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One embodiment of the present invention is a device includ-
ing at least a portion of a void-free electroplated metallic
interconnect embedded in an opening, said opening having
sidewalls, said sidewalls include at least one dielectric layer,
wherein the opening has an aspect ratio in a range from 7:1 to
20:1, and wherein the portion of the electroplated metallic
interconnect includes a material selected from a group con-
sisting of Cu, Ag, and alloys including at least one of these
metals.
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Figure 5. SEM of a trench ~0.10um wide; ~1.4um deep; AR ~ 14.0:1;
Combined barrier and seed layers: ~400-500A on sidewalls
and ~1,800-1,900A on field. 30° tilt.
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Figure 6. SEM of a trench ~0.10um wide; ~1.4um deep; AR ~ 14.0:1;
Combined barrier and seed layers: ~400-500A on sidewalls
and ~1,800-1,900A on field. No tilt.
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ELECTROPLATED METALLIC
INTERCONNECTS AND PRODUCTS

[0001] This is a continuation of a patent application entitled
“Seed Layers For Metallic Interconnects And Products”, Ser.
No. 13/352,180, filed on Jan. 17, 2012, which is a continua-
tion of a patent application entitled “Apparatus For Making
Interconnect Seed Layers And Products”, U.S. Ser. No.
12/728,393, filed on Mar. 22, 2010, now U.S. Pat. No. 8,123,
861, which itself is a division of a patent application entitled
“Apparatus for Depositing Seed Layers”, U.S. Ser. No.
11/391,035, filed on March 28, 2006, now U.S. Pat. No.
7,682,496, which itself is a continuation of a patent applica-
tion entitled “Advanced Seed Layers for Metallic Intercon-
nects”, U.S. Ser. No. 11/023,833, filed on Dec. 28, 2004, now
U.S. Pat. No. 7,105,434, which itself is a continuation of a
patent application entitled “Methods for Making Multiple
Seed Layers for Metallic Interconnects”, U.S. Ser. No.
10/328,629, filed on Dec. 23, 2002, now U.S. Pat. No. 6,924,
226, which itself is a continuation-in-part of a patent appli-
cation entitled “Multiple Seed Layers for Metallic Intercon-
nects”, U.S. Ser. No. 09/730,220, filed on Dec. 4, 2000, now
U.S. Pat. No. 6,518,668, which itself'is a continuation-in-part
of a patent application entitled “Seed Layers for Intercon-
nects and Methods and Apparatus for Their Fabrication”,
U.S. Ser. No. 09/563,733, filed on May 3, 2000, now U.S. Pat.
No. 6,610,151, which itself is a continuation-in-part of a
patent application entitled “Seed Layers for Interconnects
and Methods for Fabricating Such Seed Layers”, U.S. Ser.
No. 09/410,898, filed on Oct. 2, 1999, now U.S. Pat. No.
6,136,707. Provisional application No. 60/423,933, filed on
Now. 5, 2002. Each of the patents and applications listed in
this paragraph are incorporated herein by reference in their
entirety.

TECHNICAL FIELD OF THE INVENTION

[0002] The present invention pertains to the field of elec-
troplating metals or alloys on a workpiece (or substrate) hav-
ing openings upon its surface.

BACKGROUND OF THE INVENTION

[0003] As is well known in the prior art, filling trenches
and/or vias formed on a wafer by electroplating copper metal
to form semiconductor device interconnects (often referred to
as a “Damascene” or a “Dual Damascene” process) requires
that a metallization layer (often referred to in the art as a seed
layer or a base layer) be formed over the wafer surface. As is
also well known in the prior art, the seed layer is required: (a)
to provide a low-resistance electrical path (to enables uniform
electroplating over the wafer surface); (b) to adhere well to
the wafer surface (usually to an oxide-containing a dielectric
film such as Si0,, SiO, or SiO;N,); and (¢) to be compatible
with subsequent electroplating copper upon its surface.
[0004] As is well known, the requirement of providing a
low-resistance electrical path is fulfilled by choosing the seed
layer to be comprised of an adequately thick, low-resistivity
material.

[0005] As is further well known, since copper has a rather
poor adhesion to oxide surfaces, the requirement of adhering
well to the wafer surface is typically fulfilled by disposing an
intermediary barrier (or adhesion) metallic layer having a
strong affinity for oxygen atoms under the seed layer. As is
well known in the prior art, the barrier metallic layer is formed
prior to the seed layer to provide good adhesion: (a) to the

Mar. 6, 2014

oxide surface underneath it (the barrier layer provides good
adhesion to the oxide surface by sharing oxygen atoms) and
(b) to the seed layer above it (the barrier metallic layer pro-
vides good adhesion to the seed layer by metal to metal
bonds). The barrier layer is often also referred to as an “adhe-
sion layer” or a “liner”. In addition to providing good adhe-
sion, the barrier layer also serves to mitigate copper out-
diffusion directly into the device, or indirectly (through an
insulating or a dielectric layer) into the device. As is well
known in the prior art, the barrier layer is usually chosen from
the refractory metals or their alloys, such as for example, Ta,
TaN,, Cr, CrNy, Ti, TiNy, W, WNy, TaSi N, TiSiyNy,
WSiN;, and other alloys containing one or more of these
materials.

[0006] As is still further well known, the requirement of
being compatible with electroplating copper is fulfilled by
choosing a seed layer that does not react spontaneously (i.e.,
by displacement) with copper electrolyte used during the
electroplating. This is satisfied by requiring that the seed layer
does not comprise a metal or alloy that is less noble than
coppet.

[0007] Typically, a seed layer comprises a copper layer that
is deposited by a “dry” technique, such as by physical vapor
deposition (“PVD?”), including but not limited to sputtering,
ion plating, or evaporation, or by chemical vapor deposition
(“CVD”). However, the seed layer may also be deposited by
a “wet” electroless plating process. In such cases, the copper
seed layer thickness is typically in a range of about 300 A to
about 2,000 A on the field (i.e., the top surface of the wafer
outside trenches and via openings). In such cases, the barrier
layer is typically deposited to a thickness of about 50 A to
about 500 A (on the field) by either a PVD or a CVD tech-
nique.

[0008] The PVDtechniques include, for example and with-
out limitation, techniques such as evaporation, ion plating,
and various sputtering techniques. Sputtering techniques
include, for example and without limitation, techniques such
as DC and/or RF plasma sputtering, bias sputtering, colli-
mated sputtering, magnetron sputtering, Hollow Cathode
Magnetron (HCM) sputtering, Self lonized Plasma (SIP)
sputtering, or lonized Metal Plasma (IMP) sputtering. As is
well known in the art, in general, due to their anisotropic and
directional (“line of sight”) nature, the PVD techniques pro-
duce non-conformal deposition. For a comprehensive
description of sputtering techniques and their applications,
see for example an article entitled “Sputter Deposition Pro-
cesses” by R. Parsons, pp. 177-208 in Thin Film Processes 11,
edited by J. L. Vosen and W. Kern, Academic Press (1991).
[0009] However, some of the PVD techniques (such as ion
plating) may produce, under certain conditions, a relatively
more conformal deposition. For a comprehensive description
of the ion plating technique and its applications, see for
example an article entitled “The Cathodic Arc Plasma Depo-
sition of Thin Films” by P. C. Johnson, pp. 209-285 in Thin
Film Processes II, edited by J. L. Vosen and W. Kern, Aca-
demic Press (1991). The CVD techniques include, for
example and without limitation, thermal CVD, Plasma
Enhanced CVD (“PECVD”), Low Pressure CVD
(“LPCVD”), High Pressure CVD (“HPCVD”), Atomic Layer
CVD (“ALCVD?”), and Metallo Organic CVD (“MOCVD”).
[0010] Atomic Layer Deposition or Alternating Layer
Deposition (ALD) is generally considered to be a CVD (AL-
CVD)technique, or a particular variant thereof. However, itis
sometimes referred to as a class by its own. Similar to other
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CVD techniques, the ALD techniques include particular vari-
ants such as, for example, Thermal ALD, Low Pressure ALD
(LPALD) and Radical Assisted or Plasma Enhanced ALD
(PEALD). In general, the ALD techniques produce more
conformal deposits, at lower deposition temperatures, than
other CVD techniques. However, the ALD techniques are
generally much slower than the other CVD techniques.
[0011] As defined herein, the term “ALD” refers to (and
includes) all variants of the ALD techniques, such as, for
example and without limitation, Thermal ALD or ALCVD,
Low Pressure ALD (LPALD) and Radical Assisted or Plasma
Enhanced ALD (PEALD). For a comprehensive description
of CVD techniques and their applications, see for example an
article entitled “Thermal Chemical Vapor Deposition” by K.
F. Jensen and W. Kern, pp. 283-368 in Thin Film Processes 11,
edited by J. L. Vosen and W. Kern, Academic Press (1991).
For example, one precursor used for CVD Cu is Cuprase-
lect™, which precursor is sold by Schumacher, Inc. Another
precursor is Cu(Il) hexafluoroacetylacetonate. The latter can
be reacted with hydrogen gas to obtain high purity copper. As
is well known in the art, in general, due to their isotropic and
non-directional nature, the CVD (and ALD) and the electro-
less techniques produce conformal deposition, with substan-
tially uniform thickness over the entire surface, including
over the field and the bottom and sidewall surfaces of the
openings. However, under certain conditions, some of the
CVD (and ALD) techniques (such as PECVD or PEALD) can
be made to deposit less conformal or non-conformal layers.
[0012] Aspect ratio (“AR”) is typically defined as a ratio
between a vertical dimension, D (depth), of an opening and its
smallest lateral dimension, W (width, or diameter): AR=D/W.
Usually, in electroplating metals or alloys to fill patterns
having high aspect ratio openings (for example, in an insula-
tor or a dielectric), the electroplating rate inside openings is
slower than the rate outside openings (i.e., on the field).
Further, the higher the AR of the openings, the slower the
electroplating rate is inside. This results in poor or incomplete
filling (voids) of high AR openings, when compared with
results achieved with low AR openings.

[0013] To overcome this problem in the prior art, commer-
cial copper electrolytes contain additives that adsorb and
locally inhibit (or suppress) growth outside the openings (i.e.,
on the field). Further, growth inhibition inside the openings is
decreased from that achieved outside the openings due to
slow replenishment of the additives inside the openings as
compared with replenishment of the additives on the field. As
a result, the deposition rate inside the openings is faster than
outside, thereby facilitating void-free copper fill. Other well
known reasons for voids in copper electrofill include discon-
tinuous (or incomplete coverage of) seed layers inside the
openings, and pinching-off of opening walls (for example, by
overhangs of the top corners) prior to plating.

[0014] The openings may consist of vias, trenches, or pat-
terned photoresist. As is well known, in damascene or dual
damascene processes, an insulating or a dielectric layer is
pattern-etched to form openings therein. Next, a barrier (or an
adhesion) metallic layer and a seed layer are deposited over
the insulating layer to metallize its field (the surface surround-
ing openings), as well as the sidewalls and bottom surfaces of
the openings. Next, copper electroplating is performed over
the entire metallized surface, including the top surface (the
field) surrounding the openings, and inside the patterned
openings. Finally, excess plated copper overlying the open-
ings and the top surface (the field) of the insulating layer, as
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well as the barrier and seed layers on the field, are removed,
for example, by a mechanical polishing or by a chemical
mechanical polishing (“CMP”) technique. The end result is
copper filled openings (trenches and vias), including bottom
and sidewall surfaces lined by the barrier and seed layers. In
today’s most advanced copper filling processes for trenches
and vias, the openings have ARs as high as 5:1 (D=1.25 um;
W=0.25 um). Future trenches and vias openings will likely
require W=0.10-0.13 um, or narrower, and AR=8:1-20:1, or
larger.

[0015] As semiconductor device dimensions continue to
shrink, there is an ever increasing demand for narrower inter-
connect cross-sections and, thus, smaller openings and larger
aspect ratios (AR) during the copper electrofill. To ensure
void-free copper filling, the seed layer inside the openings
must completely cover the bottom and the sidewall surfaces
inside the openings without discontinuities, or else there will
be voids in the copper electrofill. On the other hand, the seed
layer must not be so thick on the sidewalls that it pinches-off
or seals the very narrow openings and should not overhang the
top corners of the openings. It should leave enough room
inside the small openings for a successive electrofilling step.
In contrast to these requirements with respect to the openings,
the seed layer must be sufficiently thick on the top surface (the
field) to provide a low-resistive electrical path that facilitates
uniform plating across the surface of the wafer. That is, the
seed layer must be sufficiently thick (for example, a Cu seed
layer thickness is preferably at least about 1,000 A) on the
field to avoid radial non-uniformity across the wafer caused
by a voltage (or IR) drop between a contact at the edge of the
wafer to the center of the wafer. Any voltage drop (and result-
ing non-uniformity therefrom) becomes more severe with
increasing wafer size (200 mm to 300 mm), and as the resis-
tance of the seed layer increases due to insufficient thickness
and/or high resistivity. To ensure a sufficiently low-resistance
seed layer, it is now common to deposit a copper seed layer to
a thickness of about 1,000 A to about 2,000 A on the top
surface (field) by a PVD technique. However, the typical
conformal seed layer thickness of about 300 A to about 800 A
(on the field), deposited by the CVD or electroless tech-
niques, may not be sufficient.

[0016] Neither ofthesetechniques satisfies all of the above-
identified requirements. The non-conformal PVD techniques,
while providing adequate thickness on the field, fail to pro-
vide continuous and complete sidewall and/or bottom cover-
age inside very narrow openings with large AR. They also
result in substantial overhangs at the top corners of the open-
ings. The conformal techniques (such as CVD, ALD, or elec-
troless), on the other hand, while providing continuous and
complete sidewalls and bottom coverage of the seed layer
inside very narrow openings, pinch-off or seal the small open-
ings when used at thicknesses required on the field for a
low-resistance electrical path. As a result, typical conformal
seed layers are too thin on the field and too thick inside the
very narrow openings.

[0017] Asonecanreadily appreciate from the above, aneed
exists in the art for a method and apparatus to produce a
continuous seed layer on the sidewalls and bottom of the
openings, while maintaining sufficient thickness on the field
to facilitate good uniformity across the wafer and void-free
copper electrochemical filling of very narrow openings hav-
ing high aspect ratios.



US 2014/0061919 Al

SUMMARY OF THE INVENTION

[0018] Embodiments of the present invention advanta-
geously satisty the above-identified need in the art and pro-
vide multiple seed layer structures used to produce void-free
copper or silver interconnect by electrochemical filling of
small openings having high aspect ratios.

[0019] Oneembodiment ofthe present invention is a device
which includes at least a portion of a void-free electroplated
metallic interconnect embedded in an opening, said opening
having sidewalls, said sidewalls include at least one dielectric
layer, wherein the opening has an aspect ratio in a range from
7:1 to 20:1, and wherein the portion of the electroplated
metallic interconnect includes a material selected from a
group consisting of Cu, Ag, and alloys including at least one
of these metals.

BRIEF DESCRIPTION OF THE FIGURES

[0020] FIG. 1 shows a cross-sectional view of an inventive
structure formed in accordance with one embodiment of the
present invention wherein a first, substantially conformal
seed layer is deposited over a barrier layer, followed by a
second, substantially non-conformal seed layer deposited
over the first, conformal seed layer;

[0021] FIG. 2 shows a cross-sectional view of the inventive
structure of FIG. 1 after removing excess plated copper or
silver overlying an opening and the field, as well as removing
the seed layers and barrier layer overlying the field surround-
ing the opening;

[0022] FIG. 3 shows a cross-sectional view of an inventive
structure formed in accordance with an alternative embodi-
ment of the present invention wherein a first, substantially
non-conformal seed layer is deposited over a barrier layer,
followed by a second, substantially conformal seed layer
deposited over the first, non-conformal seed layer;

[0023] FIG. 4 shows a cross-sectional view of the inventive
structure of FIG. 3 after removing excess plated copper or
silver overlying an opening and the field, as well as removing
the seed layers and barrier layer overlying the field surround-
ing the opening;

[0024] FIG. 5 shows a scanning electron microscope
(“SEM”) photograph of a cleaved cross-section (with a tilt
angle of 30°) of a trench (the trench is ~0.10 um wide, ~1.4
um deep, and has an aspect ratio of ~14:1) having seed layers
formed in accordance with one embodiment of the present
invention;

[0025] FIG. 6 shows an SEM photograph of the trench
shown in FIG. 5 without a tilt, and with a larger enlargement;
and

[0026] FIG. 7 shows a schematic (not to scale) top view of
a cluster tool apparatus, and a frontal view of its controller
(e.g. computer), in accordance with other embodiments of the
invention.

DETAILED DESCRIPTION

[0027] FIG. 1 shows a cross-sectional view of an inventive
structure formed in accordance with one embodiment of the
present invention wherein a substantially conformal seed
layer is deposited over a barrier layer, followed by a substan-
tially non-conformal seed layer deposited over the substan-
tially conformal seed layer. As defined herein, a “substan-
tially conformal seed layer” is a layer whose thickness on the
sidewalls of an opening (at about mid-depth) is about
25-100% of its thickness on the field. Similarly, a “substan-
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tially non-conformal seed layer” is defined herein as a layer
whose thickness on the sidewalls of an opening (at about
mid-depth) is less than about 25% of its thickness on the field.
In accordance with this embodiment, the conformal seed
layer provides step coverage inside the openings 16, while the
non-conformal seed layer provides a low resistance electrical
path over the top surface (field 14) surrounding the openings
to enable uniform plating across the substrate (or wafer). As
defined herein, sidewall or step coverage means continuous
sidewall coverage, and conformal and non-conformal seed
layers, respectively, mean substantially conformal and sub-
stantially non-conformal seed layers, respectively. To enable
uniform plating, it is preferable that the thickness of the
combined seed layers be at least about 1,000 A on the field.
However, the combined thickness of the seed layers on the
sidewalls should be thin enough to avoid pinching-off or
sealing the openings and should leave enough room inside the
openings for a successive electrofilling step.

[0028] Narrow openings (e.g., 0.18 um, or narrower), with
large aspect ratios, require minimization of the conformal
seed layer thickness. On one hand, the conformal seed layer
must be sufficiently thick to ensure adequate sidewall cover-
age and, on the other hand, it must not be too thick, to pinch-
off the opening. In such cases, in order to provide sufficient
thickness of the combined seed layers on the field (this is
required to provide adequate electrical conduction on the
field), the thickness of the non-conformal seed layer (on the
field) may need to exceed the thickness of the conformal seed
layer (on the field). In wider openings, with smaller aspect
ratios, the thickness of the non-conformal seed layer may, or
may not, exceed the thickness of the conformal seed layer (on
the field).

[0029] In accordance with this embodiment of the present
invention, barrier layer 18 is deposited over the entire surface
of wafer 10, including over patterned insulating layer 12
(having had opening 16 patterned therein in accordance with
any one of a number of methods that are well known to those
of'ordinary skill in the art), using a conformal Chemical Vapor
Deposition (“CVD”) technique. Although the term barrier
layer is used, it should be understood by those of ordinary
skill in the art that the term barrier layer includes examples
wherein: (a) the barrier layer acts both as an adhesion layer
and as a barrier layer; (b) a barrier layer separate from an
adhesion layer is used; and (¢) a multiplicity of layers is used,
some acting as adhesion layers, some acting as barrier layers,
or some acting as both. Further, although the term wafer is
used, this also includes the term substrate as it is used in the
art. Still further, although the present invention is described in
the context of opening 16, in practice, a multiplicity of open-
ings are patterned and filled in accordance with the present
invention.

[0030] Advantageously, in accordance with the present
embodiment, the use of a conformal CVD (preferably ALD)
technique to deposit barrier layer 18 ensures substantially
complete and continuous coverage of sidewall surfaces inside
opening 16. However, it is within the scope of the present
invention that barrier layer 18 may also be deposited using a
Physical Vapor Deposition (“PVD”) technique that provides
substantially continuous sidewall coverage. In accordance
with the present invention, barrier layer 18 may comprise, for
example and without limitation, a material selected from Ta,
TaN,, Cr, CrNy, Ti, TiNy, W, WNy, TaSi N, TiSiyNy,
WSi,Ny, and other alloys containing one or more of these
materials. Further, the thickness of barrier layer 18 can be in
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a range of about 30 A to about 500 A, and more preferably in
a range of about 50 A to about 300 A. Since barrier layer 18
occupies a certain fraction of interconnects formed in accor-
dance with the present invention, and since barrier layer 18
has a relatively large resistivity, its thickness should be mini-
mized. However, the thickness of barrier layer 18 should be
sufficiently large to mitigate copper out-diffusion and to pro-
vide continuous sidewall coverage inside opening 16. Many
CVD techniques and PVD techniques are well known to those
of ordinary skill in the art for forming barrier layer 18.
[0031] Next, substantially conformal seed layer 20 is
deposited over barrier layer 18. Conformal seed layer 20 can
be preferably deposited by using a CVD or an ALD tech-
nique, but it can also be deposited by using an electroless
technique or any other substantially conformal deposition
technique. Many CVD techniques and electroless techniques
are well known to those of ordinary skill in the art for forming
conformal seed layer 20. For example and without limitation,
the CVD techniques may include thermal CVD, Plasma
Enhanced CVD (“PECVD”), Low Pressure CVD
(“LPCVD”), High Pressure CVD (“HPCVD”), Atomic Layer
CVD (ALCVD), and Metallo Organic CVD (“MOCVD”).
Atomic Layer Deposition (ALD) is generally considered to
be a CVD technique, or a particular variant thereof. As
defined herein, the term “ALD” refers to (and includes) all
variants of the ALD techniques, such as, for example and
without limitation, ALCVD, Low Pressure ALD (LPALD)
and Plasma Enhanced ALD (PEALD).

[0032] The thickness of conformal seed layer 20 can be in
a range of about 20 A to about 500 A, preferably in a range of
about 50 A to about 500 A, and more preferably in a range of
about 100 A to about 300 A. Finally, substantially non-con-
formal seed layer 22 is deposited over conformal seed layer
20. Non-conformal seed layer 22 can be preferably obtained
using a PVD technique. Many PVD techniques are well
known to those of ordinary skill in the art for forming non-
conformal seed layer 22. For example and without limitation,
the PVD techniques include evaporation, ion plating, and
various sputtering techniques. Sputtering techniques may
include, for example and without limitation, techniques such
as DC and/or RF plasma sputtering, bias sputtering, colli-
mated sputtering, magnetron sputtering, Hollow Cathode
Magnetron (HCM) sputtering, Self Ionized Plasma (SIP)
sputtering, or lonized Metal Plasma (IMP) sputtering. The
thickness of non-conformal seed layer 22 can be in a range of
about 100 A to about 3,000 A, and more preferably in a range
of about 500 A to about 2,000 A (on the field).

[0033] In accordance with the present invention, the con-
formal and non-conformal seed layers may comprise the
same material, or they may comprise different materials.
Although copper is commonly used as a seed layer, a highly
conductive silver (Ag) layer can also be used. In fact, Ag has
lower resistivity than that of Cu and, therefore, can be formed
with a smaller thickness than that required when using Cu.
Thus, conformal seed layer 20 and non-conformal seed layer
22 may comprise, for example, a material selected from Cu,
Ag, or alloys comprising one or more of these metals.
[0034] Those of ordinary skill in the art will readily under-
stand that, although the above-described structure comprises
individual conformal and non-conformal seed layers 20 and
22, respectively, these individual layers may not be discern-
ible or distinguishable from each other in the structure after
complete fabrication of the seed layers, particularly if they are
comprised of the same metal or alloy.
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[0035] Due to the non-directional, isotropic nature of CVD
deposition techniques, the thickness of the CVD layers is
substantially uniform over the entire surface (i.e., conformal),
including over field 14, and over bottom and sidewall surfaces
inside opening 16. In reality, however, even the best confor-
mal CVD layers are thicker over the field than inside the
openings. In fact, it is quite common for CVD Cu seed layers
inside openings to have a thickness of about 80% of that over
the field. Also, the thickness of a typical CVD barrier layer
inside the openings may only be ~50% of that over the field.
Thus, even the best CVD layers exhibit some overhangs at the
top corners of the openings.

EXAMPLE 1

[0036] The following presents an example of an embodi-
ment of the inventive method for 0.18 um wide vias or
trenches. In accordance with this embodiment, one deposits,
by a CVD technique, a barrier layer comprised of about 200
A of TaN,, or WN,, then one deposits, by a CVD technique, a
conformal seed layer comprised of about 300 A of Cu, finally
one deposits, by a PVD technique, a non-conformal seed
layer comprised of about 900 A of Cu (as measured on the
field). This will result in a total combined (including the
barrier) thickness of about 400 A inside the openings: {Cu
(PVD~50 A)Cu(CVD~250 A)/TaN({CVD~100 A)} and a
total combined Cu seed layers and barrier layer thickness of
about 1,400 A on the field: {Cu(PVD~900 A)/Cu(CVD~300
A)TaN (CVD~200 A}. Advantageously, in accordance with
the present invention, the inventive “two-step” seed layer
deposition ensures a continuous seed layer having excellent
step coverage, and a low-resistance electrical path on the field
to ensure uniform copper plating across the wafer. It may be
noted that although the combined thickness of the copper
seed layers inside the openings is only about 300 A, due to the
very short distance to the field (on the order of about 1 um),
the voltage drop from the field to the inside of the openings is
negligible. Thus, the combined thickness of the “two-step”
seed layers inside the openings is adequate for copper plating
therein. In fact, if necessary, the combined thickness of the
“two-step” seed layers inside the openings can be further
decreased (to a range from about 20 A to about 200 A, and
preferably to a range from about 100 A to about 200 A) to
enable void-free copper filling of even narrower openings (for
example, below 0.10-0.13 um). In the above example, the
combined thicknesses of the barrier and seed layers at the
sidewalls of the openings is about 400 A on each side, thus
occupying about 800 A of the 1,800 A opening. This leaves
enough room (~1,000 A), without sealing or pinching-off of
the top corners, to facilitate electroplating inside the open-
ings.

[0037] In accordance with a preferred embodiment of the
present invention, substantially non-conformal seed layer 22
is thicker than substantially conformal seed layer 20 on the
field 14, thereby providing most of the field conduction.
[0038] After depositing seed layers 20 and 22 shown in
FIG. 1, substrate 10 is placed in a copper electroplating bath,
and electroplating is carried out in accordance with any one of
anumber of methods that are well known to those of ordinary
skill in the art to deposit a thickness of copper sufficient to fill
patterned opening 16, with some excess, and to cover field 14
surrounding opening 16. Finally, excess plated copper over-
lying opening 16 and overlying field 14, as well as seed layers
20 and 22 and barrier layer 18 overlying field 14, are removed
using any one of a number of techniques that are well known
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to those of ordinary skill in the art, for example, using a
mechanical polishing or a chemical mechanical polishing
(CMP) technique. Other removal techniques, such as wet
etching techniques (chemical, electrodissolution, or elec-
tropolishing) or dry etching techniques (ion milling, reactive
ion etching or RIE, or sputter etching) may also be used to
remove excess plated copper overlying opening 16 and field
14, and to remove seed layers 20 and 22 and barrier metallic
layer 18 overlying field 14. It should be clear to those of
ordinary skill in the art that removal may also be accom-
plished using a combination of techniques, including those
identified above.

[0039] Although the detailed description above refers to
filling opening 16 by electroplating copper, it is within the
scope of the present invention to electrofill opening 16 with
any low resistivity material, such as a material selected from
Cu, Ag, or an alloy comprising one or more of these metals. In
fact, silver (Ag) has lower resistivity than that of Cu, and may
be attractive for further reducing the dimensions of the inter-
connects.

[0040] FIG. 2 shows a cross-sectional view of the inventive
structure of FIG. 1 after removing excess plated copper (or
silver) 24 overlying opening 16 and field 14, and removing
seed layers 20 and 22 and barrier layer 18 overlying field 14
surrounding opening 16. FIG. 2 illustrates the filling of open-
ings (trenches and vias) with electroplated copper (or silver)
24, as well as the lining of the bottom and sidewall surfaces of
opening 16 by barrier layer 18 and seed layers 20 and 22. As
shown in FIG. 2, all metallic layers were removed from field
14 of insulating layer 12 which surrounds embedded electro-
plated copper (or silver) interconnect 24.

[0041] Those of ordinary skill in the art will readily under-
stand that, although the above-described structure comprises
metal (or alloy) layer 24 electroplated over separately depos-
ited conformal and non-conformal seed layers 20 and 22,
respectively, following the electroplating of the metallic layer
24, these individual layers may not be discernible or distin-
guishable from each other in the structure, particularly if they
are comprised of the same metal or alloy. Thus for example, if
seed layers 20 and 22 and electroplated metal 24 are com-
prised of Cu, they may not be discernible from each other
inside the filled openings 16, or on field 14 (prior to their
removal from the field).

[0042] FIG. 3 shows a cross-sectional view of an inventive
structure formed in accordance with an alternative embodi-
ment of the present invention wherein a first, substantially
non-conformal seed layer is deposited over a barrier layer,
followed by a second, substantially conformal seed layer
deposited over the first, non-conformal seed layer. The non-
conformal seed layer provides a low resistance electrical path
over the top surface (field 114) surrounding the openings 116
to enable uniform plating across the substrate (or wafer),
while the conformal seed layer provides continuous and com-
plete bottom and sidewalls (or step) coverage inside the open-
ings.

[0043] In accordance with the alternative embodiment of
the inventive method of the present invention, barrier layer
118 is deposited over the entire surface of wafer 110, includ-
ing over patterned insulating layer 112 (having had opening
116 patterned therein in accordance with any one of a number
of'methods that are well known to those of ordinary skill in the
art), using a conformal Chemical Vapor Deposition (“CVD”)
technique. Although the term barrier layer is used herein, it
should be understood by those of ordinary skill in the art that
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the term barrier layer includes examples wherein: (a) the
barrier layer acts both as an adhesion layer and as a barrier
layer; (b) a barrier layer separate from an adhesion layer is
used; and (¢) a multiplicity of layers is used, some acting as
adhesion layers, some acting as barrier layers, or some acting
as both. Further, although the term wafer is used, this also
includes the term substrate as it is used in the art. Still further,
although the present invention is described in the context of
opening 116, in practice, a multiplicity of openings are pat-
terned and filled in accordance with the present invention.
[0044] Advantageously, in accordance with the present
embodiment, the use of a conformal CVD (preferably ALD)
technique to deposit barrier layer 118 ensures complete and
continuous coverage of sidewall surfaces inside opening 116.
However, it is within the scope of the present invention that
barrier layer 118 may also be deposited using a Physical
Vapor Deposition (“PVD”) technique that provides substan-
tially continuous sidewall coverage. In accordance with the
present invention, barrier layer 118 may comprise, for
example and without limitation, a material selected from Ta,
TaN,, Cr, CrNy, Ti, TiNy, W, WNy, TaSi N, TiSiyNy,
WSi,Ny, and other alloys containing one or more of these
materials. Further, the thickness of barrier layer 118 can be in
a range of about 30 A to about 500 A, and more preferably in
a range of about 50 A to about 300 A. Since barrier layer 118
occupies a certain fraction of interconnects formed in accor-
dance with the present invention, and since barrier layer 118
has a relatively large resistivity, its thickness should be mini-
mized. However, the thickness of barrier layer 118 should be
sufficiently large to mitigate copper out-diffusion and to pro-
vide continuous sidewall coverage inside opening 116. Many
CVD techniques and PVD techniques are well known to those
of ordinary skill in the art for forming barrier layer 118.

[0045] Next, a substantially non-conformal seed layer 126
is deposited over barrier layer 118. Non-conformal seed layer
126 can be preferably obtained using a PVD technique. Many
PVD techniques are well known to those of ordinary skill in
the art for forming non-conformal seed layer 126. For
example and without limitation, the PVD techniques may
include, evaporation, ion plating, and various sputtering tech-
niques. Sputtering techniques include, for example and with-
out limitation, techniques such as DC and/or RF plasma sput-
tering, bias sputtering, collimated sputtering, magnetron
sputtering, Hollow Cathode Magnetron (HCM) sputtering,
Self Ionized Plasma (SIP) sputtering, or lonized Metal
Plasma (IMP) sputtering. The thickness of non-conformal
seed layer 126 can be in a range of about 100 A to about 3,000
A, and more preferably in a range of about 500 A to about
2,000 A (on the field). Finally, a substantially conformal seed
layer 128 is deposited over non-conformal seed layer 126.
Conformal seed layer 128 can be preferably obtained using a
CVD or an ALD technique, or electroless technique, or any
other substantially conformal deposition technique. Many
CVD techniques and electroless techniques are well known to
those of ordinary skill in the art for forming conformal seed
layer 128. For example and without limitation, the CVD
techniques may include thermal CVD, Plasma Enhanced
CVD (“PECVD”), Low Pressure CVD (“LPCVD”), High
Pressure CVD (“HPCVD”), Atomic Layer CVD (ALCVD),
and Metallo Organic CVD (“MOCVD”). Atomic Layer
Deposition (ALD) is generally considered to be a CVD tech-
nique, or a particular variant thereof. As defined herein, the
term “ALD” refers to (and includes) all variants of the ALD
techniques, such as, for example and without limitation,
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ALCVD, Low Pressure ALD (LPALD) and Plasma
Enhanced ALD (PEALD). The thickness of conformal seed
layer 128 can be in a range of about 20 A to about 500 A,
preferably in a range of about 50 A to about 500 A, and more
preferably in a range of about 100 A to about 300 A.

[0046] In accordance with a preferred embodiment of the
present invention, substantially non-conformal seed layer
126 is thicker than substantially conformal seed layer 128 on
the field 114, thereby providing most of the field conduction.

[0047] In accordance with the present invention, the con-
formal and non-conformal seed layers may comprise the
same material, or they may comprise different materials.
Although copper is commonly used as a seed layer, a highly
conductive silver (Ag) layer can also be used. Non-conformal
seed layer 126 and conformal seed layer 128 may comprise,
for example, a material selected from Cu, Ag, or alloys com-
prising one or more of these metals.

[0048] Although reference is made here to individual non-
conformal and conformal seed layers 126 and 128, respec-
tively, it should be understood by those of ordinary skill in the
art that, following the deposition of these seed layers, they
may not be discernible or distinguishable from each other,
particularly if they are comprised of the same metal or alloy.

[0049] After depositing seed layers 126 and 128 shown in
FIG. 3, substrate 110 is placed in a copper electroplating bath,
and electroplating is carried out in accordance with any one of
a number of methods that are well known to those of ordinary
skill in the art to deposit a thickness of copper sufficient to fill
patterned opening 116, with some excess, and to cover field
114 surrounding opening 116. Finally, excess plated copper
overlying opening 116 and field 114 of insulating layer 112,
as well as seed layers 126 and 128 and barrier layer 118
overlying field 114, are removed using any one of a number of
techniques that are well known to those of ordinary skill in the
art, for example, using a mechanical polishing or a chemical
mechanical polishing (CMP) technique. Other removal tech-
niques, such as wet etching techniques (chemical, electrodis-
solution, or electropolishing) or dry etching techniques (ion
milling, reactive ion etching or RIE, or sputter etching) may
also be used to remove excess plated copper overlying open-
ing 116 and field 114, and to remove seed layers 126 and 128
and barrier layer 118 overlying field 114. It should be clear to
those of ordinary skill in the art that removal may also be
accomplished using a combination of techniques, including
those identified above.

[0050] Although the detailed description above refers to
filling opening 116 by electroplating copper, it is within the
scope of this invention to electrofill opening 116 with any low
resistivity material, such as a material selected from Cu, Ag,
or alloys comprising one or more of these metals. In fact,
silver (Ag) has lower resistivity than that of Cu, and may be
attractive for further reducing the dimensions of the intercon-
nects.

[0051] FIG. 4 shows a cross-sectional view of the inventive
structure of FIG. 3 after removing excess electroplated cop-
per (or silver) 130 overlying opening 116 and field 114, and
removing seed layers 126 and 128 and barrier layer 118
overlying field 114 surrounding opening 116. FIG. 4 illus-
trates the filling of openings (trenches and vias) with electro-
plated copper (or silver) 130, as well as the lining of the
bottom and sidewall surfaces of opening 116 by barrier layer
118 and seed layers 126 and 128. As shown in FIG. 4, all
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metallic layers were removed from field 114 of insulating
layer 112 which surrounds embedded electroplated copper
(or silver) interconnect 130.

[0052] Although reference is made here to individual elec-
troplated metal or alloy 130 over seed layers 126 and 128, it
should be understood by those of ordinary skill in the art that,
following the electroplating of metallic layer 130, the indi-
vidual layers may not be discernible or distinguishable from
each other, particularly if they are comprised of the same
metal or alloy. Thus for example, if seed layers 126 and 128
and electroplated metal 130 are comprised of Cu, they may
not be discernible from each other inside the filled openings
116, or on field 114 (prior to their removal from the field).

EXAMPLE 2

[0053] FIGS. 5 and 6 show scanning electron microscope
(“SEM”) photographs of a cross-section of a 0.10 um wide
trench having Cu seed layers prepared in accordance with one
embodiment of the invention. In accordance with this
embodiment, a pattern of trenches was formed in a SiO,
insulating layer. The trenches were about 0.10 um wide (at
their bottom) and about 1.4 um deep (thereby having an
aspect ratio of about 14:1). Next, a barrier layer (WN,) was
deposited using a CVD technique. Next, a relatively thin,
conformal Cu seed layer was deposited using a CVD tech-
nique. The barrier layer and thin, conformal Cu seed layer is
seen at 501 in FIG. 6. In accordance with this embodiment,
the combined thickness of the barrier and the CVD Cu seed
layer was about 500 A on the field, and about 400-500 A on
the sidewalls and bottom of the trenches. Next, a non-confor-
mal PVD Cu seed layer having a thickness of about 1,400 A
(on the field) was deposited by sputtering. In this embodi-
ment, the non conformal PVD Cu seed layer was applied in
two steps and is seen at 510 in FIG. 6. The end result, as shown
in FIGS. 5 and 6, was a combined thickness (including the
barrier and the Cu seed layers) of only about 400-500 A on the
sidewalls and bottom of the trench (with excellent continuity
and uniformity there), and about 1,900 A on the field, without
pinching-off of the trench. One should note that, while FIG. 5
shows the cross-section with a tilt of about 30° and an enlarge-
ment of 20,000x (thus providing also a partial view of the top
surface), FIG. 6 shows the same cross-section with an
enlargement of 40,000x and without a tilt.

EXAMPLE 3

[0054] Similar to Example 2 above, trenches ~0.10 um
wide (at their bottom) and ~1.4 pm deep (thereby having an
aspect ratio of ~14:1) were formed in a SiO, insulating layer.
Next, a barrier layer (WN,) was deposited using a CVD
technique. Next, a relatively thin, conformal Cu seed layer
was deposited using a CVD technique. The combined thick-
ness of the barrier layer and the CVD Cu layer was ~500 A on
the field, and ~400-500 A on the sidewalls and bottom of the
trenches. Next, a non-conformal PVD Cu seed layer having a
thickness of ~500 A (on the field) was deposited by sputter-
ing. The end result was a combined thickness (including the
barrier layer and the Cu seed layers) of only about 400-500 A
on the sidewalls and bottom of the trenches (with excellent
continuity and uniformity there), and about 1,000 A on the
field, without pinching-off the trenches.

[0055] It should be understood that the scope of the present
invention is not limited to the embodiments described above
with respect to FIG. 1 and FIG. 3. For example, in accordance
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with further embodiments of the present invention, a rela-
tively thin (50-300 A) “Flash” PVD seed layer can be depos-
ited first, followed by a relatively thin (20-300 A) conformal
CVD (preferably ALD) or electroless seed layer, and finally
followed by a relatively thick (300-2,000 A) PVD seed layer
to produce three separately deposited seed layers. The rela-
tively thick top PVD seed layer is preferably deposited under
conditions which minimize overhangs at the top corners of
the openings.

[0056] Adhesion of a metallo-organic CVD (MOCVD)
deposited Cu seed layer to the underlying barrier layer is
rather poor, and may not be adequate for use in devices when
mechanical or chemical mechanical polishing (CMP) pro-
cessing follows Cu plating. In addition, when an MOCVD Cu
layer is deposited directly over a barrier layer containing a
refractory metal, further problems arise. In particular, the
morphology, uniformity, and electrical resistivity of the
MOCVD Cu layer may not be adequate for use in devices. It
is believed that these problems are due to the high affinity of
the refractory metal in the barrier layer to oxygen and/or
carbon atoms. Specifically, during the initial stages of
MOCVD Cu deposition, the refractory metal of the barrier
layer spontaneously reacts with carbon or oxygen containing
species (from the organic part of the metallo-organic com-
pound) to form an oxide, carbide, or a mixed oxide-carbide
interfacial layer between itself and the depositing Cu. Such an
interfacial layer adversely impairs the adhesion of the
MOCVD Cu layer. Cu (as well as other noble metals) does not
adhere well to oxide or carbide layers, and requires a clean
metal-to-metal bond in order to adhere well to another metal.
Similarly, the oxide, carbide, and/or oxide-carbide interfacial
layer impairs proper nucleation of the MOCVD Cu on the
refractory metal barrier layer. This adversely affects the mor-
phology, uniformity, and resistivity of the deposited MOCVD
Cu seed layer.

[0057] In accordance with one embodiment of the present
invention, at least an initial stage of CVD or ALD Cu depo-
sition is carried out utilizing high purity, inorganic Cu com-
pounds (precursors), such as, for example and without limi-
tation, compounds containing hydrogen and/or halogen
atoms such as chlorides or fluorides, which do not contain
oxygen or carbon atoms. The resulting clean metal-to-metal
interface between a barrier layer containing a refractory metal
and the depositing copper ensures good adhesion, morphol-
ogy, uniformity, and low electrical resistivity of the CVD Cu
layer. In a further embodiment, the entire CVD or ALD Cu
layer can be deposited using the inorganic precursors. Ina still
further embodiment, only the initial stage of the CVD (or
ALD) Cu is carried out using inorganic precursors, switching
later to an MOCVD Cu deposition process, to form the rest of
the CVD Cu layer.

[0058] In accordance with one embodiment of the present
invention that solves the problems involved with the deposi-
tion of an MOCVD Cu layer on a barrier deposited layer
containing a refractory metal, a first, relatively thin, “Flash”
PVD seed layer is deposited to enhance adhesion to the bar-
rier layer and/or to improve grain morphology and uniformity
of a subsequently deposited CVD seed layer.

[0059] Inanother embodiment of the invention, an electro-
less deposited metal or alloy is first deposited on the barrier
layer, followed by the CVD Cu seed layer. In another embodi-
ment, following the deposition of the electroless metal or
alloy on the barrier layer, a PVD Cu seed layer is deposited
directly on the electroless deposited metal or alloy. In yet
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another embodiment, a relatively thick PVD Cu seed layer is
first deposited on the barrier layer, followed by a relatively
thin electroless Cu seed layer deposited over the PVD Cu seed
layer. The electroless deposited metal or alloy may comprise
a material selected from the group consisting of electroless
deposited Cu, Au, Ag, Ni, Co, or an alloy comprising one or
more of these metals. The thickness of this electroless depos-
ited metal or alloy can be in the range of 10-500 A, preferably
in the range of 20-300 A, and more preferably be in the range
of 25-100 A.

[0060] Exposure of wafers to the atmosphere during trans-
port from one deposition chamber to another may cause del-
eterious oxidation and/or contamination of the surface of
barrier and/or seed layers. Such exposure should, therefore,
be avoided or minimized.

[0061] In accordance with one embodiment of the present
invention, conformal and non-conformal seed layers are
deposited in an apparatus where the conformal and non-
conformal seed layer deposition steps can be carried out
without breaking vacuum, or without exposing the wafer to
the atmosphere between the deposition steps. In accordance
with this embodiment, the apparatus may comprise two or
more chambers, at least one chamber for deposition of the
conformal seed layer, and at least another chamber for depo-
sition of the non-conformal seed layer. In a preferred embodi-
ment of the present invention, the apparatus further comprises
a chamber for deposition of the barrier layer, preferably by a
CVD or ALD technique. The barrier layer may be deposited
in a separate chamber or it may be deposited in one of the
chambers used to deposit either the conformal, or the non-
conformal, seed layers.

[0062] FIG. 7 shows apparatus 7000 that is fabricated in
accordance with a preferred embodiment of the invention. As
shown in FIG. 7, apparatus 7000 comprises cluster tool 70
which operates in accordance with input from controller 80 in
a manner that is well known to those of ordinary skill in the
art. As further shown in FIG. 7, cluster tool 70 includes input
loadlock 71 and output loadlock 72. As is well known to those
of ordinary skill in the art, loadlocks 71 and 72 enable wafers
to be inserted into and removed from cluster tool 70, respec-
tively. Although FIG. 7 shows separate input and output load-
locks, it is also within the spirit and scope of the present
invention to use a single loadlock for both input and output of
wafers.

[0063] Asiswell known to those of ordinary skill in the art,
once wafer 74 is inserted into transfer chamber 73 of cluster
tool 70, it can be transferred between the various processing
chambers (for example, processing chambers 75-79) without
breaking vacuum, or without exposure to the atmosphere. As
is shown in FIG. 7, cluster tool 70 comprises CVD or ALD
barrier layer deposition chamber 76, PVD Cu seed layer
deposition chamber 77, and CVD or ALD Cu seed layer
deposition chamber 78. In addition, FIG. 7 shows several
other processing chambers, for example, processing cham-
bers 75 and 79, which can be used for other processing steps
that are well known to those of ordinary skill in the art, such
as pre-cleaning, cooling, or as extra deposition chambers.
Although FIG. 7 shows separate CVD (or ALD) chambers for
depositing a barrier layer and Cu seed layers, it is also within
the scope of the invention to deposit both types of layers in the
same CVD (or ALD) chamber.

[0064] Controller 80 is an apparatus which is well known to
those of ordinary skill in the art, that is used to control the
operation of cluster tool 70. As such, controller 80 determines
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the sequence and duration of movements and stays of wafer
74: (a) to and from loadlocks 71 and 72; and (b) to and from
the various processing chambers 75-79. As is also well known
to those of ordinary skill in the art, controller 80 controls the
specific process sequence and process parameters for opera-
tion of the various ones of processing chambers 75-79, some-
times referred to in the art as “recipes.” For example, in PVD
Cu seed layer deposition chamber 77, among other things,
controller 80 controls the duration of the sputter deposition,
the background pressure, the sputtering gas (such as Argon)
pressure and flow rate, the cathodic voltage and power, and/or
bias voltage applied to the wafer. Lastly, as is also well known
to those of ordinary skill in the art, controller 80 performs
these functions in accordance with specific recipes which are
data structures that dictate the operation of controller 80
software. The data structures are typically stored on computer
readable media that are input to controller 80 under the con-
trol of operation software, which operation software itself is
typically stored on a computer readable medium. In accor-
dance with a preferred embodiment of the present invention,
recipes are input to controller 80 to cause it to control cluster
tool 70 to process wafers in the manner described above to
deposit a barrier layer and Cu seed layers without breaking
vacuum or exposing a wafer to the atmosphere.

[0065] In one embodiment of the present invention, the
apparatus comprises a chamber in which both conformal and
non-conformal seed layers are deposited utilizing: (a) two or
more distinct steps, wherein the deposition variables (or con-
ditions or parameters) during the first step are suitable for the
deposition of a substantially conformal (or a non-conformal)
seed layer, and the deposition conditions during the second
step are suitable for the deposition of a substantially non-
conformal (or a conformal) seed layer; (b) wherein at least
one of the deposition variables is varied (or ramped) continu-
ously or gradually, thereby changing the nature of the seed
layer from substantially conformal to substantially non-con-
formal, or vice versa; or (c) a combination of at least one
distinct step of depositing a substantially conformal (or a
non-conformal) seed layer and at least one gradual variation
(or ramping) of at least one deposition variable towards a
substantially non-conformal (or a conformal) seed layer, and
vice versa.

[0066] As is well known to those of ordinary skill in the art,
the nature of certain deposition techniques, such as ion plat-
ing or other PVD techniques, can be made more conformal, or
less conformal, by varying the deposition parameters (or vari-
ables, or conditions). For example, increasing the (partial)
pressure during ion plating and other PVD techniques, tends
to increase scattering of the depositing atoms (or ions),
thereby making the deposition more isotropic and conformal.
Similarly, biasing the substrate has an effect on the nature of
the deposit. For example, in ionized metal plasma (IMP), self
ionized plasma (SIP), hollow cathode magnetron (HCM), and
ion plating deposition techniques, increasing the (negative)
bias voltage further accelerates positive ions (of the deposit-
ing metal) towards the substrate, thereby improving the filling
of'small openings. At the same time, the higher (negative) bias
also increases the removal rate (or back-sputtering) from the
top corners of the openings and the field, thereby rendering
the deposition to be more conformal. Conversely, decreasing
the negative bias, or even using positive bias, can render the
deposition to be less conformal. Deposition rate (or power
density) can also affect the nature of the deposition.
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[0067] Similarly, as is known to those of ordinary skill in
the art, the nature of certain CVD techniques can be made less
conformal, or more conformal, by changing the deposition
variables. For example, increasing the substrate temperature
tends to shift the deposition from a surface-reaction, rate-
controlled deposition at low temperature, to a transport, rate-
controlled deposition at higher temperature. As a result,
increasing the substrate temperature tends to render the depo-
sition to be less conformal. Conversely, decreasing the tem-
perature, tends to render the deposition to be more conformal.
Similarly, increasing the precursor and/or the reacting gas
partial pressure (or flow rate) tends to shift the deposition to
be a more surface-reaction, rate-controlled deposition,
thereby tending to render the deposition to be more confor-
mal. Conversely, decreasing the partial pressure and/or flow
rate of the precursor and/or a reacting gas, tends to render the
deposition to be a more transport, rate-controlled deposition
and, therefore, less conformal. The plasma variables in
PECVD, such as the power density, may also have significant
effects on the nature of the deposition.

[0068] In accordance with one embodiment of the present
invention, cluster tool 70 comprises the following chambers:
a CVD (preferably ALD) deposition chamber for depositing
a barrier layer (for example, Ta, TaN, Cr, CrNy, Ti, TiN,, W,
WN,, TaSi Ny, TiSi,N;, WSiN,, and other alloys contain-
ing one or more of these materials); a PVD deposition cham-
ber for depositing a PVD Cu seed layer; and a CVD (prefer-
ably ALD) deposition chamber for depositing a CVD
(preferably ALD) Cu seed layer. Single wafers are transferred
in-situ in cluster tool 70, from one chamber to another, with-
out exposing the wafers to the atmosphere prior to the depo-
sition of the top Cu seed layer. The CVD (preferably ALD)
barrier and the CVD (preferably ALD) Cu seed layers can be
deposited in the same CVD (or ALD) chamber by using
different gases and chemistries for the respective layers.
However, separate CVD (or ALD) chambers for each layer
(i.e., the barrier and Cu layers) are preferred in order to
minimize cross-contamination. Using cluster tool 70, cluster
tool controller 80 would cause a deposition process such as
the following to be carried out in accordance with a recipe
specified, for example in the form of a data structure or
software or program code: (a) (in accordance with a first
portion of the data structure or a first portion of the software
or computer code) introducing wafer 74 into CVD (prefer-
ably ALD) barrier layer deposition chamber 76 and deposit-
ing on wafer 74 a CVD (preferably ALD) barrier layer (about
200-400 A thick) comprising Ta, TaN,, Cr, CrN,, Ti, TiN,,
W, WN,, TaSi N, TiSiN,, WSiyN,, and other alloys con-
taining one or more of these materials or; (b) (in accordance
with a second portion of the data structure or a first portion of
software or computer code) transferring wafer 74 through
transfer chamber 73, without exposing wafer 74 to the atmo-
sphere, to PVD Cu seed layer deposition chamber 77 and
depositing on wafer 74 a relatively thin (about 100-500 A)
“Flash” PVD Cu layer; (¢) (in accordance with a third portion
of' the data structure or a first portion of software or computer
code) transferring wafer 74 through transfer chamber 73,
without exposing wafer 74 to the atmosphere, to CVD (or
ALD) Cu seed layer deposition chamber 78 and depositing on
wafer 74 a CVD (preferably ALD) Cu layer (about 100-500 A
thick); and (d) (in accordance with a fourth portion of the data
structure or a first portion of software or computer code)
transferring wafer 74 through transfer chamber 73, without
exposing it to the atmosphere, to PVD Cu seed layer deposi-
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tion chamber 77 and depositing on wafer 74 a relatively thick
PVD Cu layer (about 500-2,000 A thick). Other ancillary
steps include introducing wafer 74 into and removing wafer
74 from cluster tool 70 through loadlocks 71 and 72, respec-
tively.

[0069] Another embodiment of a two-step combination
may include a first deposited CVD (preferably ALD) seed
layer, followed by a relatively thick PVD seed layer. Simi-
larly, a three-step combination may include a first deposited
CVD (preferably ALD) seed layer, followed by a relatively
thick PVD seed layer, and finally followed by a second depos-
ited CVD (preferably ALD) seed layer. Other combinations
may comprise even more steps in the deposition of the seed
layer. In these embodiments, the two (or more) separately
deposited seed layers may comprise the same metal or alloy
or they may comprise, for example and without limitation,
different materials chosen from Cu, Ag, or alloys comprising
one or more of these metals.

[0070] It should be understood that the above-described
embodiments can be used to fabricate any number of devices
including, and without limitation, metallic interconnects in
semiconductor devices, thin film heads, micromachined
Microelectromechanical Systems (MEMS) devices, or inter-
connects in high density integrated circuit packages.

[0071] Although the description of the embodiments above
has concentrated on metallic interconnect structures used to
fabricate a device such as a semiconductor integrated circuit,
these embodiments canalso be used in the fabrication of other
devices, such as thin film heads, micromachined Microelec-
tromechanical Systems (MEMS) devices, or interconnects in
high density integrated circuit packages.

[0072] Also, although some of the embodiments above
describe the use of a barrier layer prior to the deposition of the
conformal/non-conformal seed layers or prior to the deposi-
tion of the non-conformal/conformal seed layers, those
skilled in the art will recognize that these descriptions are not
intended to limit the invention. In particular, those skilled in
the art will recognize that the invention includes any work-
piece or substrate (having openings upon its surface) which is
ready for the deposition of the inventive seed layers upon its
surface and which may, or may not, include a barrier layer.

[0073] Those skilled in the art will recognize that the fore-
going description has been presented for the sake of illustra-
tion and description only. As such, it is not intended to be
exhaustive or to limit the invention to the precise form dis-
closed.

What I claim is:

1. A device comprising at least a portion of a void-free
electroplated metallic interconnect embedded in an opening,
said opening having sidewalls, said sidewalls comprising at
least one dielectric layer, wherein the opening has an aspect
ratio in a range from 7:1 to 20:1, and wherein the portion of
the electroplated metallic interconnect comprises a material
selected from a group consisting of Cu, Ag, and alloys com-
prising at least one of these metals.

2. The device of claim 1, further comprising at least one
seed layer disposed between the embedded portion of the
electroplated metallic interconnect and the sidewalls of the
opening.

3. The device of claim 2, further comprising one or more
barrier layers disposed between the at least one seed layer and
the sidewalls of the opening.
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4. The device of claim 3, wherein at least one seed layer
comprises a continuous PVD seed layer over the sidewalls of
the opening.

5. The device of claim 3, wherein at least one seed layer
comprises a continuous CVD seed layer over the sidewalls of
the opening.

6. The device of claim 5, wherein the CVD seed layer
comprises a continuous ALD seed layer over the sidewalls of
the opening.

7. The device of claim 5, further comprising a PVD seed
layer disposed between the embedded portion of the electro-
plated metallic interconnect and the CVD seed layer over the
sidewalls of the opening.

8. The device of claim 5, further comprising a PVD seed
layer disposed between the CVD seed layer and the one or
more barrier layers over the sidewalls of the opening.

9. The device of claim 6, further comprising a PVD seed
layer disposed between the embedded portion of the electro-
plated metallic interconnect and the ALD seed layer over the
sidewalls of the opening.

10. The device of claim 6, further comprising a PVD seed
layer disposed between the ALD seed layer and the one or
more barrier layers over the sidewalls of the opening.

11. The device of claim 1, wherein the opening has a width
between 0.10-0.13 pum, or narrower.

12. The device of claim 1, wherein the opening has a width
between 0.10-0.13 pm.

13. The device of claim 1, wherein the opening has an
aspect ratio in a range from 8:1 to 20:1.

14. The device of claim 13, further comprising at least one
seed layer disposed between the embedded portion of the
electroplated metallic interconnect and the sidewalls of the
opening.

15. The device of claim 14, further comprising one or more
barrier layers disposed between the at least one seed layer and
the sidewalls of the opening.

16. The device of claim 15, wherein at least one seed layer
comprises a continuous PVD seed layer over the sidewalls of
the opening.

17. The device of claim 15, wherein at least one seed layer
comprises a continuous CVD seed layer over the sidewalls of
the opening.

18. The device of claim 17, wherein the CVD seed layer
comprises a continuous ALD seed layer over the sidewalls of
the opening.

19. The device of claim 17, further comprising a PVD seed
layer disposed between the embedded portion of the electro-
plated metallic interconnect and the CVD seed layer over the
sidewalls of the opening.

20. The device of claim 17, further comprising a PVD seed
layer disposed between the CVD seed layer and the one or
more barrier layers over the sidewalls of the opening.

21. The device of claim 18, further comprising a PVD seed
layer disposed between the embedded portion of the electro-
plated metallic interconnect and the ALD seed layer over the
sidewalls of the opening.

22. The device of claim 18, further comprising a PVD seed
layer disposed between the ALD seed layer and the one or
more barrier layers over the sidewalls of the opening.

23. The device of claim 13, wherein the opening has a
width between 0.10-0.13 um, or narrower.

24. The device of claim 13, wherein the opening has a
width between 0.10-0.13 pm.
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25. The device of claim 1, wherein the opening has an
aspect ratio in a range from 10:1 to 20:1.

26. The device of claim 25, wherein the opening has a
width between 0.10-0.13 um, or narrower.

27. The device of claim 25, wherein the opening has a
width between 0.10-0.13 pm.

28. The device of claim 25, further comprising at least one
seed layer disposed between the embedded portion of the
electroplated metallic interconnect and the sidewalls of the
opening.

29. The device of claim 28, further comprising one or more
barrier layers disposed between the at least one seed layer and
the sidewalls of the opening.

30. The device of claim 29, wherein at least one seed layer
comprises a continuous PVD seed layer over the sidewalls of
the opening.

31. The device of claim 29, wherein at least one seed layer
comprises a continuous CVD seed layer over the sidewalls of
the opening.
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32. The device of claim 31, wherein the CVD seed layer
comprises a continuous ALD seed layer over the sidewalls of
the opening.

33. The device of claim 31, further comprising a PVD seed
layer disposed between the embedded portion of the electro-
plated metallic interconnect and the CVD seed layer over the
sidewalls of the opening.

34. The device of claim 31, further comprising a PVD seed
layer disposed between the CVD seed layer and the one or
more barrier layers over the sidewalls of the opening.

35. The device of claim 32, further comprising a PVD seed
layer disposed between the embedded portion of the electro-
plated metallic interconnect and the ALD seed layer over the
sidewalls of the opening.

36. The device of claim 32, further comprising a PVD seed
layer disposed between the ALD seed layer and the one or
more barrier layers over the sidewalls of the opening.
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