
A of Cu+Pd alloy wold be characterized by a marked
increase in electromigration resistance due primarily, 1n this
case, to a reduced rate of material transport from lattice dii-
fusion processes.

Palladium and other metals listed above may not have
ideal metallurgical characteristics which lend themselves
towards the reduction of material transport rates due to high
current density effects. In this case, however, the dopants
would exist 1n high concentration. This 1s a factor which
would tend to offset negative factors and which might con-
tribute to their efficacy.

The deposition method described 1s not an electroless
plating process. Thus, the coating or plating layer 20 thick-
ness 1s self-limiting, and does not tend to coat the adjacent
dielectric material 16. For this reason, the concentration of
the metal 1n the aqueous plating bath 24 and the plating time
are not critical as will be readily appreciated by those skilled
in the art.

The rise 1n resistivity 1n the narrow zone of copper near
the surface would be large with the high concentration of
dopant. But, since the thickness of the effected layer 1s so
narrow, the added via resistance would be small.

Such a treatment will tend to form a more stable transition
from the barrier metal to the undoped or lightly-doped cop-
per of the seed layer 22, reducing material transport rates
during high current density periods.

In order to similarly protect the copper metal 23 on the
upper side of the barrier layer 21, the seed layer 22 upon
which the copper 1s plated may be sputter deposited with

dopants. For example, the seed layer 22 cold be 300—500 A
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thick, sputter deposited, and contain 0.2 to 3 at.% Cd or Zn.
The copper seed layer 22 could also include at least one of
calcium, neodymium, tellurium, and ytterbium.

Alternatively, as explained with reference to FIG. 5, the
seed layer 22' could be undoped copper or one of the alloys
mentioned above which 1s then displacement plated to form
the plating layer 20' on the seed layer along the lines as
described above. The main copper alloy layer 23' may then
be plated on the displacement plating layer 20' as shown in
the 1llustrated embodiment.

As scaling down into submicron dimensions continues 1n
the semiconductor industry, the deposition of a uniform and
conformal barrier metal mto contact and via openings

becomes increasingly difficult. This holds true for coating
methods, such as sputtering and to a somewhat lesser extent
for CVD methods. But plating methods, such as electroless
plating, offer improved conformality. Various metal barrier
films deposited by electroless methods have been studied.
For example, some of these results appear 1n E. J. O’Sullivan
et al., “Flectrolessly deposited diffusion barriers for
microelectronics,” IBM J. Res. Dev. Vol. 42, No. 5, Septem-
ber 1998, p. 607; and Milan Paunovic et al., “Electrochemi-
cally Deposited Diffusion Barriers,” J. Electrochem. Soc.,
141, No. 7, July 1994, p. 1843. This work showed that out of
several candidates, a barrier of Co+P gave the best results.
Electroless “Co(P)” did not interdiffuse with copper even
with extended heating at 400° C. This alloy may be plated to
dielectric surfaces by activation with PdCl,, as will be
readily appreciated by those skilled in the art.

Referring now additionally to FIG. 6 it 1s described how
such an electroless coating may be combined with displace-
ment plating to give an improved electromigration resistant
via in an integrated circuit device 30 which also enjoys a cost
clifective and more uniform copper barrier metal. In this
embodiment, a first copper interconnect line 35 1s formed on
a seed layer 34, which 1s formed on a barrier layer 33. The
barrier layer 33 1s 1llustratively on a dielectric layer 32 adja-
cent the substrate 31. A platinum displacement plated layer
36 1s illustratively formed on the upper surface of the under-
lying copper interconnect 35. This helps spread the current
emerging downward from the via and also helps to reduce
surface (or interface) diffusion rates for the copper intercon-
nect.

First and second nitride layers 37 and 41 are shown adja-
cent the top and bottom, respectively, of a second dielectric
layer 42 which act as etch stops as will be appreciated by
those skilled 1n the art. A third dielectric layer 43 1s provided
on the upper etch stop layer 41 1n the illustrated embodi-
ment. A second barrier layer 44 1s also provided to line or
coat the opening for the second interconnect line 45 as will
also be appreciated by those of skill 1n the art of Damascene
copper technology. The upper surface portion of the copper
interconnect layer 45 will be polished flush 1n a subsequent
step as will be understood by those skilled 1n the art.

In accordance with another important aspect of the
invention, a doped copper seed layer 46 1s provided on
which the copper interconnect layer 435 1s formed. This
doped copper seed layer may be deposited by sputtering.
Alternately, an all electrochemically formed copper-based
interconnect may be formed by first forming the electro-
lessly deposited barrier layer 44 as shown, and then electro-
plating the doped seed layer 46 on the activated barrier layer.
The activation may be accomplished by displacement or
clectrolessly plating a very thin layer of a more noble metal,
such as Pd, Pt, Ag or Au, for example, as discussed above.

Following the doped seed layer 46 deposition, the thick
copper or copper alloy film 45 may be built up by
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clectroplating, for example. The doped copper or copper
alloy seed layer 46 may have a higher dopant concentration
than the bulk interconnect layer 435 increasing the process
latitude. The doped copper seed layer 46 may include a
dopant comprising at least one of calcium, cadmium, zinc,
neodymium, tellurium, and ytterbium. Such a system pro-
vides an electromigration resistant via 1n both current direc-
tions as will be appreciated by those skilled in the art. Of
course, 1n some embodiments, the bulk copper interconnect
layer 45 may also include the same or other such dopants to
enhance electromigration resistance as described herein.

Other related concepts and discussions are provided in the
following U.S. patent applications: Ser. No. 09/045,610,
filed Mar. 20, 1998; Ser. No. 09/148,096 filed on Sep. 4,
1998; Ser. No. 09/271,179 filed on Mar. 17, 1999:; Ser. No.
09/289,331 filed on Apr. 9, 1999; Ser. No. 09/619,387 filed
on Jul. 19, 2000; Ser. No. 60/150,156 filed on Aug. 20, 1999;
Ser. No. 60/153,400 filed on Sep. 10, 1999; and Ser. No.
60/159,068 filed on Oct. 12, 1999. The entire disclosure of
cach of these applications 1s incorporated herein by refer-
ence.

Many modifications and other embodiments of the inven-
tion will come to the mind of one skilled 1n the art having the
benellt of the teachings presented 1n the foregoing descrip-
tions and the associated drawings. Therefore, 1t 1s to be
understood that the invention 1s not to be limited to the spe-
cific embodiments disclosed, and that other modifications
and embodiments are intended to be included within the
scope of the appended claims.

That which 1s claimed 1s:

1. A method for making an integrated circuit device, com-
prising:

forming at least one interconnect structure [adjacent a

substrate byl, wherein said forming at least one inter-
connect structure comprises.

forming at least one barrier layer[.];

forming a doped copper seed layer on the at least one

barrier layer, wherein the doped copper seed layer
[including] includes a dopant comprising at least one of
[calcium,] cadmium[, neodymium,] or tellurium|, and
ytterbium,]; and

forming a copper layer on the doped copper seed layer.

2. A method according to claim 1 further comprising
annealing the integrated circuit device after forming the cop-
per layer to diffuse the dopant from the doped copper seed
layer into grain boundaries of the copper layer.

3. A method according to claim 1 wherein forming the
copper layer comprises plating the copper layer.

4. A method according to claim 1 wherein forming the
copper layer comprises forming the copper layer to include a
dopant comprising at least one of calcium, cadmium, zinc,
neodymium, tellurium, [and] or ytterbium.

5. A method according to claim 1, further comprising:

forming at least one dielectric layer adjacent [the] a sub-
strate; and

forming at least one opening in the at least one dielectric
layer for receiving the at least one interconnect struc-
ture therein.

6. A method according to claim 1 wherein forming the at
least one barrier layer comprises forming at least one barrier
layer comprising metal.

7. A method according to claim 1 wherein forming the at
least one barrier layer comprises forming at least one barrier
layer comprising at least one of tantalum nitride [and] or
tantalum silicon nitride.

8. A method according to claim 1 wherein forming the at
least one barrier layer comprises forming at least one barrier
layer comprising cobalt and phosphorous.
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9. A method according to claim 1 further comprising
forming a displacement plated copper layer on which the at
least one barrier layer 1s formed.

10. A method for making an integrated circuit device,
comprising;

forming at least one interconnect structure [adjacent a

substrate by], wherein said forming at least one inter-
connect structure comprises.

forming at least one metal barrier layer|.],

forming a doped copper seed layer on the at least one
metal barrier layer, wherein the doped copper seed
layer [including] irncludes a dopant comprising at least
one of [calcium,] cadmium|, neodymium,] or
tellurium|, and ytterbium,], and

forming a copper layer on the doped copper seed layer.

11. A method according to claim 10 further comprising
annealing the integrated circuit device after forming the cop-
per layer to diffuse the dopant from the doped copper seed
layer into grain boundaries of the copper layer.

12. A method according to claim 10 wherein forming the
copper layer comprises plating the copper layer.

13. A method according to claim 10 wherein forming the
copper layer comprises forming the copper layer to include a
dopant comprising at least one of calctum, cadmium, zinc,
neodymium, tellurium, [and] or ytterbium.

14. A method according to claim 10, further comprising:

forming at least one dielectric layer adjacent [the] a sub-
strate; and

forming at least one opening 1n the at least one dielectric
layer for recerving the at least one interconnect struc-
ture therein.

15. A method according to claim 10 wherein forming the
at least one metal barrier layer comprises forming at least
one metal barrier layer comprising at /east one of tantalum
nitride [and] or tantalum silicon nitride.

16. A method according to claim 10 wherein forming the
at least one metal barrier layer comprises forming at least
one metal barrier layer comprising cobalt and phosphorous.

17. A method according to claim 10 further comprising
forming a displacement plated copper layer on which the at
least one metal barrier layer 1s formed.

18. A method for making an integrated circuit device,
comprising;

forming at least one interconnect structure [adjacent a

substrate byl, wherein said forming at least one inter-
connect structire comprises:

forming at least one barrier layer],];

forming a doped copper seed layer on the at least one
barrier layer, wherein the doped copper seed layer
[including] includes a dopant comprising at least one of
calcium, cadmium, neodymium, tellurium, [and] or
ytterbiuml.],

plating a copper layer on the doped copper seed layver,

wherein the doped copper seed laver has a higher

dopant concentration than the copper layer; and

annealing the integrated circuit device after forming the
copper layer to diffuse the dopant from the doped cop-
per seed layer into the copper layer.

19. A method according to claim 18, further comprising
doping the copper layer with at least one of calcium,
cadmium, zinc, neodymium tellurium, [and] or ytterbium
prior to annealing.

20. A method according to claim 18, further comprising;:

forming at least one dielectric layer adjacent [the] a sub-
strate; and

10

15

20

25

30

35

40

45

50

55

60

65

8

forming at least one opening in the at least one dielectric
layer for recerving the at least one interconnect struc-
ture therein.

21. A method according to claim 18 wherein forming the
at least one barrier layer comprises forming at least one bar-
rier layer comprising metal.

22. A method according to claim 18 wherein forming the
at least one barrier layer comprises forming at least one bar-
rier layer comprising at least one of tantalum nitride [and] or
tantalum silicon nitride.

23. A method according to claim 18 wherein forming the
at least one barrier layer comprises forming at least one bar-
rier layer comprising cobalt and phosphorous.

24. A method according to claim 18 further comprising,
forming a displacement plated copper layer on which the at
least one barrier layer 1s formed.

25. A method for making an integrated circuit device,
COmprising:

forming at least one interconnect structurve, whervein said

forming at least one interconnect structure comprises:

forming a plating layer on a first copper-containing
layer, wherein the plating laver includes a metal
movre noble than copper,

forming at least one barvier layer on the plating layer;

Jorming a doped copper seed layer including at least
one dopant comprising calcium, cadmium, zinc,
neodymium, tellurium, or ytterbium,; and

Jorming a second copper-containing layer on the doped
copper seed layer.

26. The method of claim 25, further comprising annealing
the integrated circuit device after forming the second
copper-containing layver to diffuse the dopant from the doped
copper seed laver at least into grain boundaries of the
copper-containing layer

27. The method of claim 25 wherein said forming a second
copper-containing laver comprises plating the second
copper-containing layer.

28. The method of claim 25 wherein said forming a second
copper-containing laver comprises forming the second
copper-containing layer to include at least one dopant com-
prising calcium, cadmium, zinc, neodymium, tellurium, or
viterbium.

29. The method of claim 25 wherein said forming a second
copper-containing layver comprises forming the second
copper-containing layer without any calcium, cadmium,
zinc, neodymium, tellurium, or ytterbium dopant therein.

30. The method of claim 25, further comprising:
forming at least one dielectric layer; and

forming at least one opening in the at least one dielectric
laver for rveceiving at least part of the at least one inter-
connect structure thevein.

31. The method of claim 25 wherein said forming at least
one barrier layer comprises forming the at least one barrier
layver comprising metal.

32. The method of claim 25 wherein said forming at least
one barrier layer comprises forming the at least one barrier
laver comprising at least one of tantalum nitride or tantalum
silicon nitride.

33. The method of claim 25 wherein said forming at least
one barrier layer comprises forming the at least one barrier
layer comprising at least cobalt and phosphorous.

34. The method of claim 25, further comprising annealing
the plating laver to drive the more noble metal into the first
copper-containing layer.

35. The method of claim 25 wherein said forming at least
one interconnect structure comprises forming the at least
one interconnect structure adjacent to a substrate.
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36. The method of claim 25 wherein the doped copper
seed laver is formed on the at least one barrier layer.

37. The method of claim 25 wherein said forming a doped
copper seed layver comprises forming the doped copper seed
layver to include a dopant comprising calcium and at least
one of cadmium, neodymium, tellurium, or ytterbium.

38. The method of claim 25 wherein said forming a doped
copper seed layer comprises forming the doped copper seed
laver to include a dopant comprising cadmium and at least
one of calcium, neodymium, tellurium, or ytterbium.

39. The method of claim 25 wherein said forming a doped
copper seed layver comprises forming the doped copper seed
laver to include a dopant comprising neodvmium and at
least one of calcium, cadmium, tellurium, or ytterbium.

40. The method of claim 25 wherein said forming a doped
copper seed laver comprises forming the doped copper seed
laver to include a dopant comprising tellurium and at least
one of calcium, cadmium, neodymium, or viterbium.

41. The method of claim 25 wherein said forming a doped
copper seed layer comprises forming the doped copper seed
laver to include a dopant comprising viterbium and at least
one of calcium, cadmium, neodymium, or tellurium.

42. The method of claim 25 wherein said forming at least
one barrier layer comprises forming the at least one barrvier
laver to include tantalum.

43. A method for making an integrated circuit device,
COmMpPriSing:

forming at least one intevconnect structuve, wherein said

Jorming at least one interconnect structure comprises:

forming at least one barrier layer;

forming a doped copper seed laver including at least
one dopant comprising calcium, cadmium, zinc,
neodymium, tellurium, or ytterbium; and

forming a copper-containing laver over the doped cop-
per seed laver, wherein at least a portion of the
copper-containing laver is plated with a plating
layver including a metal move noble than copper.

44. The method of claim 43, further comprising annealing
the integrated circuit device after forming the copper-
containing layer to diffuse the dopant from the doped copper
seed laver at least into grain boundaries of the copper-
containing layer.

45. The method of claim 43, further comprising annealing
the plating layer to drive the more noble metal into the
copper-containing layer.

46. The method of claim 43 wherein said forming a
copper-containing layer comprises forming the copper-
containing layer to include at least one dopant comprising
calcium, cadmium, zinc, neodymium, tellurium, ov vytter-

bium.

47. The method of claim 43, wherein said forming a
copper-containing layver comprises forming the copper-
containing layer without any calcium, cadmium, zinc,

neodymium, tellurium, or viterbium dopant therein.
48. The method of claim 43, further comprising.

Jorming at least one dielectric layer; and

Jorming at least one opening in the at least one dielectric
laver for receiving the at least one interconnect struc-
ture therein.

49. The method of claim 43, wherein said forming at least
one barrier layer comprises forming the at least one barrier
laver comprising at least one of tantalum nitride ov tantalum
silicon nitride.

50. The method of claim 43, wherein forming at least one
barrier layver comprises forming the at least one barrier
layer comprising at least cobalt and phosphorous.

51. The method of claim 43, further comprising forming a
displacement plated copper-containing layver on which the at
least one barrier layer is formed.
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52. The method of claim 43, wherein said forming at least
one interconnect structure comprises forming the at least
one interconnect structure adjacent to a substrate.

53. The method of claim 43, wherein the doped copper
seed laver is formed on the at least one barrier layer.

54. A method for making an integrated circuit device,
cCoOmprising:

forming at least one interconnect structurve, whervein said

forming at least one interconnect structure comprises.

forming at least one barrier layer;

Jorming a doped copper seed laver including at least
one dopant comnfigured to provide enhanced elec-
tromigration resistance,

Jforming a copper-containing layer on the doped copper
seed layer, wherein the doped copper seed layer has
a higher dopant concentration than the copper-
containing laver; and

annealing the integrated circuit device after forming
the copper-containing laver to diffuse the dopant
from the doped copper seed layver at least into the
copper-containing layer.

55. The method of claim 54, further comprising doping the
copper-containing layer with at least one of calcium,
cadmium, zinc, neodymium tellurium, or yitterbium prior to
annealing.

56. The method of claim 54, wherein said forming a
copper-containing layer comprises forming the copper-
containing layer without any calcium, cadmium, zinc,
neodymium, tellurium, or ytterbium dopant therein.

57. The method of claim 54, further comprising:

forming at least one dielectric layer; and

forming at least one opening in the at least one dielectric
laver for receiving the at least one interconnect struc-
ture therein.

58. The method of claim 54, wherein said forming at least
one barrier layer comprises forming the at least one barrier
layer comprising metal.

59. The method of claim 54, wherein said forming at least
one barrier layer comprises forming the at least one barrier
layer comprising at least one of tantalum nitvide or tantalum
silicon nitride.

60. The method of claim 54, wherein said forming at least
one barrier layer comprises forming the at least one barrier
laver comprising at least cobalt and phosphorous.

61. The method of claim 54, further comprising forming a
displacement plated copper-containing layver on which the at
least one barrier layer is formed.

62. The method of claim 54, wherein said forming at least
one interconnect structure comprises forming the at least
one interconnect structurve adjacent to a substrate.

63. The method of claim 54, wherein the doped copper
seed laver is formed on the at least one barrier layer.

64. A method for making an integrated circuit device,
COmprising.

forming at least one interconnect structure, wherein said

Jforming at least one interconnect structuve comprises:

Jorming at least one barvier layer,

forming a doped copper seed laver including at least
one dopant configured to provide enhanced elec-
tromigration resistance; and

forming a copper-containing layer over the doped cop-
per seed laver, wherein at least a portion of the
copper-containing layer is plated with a plating
laver including a metal more noble than copper.

65. The method of claim 64, further comprising annealing
the integrated circuit device after forming the copper-
containing layer to diffuse the dopant from the doped copper
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seed laver at least into grain boundaries of the copper-
containing layer.

66. The method of claim 64, wherein the dopant comprises
at least one of calcium, cadmium, neodyvmium, tellurium, or
yiterbium.

67. The method of claim 64, further comprising annealing
the plating layer to drive the more noble metal into the
copper-containing layer.

68. The method of claim 64, wherein said forming a
copper-containing layer comprises forming the copper-
containing layer to include a dopant comprising at least one
of calcium, cadmium, zinc, neodvmium, tellurium, or yiter-
bium.

69. The method of claim 64, further comprising:

Jorming at least one dielectric layer; and

forming at least one opening in the at least one dielectric
laver for rveceiving the at least one interconnect struc-
ture therein.

10

15

12

70. The method of claim 64, wherein said forming at least
one barrier layer comprises forming the at least one barrier
layer comprising metal.

71. The method of claim 64, wherein said forming at least
one barrier layer comprises forming the at least one barrier
laver comprising at least one of tantalum nitride or tantalum
silicon nitride.

72. The method of claim 64, wherein said forming at least
one barrier layer comprises forming the at least one barrier
layver comprising at least cobalt and phosphorous.

73. The method of claim 64, further comprising forming a
displacement plated copper layver on which the at least one
barrier layer is formed.

74. The method of claim 64, wherein said forming at least
one interconnect structure comprises forming the at least
one interconnect structure adjacent to a substrate.

75. The method of claim 64, whervein the doped copper
seed layer is formed on the at least one barrier layer.
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