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COMPOSITIONALLY GRADED TITANIUM
NITRIDE FILM FOR DIFFUSION BARRIER
APPLICATIONS

FIELD OF THE INVENTION

The present invention pertains to the field of integrated
circuit (IC) fabrication. In particular, the present invention
pertains to diffusion barrier films. The present invention also
pertains to methods and apparatus for depositing titanium-
containing diffusion barrier layers for use as copper diffusion
barrier films in Damascene processing.

BACKGROUND OF THE INVENTION

Damascene processing is a method for forming metal lines
on integrated circuits. It involves formation of inlaid metal
lines in trenches and vias formed in a dielectric layer (inter
metal dielectric). Damascene processing is often a preferred
method because it requires fewer processing steps than other
methods and offers a higher yield. It is also particularly well-
suited to metals such as copper that cannot be readily pat-
terned by plasma etching.

In a typical Damascene process flow, metal (such as cop-
per) is deposited onto a patterned dielectric to fill the vias and
trenches formed in the dielectric layer. The resulting metal-
lization layer is typically formed either directly on a layer
carrying active devices or on another metallization layer. A
stack of several metallization layers can be formed by Dama-
scene processing. The metal-filled lines of this stack serve as
conducting paths of an integrated circuit.

Before the metal is deposited into the vias and trenches, the
patterned dielectric layer is lined with a thin layer of diffusion
barrier material (e.g., Ta, TaN,, or Ta/TaN, bi-layer), and,
subsequently, with a thin layer of seed layer material (e.g., Cu
or copper alloy). The diffusion barrier layer protects inter-
metal dielectric (IMD) and active devices from diffusion of
copper and other readily diffusing metals into these regions.
The seed layer facilitates deposition of metal into the vias and
trenches. For example, in a typical process, a TaN,/Ta diffu-
sion barrier bi-layer is deposited onto a patterned dielectric by
physical vapor deposition (PVD), followed by deposition of a
thin copper seed layer also by PVD. The partially fabricated
1C device is then transferred to an electrofill apparatus, where
the seed layer serves as a cathode during electrodeposition,
and where the vias and trenches are filled with copper.

The ongoing miniaturization of IC devices demands supe-
rior electrical properties from both the dielectric and conduc-
tive materials used in IC fabrication. As the features of IC
devices continue to shrink, it becomes more common to use
dielectrics with very low dielectric constants (k). The low-k
dielectric materials used in IC fabrication include carbon
doped silicon dioxide, hydrogenated silicon oxycarbides (Si-
COH), fluorine doped silicon dioxide, and organic-contain-
ing low-k dielectrics. These materials, due to their low dielec-
tric constants, provide low parasitic capacitance and
minimize the “crosstalk” between the interconnects in an
integrated circuit.

SUMMARY OF THE INVENTION

Low-k dielectric materials with k less than about 2.8 and
ultra low-k (ULK) dielectric materials with k less than about
2.5, however, are not always compatible with conventionally
used diffusion barrier films, such as with tantalum-based
diffusion barriers. For many of these dielectric materials,
especially for those containing residual moisture, the use of
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tantalum-based diftfusion barriers results in structures having
inadequate diffusion barrier protection, due to partial oxida-
tion of tantalum to tantalum oxide. Tantalum oxide formed
upon oxidation, exhibits poor adhesion to copper layers, and
ultimately contributes to decreased reliability of formed inter-
connects.

Titanium-based diffusion barriers, on the contrary, can be
used in conjunction with dielectric materials containing
residual moisture, such as with ULK dielectrics deposited by
a spin-on method. When oxidized upon contact with mois-
ture, titanium forms titanium oxide which does not substan-
tially decrease the barrier properties of the diffusion barrier
layer. In addition, titanium is less expensive than tantalum,
and is, therefore, titanium-based diffusion barriers are more
desirable from the economic standpoint.

The use of titanium-based diffusion barriers, however, pre-
sents several challenging problems. First, unlike tantalum,
titanium readily diffuses into copper region of an intercon-
nect, leading to increased interconnect resistivity. This is an
undesired effect, since highly conductive interconnects are
needed. In addition, titanium residing in the barrier layer is
constantly depleted due to such diffusion. While it is possible
to use titanium nitride diffusion barrier that does not lose
titanium due to such diffusion, the use of stoichiometric or
nitrogen-rich titanium nitride leads to poor adhesion at the
titanium nitride/copper interface. Specifically, copper tends
to agglomerate on the surface of stoichiometric or nitrogen-
rich titanium nitride, resulting in interconnects having poor
reliability. Thus, there is currently a need for a titanium-based
diffusion barrier film with good adhesion properties exhibit-
ing little or no diffusion of titanium.

This need is addressed herein by providing a diffusion
barrier film containing a compositionally graded titanium
nitride layer. Methods and apparatus for depositing such films
are also provided.

A diffusion barrier film provided herein includes a layer of
compositionally graded titanium nitride (TiN,), having a
nitrogen-rich portion and a nitrogen-poor portion. It was rec-
ognized that nitrogen-rich TiN, exhibits excellent diffusion
barrier properties, while nitrogen-poor TiN_ has a good adhe-
sion to copper. The nitrogen-rich portion has a composition of
preferably at least about 40% (atomic) N, and resides closer to
the dielectric than the nitrogen-poor portion. The nitrogen-
poor portion has a composition of preferably less than about
30% (atomic) N and resides in contact with the metal, e.g.,
with Cu or Cu alloy. In some embodiments the nitrogen-poor
portion contains at least about 5% (atomic) N. The diffusion
barrier film can also include a Ti/TiO, layer comprising a
material selected from the group consisting of titanium, tita-
nium alloy, and titanium oxide, residing between the layer of
dielectric and the nitrogen-rich portion of the graded TiN,
layer, in contact with these two layers. The resulting barrier
film provides excellent diffusion barrier properties due to the
presence of nitrogen-rich TiN,, exhibits good adhesion at
copper interface, due to good adhesion of nitrogen-poor TiN,,
to copper, and reduces uncontrolled diffusion of titanium into
interconnects, because nitrogen-poor TiN, is not prone to
releasing Ti into copper layers. In addition the Ti/TiO, layer
has excellent compatibility with low-k spin-on dielectric
materials.

According to one aspect, a method for forming a semicon-
ductor device structure is provided. The method includes the
operations of forming a first layer comprising a material
selected from the group consisting of titanium, titanium alloy
and titanium oxide on at least a portion of a layer of dielectric
on a wafer substrate; forming a second layer comprising a
compound comprising titanium and nitrogen over at least a
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portion of the first layer; and forming a third layer comprising
copper or copper alloy over at least a portion of the second
layer, wherein the second layer has a higher concentration of
nitrogen at an interface with the first layer than at an interface
with the third layer, and wherein the first and second layers
serve as a diffusion barrier film between the copper-contain-
ing layer and the layer of dielectric.

Whereas the described diffusion barrier films can be depos-
ited on many types of dielectric materials, they are particu-
larly advantageous for use on low-k and ULK dielectric mate-
rials. They are also particularly useful if the dielectric
contains residual moisture, e.g., after it has been deposited by
a spin-on method.

The first layer, which is referred to as Ti/TiO, layer may
include titanium or titanium alloy which may be partially or
completely converted to titanium oxide upon deposition and
contact with moisture or other oxidizing agent. The first layer
is deposited in one embodiment by physical vapor deposition
(PVD) by sputtering titanium from a titanium target ina PVD
chamber. The thickness of the first layer may vary depending
on the device requirements. In some embodiments the
Ti/TiO, layer is deposited to a minimum thickness of about
15-100 A.

The second layer, which will be referred to as a “graded
titanium nitride layer” or a “graded TiN, layer” can have a
composition of at least about 40% (atomic) N at the interface
with the Ti/TiO,, layer and less than about 30% (atomic) N at
the interface with the copper-containing layer. In one embodi-
ment, the concentration of nitrogen at the interface with the
third layer is at least about 5%. Thus, the nitrogen-poor por-
tion at the interface with the conductive third layer provides
both good adhesion of barrier film to the conductive layer,
and, at the same time, reduces diffusion of titanium into the
interconnect.

In some embodiments, the concentration of nitrogen at the
interface with the first layer is at least about 60% (atomic),
and the concentration of nitrogen at the interface with the
third layer is between about 5-25% (atomic).

In general, the graded titanium nitride layer may include
other elements in addition to Ti and N. In many embodiments,
however, it is preferred to minimize the presence of other
elements, such that the layer consists essentially of TiN. . For
example, in some embodiments the TiN, layer is substantially
oxygen-free.

The graded titanium nitride layer can be deposited by a
number of methods including PVD, CVD and ALD. In some
embodiments it is preferred to use the same method as was
used for deposition of the first layer. For example both layers
can be deposited by PVD, e.g., in one chamber without expos-
ing the substrate to ambient atmosphere. When graded tita-
nium nitride is deposited by PVD, a number of grading tech-
niques can be used. For example titanium nitride may be
deposited by reactive titanium sputtering in the presence of
N, or other nitrogen source, wherein nitrogen source flow rate
is reduced gradually or incrementally during deposition of
graded TiN, layer. For example a plurality of sublayers with
decreasing concentrations of nitrogen may be deposited by
incrementally decreasing the nitrogen source flow rate. Thus,
the graded TiN, layer can be deposited by flowing nitrogen at
a first rate while sputtering titanium from a sputter target to
deposit a first nitrogen-rich sub-layer of TiN_, followed by
flowing nitrogen at a lower rate while sputtering titanium
from the target to deposit a second sublayer of TiN, having a
lower nitrogen concentration.

15

20

30

35

45

50

55

60

65

4

In one example, the graded titanium layer is deposited in a
PVD chamber having a titanium target configured to accept
negative DC bias and a wafer pedestal configured to receive
an RF bias.

In one embodiment, the following conditions are used:

Substrate temperature -10-20° C.
Pressure 1.0-3.0 mTorr
RF substrate bias 0-500 W
power

DC target power 10-30 kW
Nitrogen flow rate 5-50 sccm

While the thickness of deposited layer may depend on the
requirements ofa device, in some embodiments the minimum
thickness of the graded TiN, layer ranges between about
15-100 A.

After the second layer has been deposited, the third layer is
deposited on top of it. The third layer is typically copper or
copper alloy which serves as a seed layer for a subsequent
electrofill operation. In other embodiments the third layer
may be a copper-containing plug deposited directly onto the
barrier layer. In some embodiments, the provided diffusion
barrier layer has sufficient conductivity to serve as a barrier-
seed layer for direct electrofill deposition. For example, a
copper-containing plug can be electrodeposited directly onto
the nitrogen-poor portion of the TiN_ layer. The third layer
can be deposited by a variety of methods including PVD,
CVD, ALD, electroplating, electroless plating, etc. PVD is
often preferred for deposition of copper seed layers, while
electroplating is commonly used for deposition of copper
plugs.

In some embodiments all three layers are deposited with-
out exposing the substrate to oxygen. For example, all three
layers may be deposited in a module containing one or more
PVD chambers, such that the substrate is not exposed to an
ambient atmosphere during deposition.

In some embodiments the substrate subjected to deposition
of the barrier comprises a Damascene structure, such as a
structure having a layer of exposed patterned dielectric and an
exposed layer of metal.

In one embodiment, such substrate is first subjected to
pre-cleaning of exposed metal prior to deposition of the
Ti/TiO, layer. In some embodiments pre-cleaning, deposition
of the barrier film, and deposition of the seed layer are per-
formed without exposing the substrate to oxygen.

In one embodiment the method for forming a semiconduc-
tor device structure includes depositing a layer of low-k
dielectric having a dielectric constant of less than about 2.8.
The method proceeds by forming a via in the layer of dielec-
tric to expose a layer of copper or copper alloy at the bottom
of the via. After the via is formed, a layer of titanium or
titanium alloy is deposited over the layer of dielectric and
over the exposed metal. Titanium is partially or completely
converted to titanium oxide at the interface with the dielectric.
The method follows by forming a layer of titanium nitride
with a graded nitrogen concentration, wherein the concentra-
tion of nitrogen is greater at the interface of the TiN, layer
with the Ti/TiO_ layer, than at the exposed portion of the TiN,.
layer. After the graded layer has been deposited, a layer of
copper or copper alloy is deposited over at least a portion of
the exposed TiN, layer.

In one embodiment, the method for forming a semiconduc-
tor device includes forming a layer of TiN,, the layer having
a nitrogen-rich portion and a nitrogen-poor portion, wherein
the nitrogen-rich portion contains at least about 40 atomic %
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nitrogen and the nitrogen-poor portion contains between
about 5-30 atomic % nitrogen; and forming a layer of copper
or copper alloy over the nitrogen-poor portion of the layer of
TiN,.

In another aspect, the invention provides a semiconductor
device structure. The structure includes a layer of dielectric
material; a layer of conductive material; and a diffusion bar-
rier film residing between the layer of dielectric material and
the layer of conductive material, wherein the film includes a
first layer comprising TiO, in contact with the dielectric mate-
rial, and a second layer comprising TiN, having graded nitro-
gen concentration, in contact with the first layer and the
conductive layer, wherein the second layer has a nitrogen
concentration of at least about 40 atomic % at the interface
with the first layer and between about 5-30 atomic % at the
interface with the layer of conductive material. The layer of
conductive material typically includes copper or copper alloy.

In another aspect, the invention provides an apparatus for
forming a diffusion barrier layer on a wafer substrate. The
apparatus includes: (a) a process chamber configured to hold
a titanium target for sputtering titanium-containing materials
onto the semiconductor wafer; (b) a wafer support for holding
the wafer in position during deposition of the material; and (c)
a controller comprising program instructions for sputtering
titanium or titanium alloy from the target onto the semicon-
ductor wafer under conditions that coat the substrate with the
layer of titanium or titanium alloy; subsequently depositing a
compositionally graded TiN, layer, having a nitrogen-rich
portion and a nitrogen-poor portion, wherein the nitrogen-
rich portion is deposited onto the layer deposited in (i), and
the nitrogen-poor portion remains exposed.

These and other features and advantages of the present
invention will be described in more detail below with refer-
ence to the associated drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1H show cross sectional depictions of device
structures created during a copper dual Damascene fabrica-
tion process.

FIG. 2 presents a schematic cross-sectional depiction of a
diffusion barrier film in accordance with an embodiment of
the present invention.

FIG. 3 shows a schematic cross-sectional depiction of a
diffusion barrier film in accordance with an embodiment of
the present invention.

FIG. 4 shows a process flow diagram for depositing a
diffusion barrier layer in accordance with an embodiment
described herein.

FIG. 5 shows a process flow diagram for depositing a
diffusion barrier layer in accordance with an embodiment
described herein.

FIG. 6 is a cross sectional depiction of the hollow cathode
magnetron (HCM) apparatus suitable for practicing the cur-
rent invention.

FIG. 7 is a cross sectional depiction of a planar magnetron
suitable for practicing the current invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Introduction and Overview

In the following description, the invention is presented in
terms of certain specific compositions, configurations, and
processes to help explain how it may be practiced. The inven-
tion is not limited to these specific embodiments. Examples of
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specific embodiments of the invention are illustrated in the
accompanying drawings. While the invention will be
described in conjunction with these specific embodiments, it
will be understood that it is not intended to limit the invention
to such specific embodiments. On the contrary, it is intended
to cover alternatives, modifications, and equivalents as may
be included within the scope and equivalents of the appended
claims. In the following description, numerous specific
details are set forth in order to provide a thorough understand-
ing of the present invention. The present invention may be
practiced without some or all of these specific details. In other
instances, well known process operations have not been
described in detail in order not to unnecessarily obscure the
present invention.

While titanium nitride exhibits excellent diffusion barrier
properties and is an inexpensive material, titanium-based dif-
fusion barrier films have not been widely used in fabrication
of copper interconnects. Conventionally, tantalum-based dif-
fusion barrier films were favored in copper Damascene pro-
cessing. However, tantalum-based diffusion barrier films are
not always compatible with low-k and ULK dielectric mate-
rials, particularly with dielectric materials containing
residual moisture. Oxidation of tantalum to tantalum oxide
leads to poor adhesion of barrier layer to copper plugs, and,
consequently to decreased reliability of formed intercon-
nects.

Titanium-based diffusion barrier films are more advanta-
geous because oxidation of titanium results in self-limiting
formation of titanium oxide which does not substantially
affect diffusion barrier properties of the barrier film. How-
ever, in addition to this advantage, titanium-based diffusion
barrier films present several challenging integration prob-
lems. As it was mentioned, stoichiometric or nitrogen-rich
titanium nitride exhibits poor adhesion to copper layers, due
to agglomeration of copper on titanium nitride surface. Fur-
ther, unbound titanium metal can readily diffuse from the
barrier layer into the copper interconnect, thereby decreasing
the conductivity of interconnect. Such diffusion also depletes
titanium in the diffusion barrier layer.

We have discovered compositions for titanium-based dif-
fusion barrier films that are suitable for use as barriers
between low-k dielectric materials and copper or copper
alloys. The provided films have excellent adhesion to copper-
containing layers and do not release substantial amounts of
titanium into copper-containing interconnects. In general,
provided films can be used as barriers between a variety of
types of dielectric materials (not limited to low-k dielectric
materials) and a variety of metals. While the described films
address the problems encountered at the ULK dielectric/cop-
per interface during Damascene processing, the films may be
used at other interfaces and in conjunction with other pro-
cessing methods, where similar problems arise.

As it was mentioned, the described films include a layer of
titanium or titanium alloy (which may be partially or com-
pletely converted to TiO,) in contact with the dielectric layer,
and a layer of graded TiN_, having a nitrogen-rich portion and
a nitrogen-poor portion. The nitrogen-poor portion typically
contains less than about 30 atomic % N, and contacts the
copper-containing layer. Preferably, the nitrogen-poor por-
tion contains a sufficient amount of nitrogen to minimize
titanium diffusion into copper. The nitrogen-rich portion typi-
cally contains at least about 40 atomic % N, and contacts the
Ti/TiO, layer.

As used in this application, “titanium nitride” and “TiN,”
refer to a material containing titanium and nitrogen, which
may or may not be stoichiometric. “Titanium oxide” and
“Ti0,” refer to a material containing titanium and oxygen,
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which may or may not be stoichiometric. A “Ti/TiO,” layer
refers to a layer that contains titanium metal (or alloy) and/or
titanium oxide.

Damascene Process Flow

The methods for depositing the described Ti-based barrier
film will be illustrated in the context of a copper dual Dama-
scene processing. It is understood that these methods can be
used in other processing methods, including single Dama-
scene processing.

Presented in FIGS. 1A-1G, is a cross sectional depiction of
device structures created at various stages of a dual Dama-
scene fabrication process. A cross sectional depiction of a
completed structure created by the dual Damascene process is
shown in FIG. 1H. Referring to FIG. 1A, an example of a
typical substrate, 100, used for dual Damascene fabrication is
illustrated. Substrate 100 includes a pre-formed dielectric
layer 103 (such as an organic-containing low-k or ULK mate-
rial) with etched line paths (trenches and vias) in which a
Ti-based diffusion barrier 105, having a composition as
described above, has been deposited, followed by inlaying
with copper conductive routes 107 (“copper plugs”). The
substrate 100 is referred to as a metallization layer. Metalli-
zation layer 100 may reside directly on a layer containing
active devices containing silicon or on another metallization
layer in a Damascene stack. Because copper or other mobile
conductive material provides the conductive paths of the IC
device, the underlying silicon devices must be protected from
metal atoms (e.g., Cu) that might otherwise diffuse or migrate
into the silicon. The dielectric layer 103 should also be pro-
tected from metal diffusion. Conventionally, barrier layer 105
was formed using Ta, TaN,, or Ta/TaN, bi-layer. However,
when used in conjunction with dielectrics having residual
moisture, such as spin-on dielectric materials (e.g., porous
spin-on ULK dielectrics), tantalum-based barrier layers show
poor barrier performance. We discovered that excellent per-
formance can be obtained with titanium-based barrier film
which is engineered to have a compositionally graded TiN,
layer. The diffusion barrier film 105 includes a Ti/TiO, layer
adjacent to dielectric 103, and a graded TiN, layer which
contacts copper plug 107 with its nitrogen-poor portion. In a
typical process, diffusion barrier 105 is formed by a physical
vapor deposition (PVD) process such as sputtering, a chemi-
cal vapor deposition (CVD) process, or an atomic layer depo-
sition (ALD) process. In many embodiments PVD is the
preferred deposition method for both layers of the barrier 105.
After the barrier film has been deposited, a seed layer of metal
(not shown), such as copper or copper alloy is deposited to
line the wafer surface both in the field regions and within the
recessed features. The copper lines 107 are then deposited by
electrofill methods onto the pre-deposited seed layer. The
seed layer is usually deposited by PVD, CVD, or ALD, of
which PVD is most commonly used. In some embodiments,
the titanium-based diffusion barrier film 105 has sufficient
conductivity to serve as a barrier-seed layer, such that copper
plug 107 is electrodeposited directly onto the nitrogen-poor
portion of the barrier-seed layer. After fill of copper layer 107
(above the field) the excess copper is removed to the dielectric
level (as well as portions of diffusion barrier 105 on the field
and a portion of the dielectric). This leaves copper inlay 107
exposed on the field region for construction of additional
layers. The resultant partially fabricated integrated circuit
100 is a representative substrate for subsequent Damascene
processing, as depicted in FIGS. 1B-1G.

As depicted in FIG. 1B, a dielectric diffusion barrier 109
(e.g., doped or undoped silicon nitride or silicon carbide) is
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deposited to encapsulate conductive routes 107. Next, a first
dielectric layer, 111, of a dual Damascene dielectric structure
is deposited on diffusion barrier 109. The dielectric 111 is
typically a low-k dielectric, such as described above for the
layer 103. This is followed by deposition of a dielectric etch-
stop layer 113 (typically composed of silicon nitride or sili-
con carbide) on the first dielectric layer 111. Layers 109, and
113 can be deposited by CVD and plasma enhanced CVD
(PECVD) methods from a variety of silicon, oxygen, carbon,
and nitrogen containing precursors.

The process follows, as depicted in FIG. 1C, where a sec-
ond dielectric layer 115 of the dual Damascene dielectric
structure is deposited in a similar manner to the first dielectric
layer 111, onto etch-stop layer 113. Deposition of an antire-
flective layer 117, typically containing BARC materials, fol-
lows.

The dual Damascene process continues, as depicted in
FIGS. 1D-1E, with etching of vias and trenches in the first and
second dielectric layers. First, vias 119 are etched through
antireflective layer 117 and the second dielectric layer 115.
Standard lithography techniques are used to etch a pattern of
these vias. The etching of vias 119 is controlled such that
etch-stop layer 113 is not penetrated. As depicted in FIG. 1E,
in a subsequent lithography process, antireflective layer 117
is removed and trenches 121 are etched in the second dielec-
tric layer 115; vias 119 are propagated through etch-stop layer
113, first dielectric layer 111, and diffusion barrier 109.

Next, as depicted in FIG. 1F, these newly formed vias and
trenches are, as described above, coated with a Ti-based dif-
fusion barrier 123. In some embodiments, a preclean process,
such as Ar sputter etch or reactive preclean, may be needed
prior to barrier deposition in order to remove contamination at
the via bottom and ensure good ohmic contact. As mentioned
above, barrier 123 is made of Ti-based film having a Ti/TiO,
layer and a layer of compositionally graded TiN, layer. The
diftusion barrier film is continuous and coats the substrate
surface in the field region and within the recesses. The dimen-
sions of the recessed features and the thickness of the barrier
film may range depending on the type of the IC structure and
the metallization layer in the Damascene stack. In some
embodiments, the recesses have widths of between about
45-500 nm, and the diffusion barrier film has a minimum
thickness of between about 30-200 A. For example, the dif-
fusion barrier film may include a Ti/TiO, layer having a
thickness of about 25 A and a layer of graded TiN_ having a
thickness of about 20 A, residing on a sidewall of a feature
having a width of 450 A.

After diffusion barrier 123 is deposited, a seed layer of
copper or copper alloy is applied (typically by a PVD process)
to enable subsequent electrofilling of the features with copper
inlay.

FIG. 1G depicts a copper seed layer 125 deposited on top of
the diffusion barrier layer 123. The seed layer should prefer-
ably be continuous and should conformally coat the recessed
features in order to support the electrofill process. After the
seed layer has been deposited, the recesses are electrofilled
with copper. During electrodeposition of copper, the seed
layer residing on the wafer serves as a cathode with an elec-
trical contact being made at the edge of the wafer. In some
embodiments, copper is deposited directly onto the nitrogen-
poor portion of the diffusion barrier layer without pre-appli-
cation of a copper seed layer. After copper has been electrode-
posited, excess copper is removed from the field by, for
example, chemical mechanical polishing (CMP). FIG. 1H
shows the completed dual Damascene structure, in which
copper conductive routes 127 are inlayed (seed layer not
depicted) into the via and trench surfaces over barrier 123.
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Copper routes 127 and 107 are now in electrical contact
and form conductive pathways, as they are separated only by
diffusion barrier 123, which is also somewhat conductive.
While the use of titanium-based diffusion barrier layer was
illustrated with the reference to formation of interconnects in
the back end of the line processing, the provided diffusion
barrier films can be used in other applications, e.g., in chip
vias, where the thickness of barrier layers can be on the order
of several microns or greater.

Diffusion Barrier Film Structure and Deposition
Methods

The structures of titanium-based diffusion barrier films
according to various embodiments are illustrated in FIG. 2
and FIG. 3. Example methods for barrier layer deposition are
presented in process flow diagrams shown in FIG. 4 and in
FIG. 5.

Diffusion barrier films are primarily used for limiting dif-
fusion of metal from an interconnect into adjacent inter-layer
dielectric (ILD). They may also serve for improving adhesion
between the metal layer and the dielectric layer. A typical
interface between these layers is illustrated in FIG. 2. This
interface corresponds, for example, to the dielectric/barrier/
metal interface depicted by layers 115, 123, and 127 respec-
tively in FIG. 1H. Referring to the detailed view in FIG. 2, the
structure includes a layer of dielectric, 201; a Ti/TiO, layer,
203; a layer of compositionally graded TiN,, 205; and a layer
of'metal, 207. The layers are stacked in the recited order, with
the dielectric layer 201 being the bottom layer of the stack.
The Ti/TiO, layer 203 and the graded TiN, layer 205 together
constitute the diffusion barrier film 209, which corresponds to
barrier layers 123 and 105 as shown in FIG. 1H.

In the depicted stack, a layer of metal (typically copper or
copper alloy) 207 resides on top of the graded TiN, layer 205.
The graded TiN,, layer 205 resides between the metal layer
207 and the Ti/TiO, layer 203, and contacts the layer of metal,
207, with its nitrogen-poor portion and the underlying
Ti/TiO, layer 203 with its nitrogen-rich portion. The Ti/TiO,
layer 203 resides on the layer of dielectric 201. In this
example, the diffusion barrier film 209 consists of two layers,
203 and 205. It is understood that in other embodiments
additional layers may be included into the diffusion barrier
stack, as may be needed to tailor the properties of the barrier
film. Yet in other embodiments the Ti/TiO, layer may be
absent from the stack, and the TiN, layer may reside directly
on the layer of dielectric.

Referring to FIG. 2, the layer of dielectric 201 may include
a variety of dielectric materials. Typically, it is preferred to
minimize the dielectric constant of ILD layer in order to
minimize the RC delay in the integrated circuit device. There-
fore, it is preferable to use dielectrics having a dielectric
constant of less than about 4.0, preferably low-k dielectrics
having a dielectric constant of less than about 2.8, and even
more preferably ULK materials, having a dielectric constant
of less than about 2.5, e.g., 2.1-2.3. Examples of suitable
dielectric materials include porous dielectrics, carbon doped
silicon dioxide, hydrogenated silicon oxycarbides (SICOH),
fluorine doped silicon dioxide, and organic-containing low-k
dielectrics. ULK organic-containing materials are particu-
larly preferred. For example, spin-on glass (SOG) low-k
dielectrics including silsesquioxanes, such as alkyl substi-
tuted silsesquioxanes, for example methyl silsesquioxane
(MSQ) can be used.

ULK dielectric materials are usually porous and often con-
tain residual moisture which remains on the substrate after
spin-on deposition. For such materials, and for any dielectric
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material containing residual moisture, titanium-based diffu-
sion barriers are particularly advantageous. This is due to
formation of titanium oxide on the surface of dielectric which
has good adhesion to the dielectric and exhibits good diffu-
sion barrier properties. Thus, a titanium-containing material
capable of forming TiO, is deposited on top of dielectric. For
example, titanium or titanium alloy is deposited onto dielec-
tric layer, and is partially or completely oxidized to an oxide.
Therefore, layer 203 can contain Ti, TiO, or both species.

The graded TiN,, layer 205 serves both as a diffusion barrier
and as an adhesion layer. The TiN, layer is deposited such that
it contacts the underlying Ti/TiO, layer with its nitrogen-rich
portion and the metal layer with its nitrogen-poor portion.
While stoichiometric and nitrogen-rich titanium nitride
exhibits poor adhesion to copper and to a variety of other
metals, a nitrogen-poor titanium nitride showed excellent
adhesion to copper layers. The nitrogen-rich portion of the
graded layer has good diffusion barrier properties and a good
adhesion to Ti/TiO, layer. Thus, the compositionally graded
TiN, layer advantageously combines both good adhesion
properties at both interfaces, and good barrier properties.

In some embodiments the nitrogen-rich portion of the TiN,.
layer has a concentration of nitrogen of at least about 40
atomic % (e.g., about 50 atomic % nitrogen), while the nitro-
gen-poor portion has a concentration of less than about 30
atomic % nitrogen. In some embodiments it is preferred that
the concentration of nitrogen at the nitrogen-poor portion of
the graded layer 205 is at least about 5% atomic. It was
recognized that at such nitrogen concentration, titanium does
not substantially diffuse into the copper interconnect, and,
therefore, does not substantially increase the resistance of an
interconnect. According to one embodiment, the nitrogen-
rich portion has a nitrogen concentration of at least about 60
atomic percent, while the nitrogen-poor portion has a concen-
tration of between about 5-30 atomic percent. While in gen-
eral, the graded TiN, layer may include other elements in
addition to titanium and nitrogen, in some embodiments it is
preferred that this layer is substantially oxygen-free. For
example, in some embodiments dioxygen is not admitted into
the deposition chamber during deposition of TiN,. In some
embodiments, layer 205 consists essentially of TiN,.

The graded TiN, layer 205 may include TiN, layer with a
gradually changing nitrogen composition throughout the
layer, as illustrated in FIG. 2. In this illustration, the concen-
tration of nitrogen in layer 205 gradually decreases from the
interface with layer 203 to the interface with layer 207. In
other embodiments the graded TiN, layer includes multiple
sub-layers with each sub-layer having a different nitrogen
concentration, such that concentration of nitrogen changes in
small increments throughout the layer. The number of sub-
layers can range, for example, from 2 to about 200. This
embodiment is illustrated in FIG. 3, where the layers are
numbered analogously to FIG. 2, and layer 305 is a graded
TiN,, which is composed of multiple sub-layers, each sub-
layer having a constant nitrogen content. The nitrogen con-
tent in layer 305 decreases in small increments from the
interface with the layer 303 towards the interface with the
layer 307.

Referring again to FIG. 2, the top layer 207 is a layer of
metal, which may be a seed layer or the metal plug itself.
While a variety of metals may be used, the described barrier
film is particularly well suited for limiting diffusion of cop-
per. Thus, in many embodiments, layer 207 is a copper or
copper alloy layer.

In one embodiment the layer of dielectric 301 has a thick-
ness of between about 1000-5000 A, the Ti/TiOx layer 203
has a thickness of between about 15-100 A, the graded TiNx
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layer 205 has a thickness of between about 15-100 A, and the
copper plug 207 has a thickness of between about 1000-5000
A

It is understood that during Damascene processing, the
barrier layer described herein may be deposited not only over
the ILD layer, but also over the layer of metal at the bottom of
the vias (e.g., at the bottom of vias 119 as shown in FIG. 1E).
In these instances the Ti/TiO,, layer residing over metal typi-
cally will not contain substantial amounts of TiO,, and there-
fore the conductivity of the via chain will not be greatly
affected. Thus, for example, the stack at the via bottom 119
may have the structure as depicted in FIG. 2, such that 201 is
a copper or copper alloy layer, 203 is a titanium layer, 205 is
a graded TiN, layer, and 207 is a copper or copper alloy layer.

Referring to FIG. 4, an example process flow diagram for
fabricating an IC structure having a Ti-based diffusion bar-
rier, is described. The process starts by forming a patterned
layer of ULK dielectric in operation 401. ULK dielectrics
having dielectric constants of less than about 2.5 include but
are not limited to spin-on glasses (e.g., silsesquioxanes),
organic polymers (e.g., polyimides, parylenes, aromatic
ethers, etc.) and nanoporous dielectrics (e.g., xerogels, aero-
gels and organic nanofoams). These materials are typically
deposited by a spin-on method, although for some materials
CVD and PECVD deposition methods may be used. Com-
mercially available low-k and ULK spin-on dielectrics
include, for example, LKD™ dielectrics available from JSR
Micro of Sunnyvale, Calif.; aromatic hydrocarbons, such as
SILK™ available from Dow Chemical of Midland, Mich.;
and polyarylene ethers, such as PAE-2™ available from
Schumacher of Carlsbad, Calif.

Spin-on deposition methods are often more advantageous
than CVD because a larger variety of low-k dielectric mate-
rials are amenable to spin-on deposition compared to CVD
deposition. During spin-on deposition, spin-on low-k precur-
sors are first dispensed onto the wafer in a liquid form. The
coating is subsequently cured to expel the solvent and induce
polymerization and cross-linking of the precursors forming a
solvent resistant dielectric material with desirable properties.
In many cases, however, curing does not completely expel
residual moisture from the dielectric layer. The remaining
moisture hinders integration of spin-on dielectric material
with a subsequently deposited diffusion barrier layer, when a
conventional tantalum-based diffusion barrier is used. As it
was explained, this issue is herein addressed by providing a
titanium-based diffusion barrier, in which titanium metal is
oxidized to form titanium oxide upon contact with the mois-
ture-containing dielectric.

Accordingly, after the dielectric material has been depos-
ited and patterned by well-known photolithographic pattern-
ing methods, a layer of titanium or titanium alloy is deposited
onto the layer of dielectric such that titanium is partially or
completely converted to TiO, in an operation 403. In some
embodiments, titanium is sputtered onto the wafer in a PVD
chamber from a titanium target or coil. In one example the
wafer is placed onto the wafer pedestal in a plasma PVD
chamber having a titanium target configured to accept a nega-
tive DC bias and a magnetron configured to confine a plasma.
An inert gas, such as helium, argon, neon, or krypton is
introduced into the chamber and is ionized in a plasma, which
is confined in the proximity of the target by magnetic fields.
The positively charged inert gas ions (e.g., Ar* ions) impinge
on a negatively biased titanium target, causing titanium sput-
tering. Titanium is typically sputtered in the form of neutral
titanium atoms which may be subsequently ionized in a
plasma. Thus, both neutral and ionized titanium may reach
the watfer. The wafer pedestal may be optionally configured to
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accept an RF bias. Upon interaction of RF-biased wafer with
the plasma, a negative DC bias is created on an RF-biased
wafer, resulting in a more directional deposition of positively
ionized species.

Process parameters suitable for PVD Ti/TiO, layer depo-
sition include: substrate temperature of between about £40°
C. to 50° C.; argon flow rate ranging from about 10 to 100
sccm; pressure ranging from about 0.1 mTorr to 10 mTorr, DC
target power from about 1 to 100 kW, and RF bias power at the
wafer pedestal from about 0 to 1000 W. Preferably, the PVD
deposition process is performed under the following condi-
tions: substrate temperature of between about -10° C. to 20°
C.; argon flow rate ranging from about 20 to 50 sccm; pres-
sure ranging from about 0.5 to 5 mTorr, DC target power from
about 10 to 70 kW, and RF bias power at the wafer pedestal
from about 0 to 500 W. For example, in a specific embodiment
the substrate temperature is about —10° C.; argon flow rate is
about 37.5 sccm; pressure is about 1.5 mTorr; DC target
power is about 30 kW; and RF bias power at the wafer ped-
estal is about 200 W.

After titanium is deposited onto the layer of dielectric, part
of’it or all of it may be oxidized to titanium oxide upon contact
with dielectric. Thus, the formed Ti/TiO, layer may contain
titanium, titanium alloy, titanium oxide, or mixtures thereof.

Next, in an operation 405, a graded TiN,, layer is deposited,
such that its nitrogen-rich portion contacts the Ti/TiO, layer.
The nitrogen-rich portion contains preferably at least about
40 atomic % N. The nitrogen-poor portion of the TiN, layer is
exposed at this stage, and preferably contains less than about
30 atomic % N. Preferably, the exposed portion contains at
least about 5 atomic % N. For example, the exposed nitrogen-
poor portion may contain between about 5-25 atomic % N. As
it was explained, such graded layer provides excellent adhe-
sion to copper seed layers or copper plugs, which was unat-
tainable with a stoichiometric TiN layer, because copper
tends to agglomerate on nitrogen-rich titanium nitride sur-
faces. Further, the layer exhibits good diftusion barrier prop-
erties due to the presence of a nitrogen-rich portion, which
ensures that copper will be blocked from diffusing into the
dielectric layer. Even further, the nitrogen-poor portion con-
tacting the copper layer, in some embodiments, contains at
least about 5 atomic percent N, and does not contain pure
titanium, which might otherwise diffuse into copper and
increase its resistance.

Deposition of the graded TiN, layer can be performed by
PVD, CVD or ALD methods. In some embodiments graded
TiN, is deposited by PVD, preferably in the same chamber
which is used for Ti/TiO,, layer deposition. In some embodi-
ments, no oxygen source is introduced during TiN_ deposi-
tion, such that a substantially oxygen-free TiN, is deposited.

Several techniques can be used to deposit graded TiN_ in a
PVD chamber. In one embodiment, deposition starts by sput-
tering titanium in the presence of a nitrogen source, such as
N,. For example, N, may be introduced into the chamber
together with argon sputtering gas at a first N, flow rate.
During deposition, titanium is sputtered onto the wafer and is
then nitrided while residing on the wafer. The degree of
nitridation can be controlled by varying the flow rate of the
nitrogen source introduced into the chamber. After the first
nitrogen-rich sub-layer is deposited, the deposition process is
stopped (e.g., the DC bias to the target is turned oft). Next, a
second sub-layer with a lower concentration of nitrogen is
deposited by starting the PVD process again, igniting the
plasma and introducing N, at a second flow rate, which is
lower than the first N, flow rate. After the second sub-layer is
deposited, the deposition process is stopped, and then is again
re-started to deposit a third sub-layer with a lower nitrogen

GF Exhibit 1126 - 17/23



US 7,727,882 B1

13

content. Accordingly the third sub-layer is deposited using an
even lower N, flow rate. Thus, a number of sub-layers with a
decreasing nitrogen content is deposited, resulting in a graded
TiN, layer. The number of sublayers may range from 2 to
about 20. This deposition method gives high level of control
over nitrogen content in the layer, and allows deposition of
graded layers having very small thicknesses. For example
each sublayer may have a maximum thickness of about 10-30
A, e.g., about 20 A.

Process parameters suitable for PVD TiN, layer deposition
include: substrate temperature of between about -40 to 50°
C.; argon flow rate ranging from about 10 to 100 sccm;
nitrogen flow rate of between about 5 to 200 sccm, depending
onthe sub-layer deposited; pressure ranging from about 0.1 to
10 mTorr, DC target power from about 1 to 100 kW, RF bias
power at the wafer pedestal from about 0 to 1000 W. Prefer-
ably, the PVD deposition process is performed under the
following conditions: substrate temperature of between about
-10° C.to about 20° C.; argon flow rate ranging from about 20
to 50 scem; nitrogen flow rate of between about 5 to 50 scem,
depending on the sub-layer deposited; pressure ranging from
about 0.5 to 5 mTorr; DC target power from about 10 kW to
70kW; and RF bias power at the wafer pedestal from about O
to 500 W. For example, in a specific embodiment the graded
TiN,, layer has two sublayers. The nitrogen-rich sublayer is
deposited under the following conditions: the substrate tem-
perature is about —10° C.; argon flow rate is about 37.5 sccm;
nitrogen flow rate is about 35 sccm; pressure is about 1.5
mTorr; DC target power is about 30 kW; and RF bias power at
the wafer pedestal is about 200 W. Then, after about 20 A of
nitrogen-rich sublayer is deposited, the deposition is stopped.
The deposition of nitrogen-poor sublayer is started, which is
deposited under essentially the same conditions with the N,
flow rate reduced to about 15 sccm. After about 20 A of
nitrogen-poor sublayer is deposited the deposition is stopped:

In an alternative approach, the nitrogen source flow rate
can be decreased in the process of deposition, without stop-
ping the deposition before each change in the flow rate. For
example, in one embodiment the graded TiN,, layer is depos-
ited in one step, such that the deposition starts at N, flow rate
of about 35 sccm, and proceeds until the N, flow rate is
gradually or incrementally decreased to about 15 scecm. Other
deposition conditions may be the same or similar to those
described above.

In yet another alternative PVD approach, the graded TiN,,
layer is deposited by flowing the nitrogen source (e.g., N,) at
a first rate and thereby depositing the nitrogen-rich portion of
the layer as described above. Such deposition may result in
deposition of TiN on the titanium target. Next, deposition of
nitrogen-poor portion is performed by shutting off the nitro-
gen source flow, and depositing the nitrogen-poor portion by
sputtering with inert gas only. In this embodiment, the TiN_.
deposited on the target will be sputtered off as Ti and N
species. The Ti will be then deposited on the wafer and will
then be nitrided. Since the concentration of nitrogen atoms in
the chamber is gradually decreasing, as the TiN, coating on
the target is being consumed, the resulting deposited TiN,
layer on the substrate will have a graded composition with a
nitrogen-poor top portion. This method, however, typically
offers less control over nitrogen content and TiN_ layer thick-
ness than methods using N, flow rates control.

In other embodiments, the graded TiN,, layer is deposited
by an ALD ora CVD method. For example, in a CVD method,
a titanium-containing precursor, e.g., tetrakisdiethylamidoti-
tanium (TDEAT), and a nitrogen-containing precursor, e.g.,
NHj; react ina CVD chamber to deposit CVD TiN, . Nitrogen-
rich portion can be deposited by using a high flow rate for the
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nitrogen-containing precursor. After the nitrogen-rich portion
has been deposited, the process is stopped, the chamber is
purged and the precursors are introduced again with a lower
flow rate of a nitrogen-containing precursor to deposit a layer
with a lower nitrogen content. Several sub-layers may be
deposited. A much greater control over the nitrogen content
and the layer thicknesses is offered by ALD. In an ALD
process, a titanium precursor, such as TDEAT is introduced in
a pulse and is adsorbed on a substrate surface. After the
chamber is purged, the nitrogen-containing reactant such as
NHj; is pulsed in to the chamber, e.g., concurrently with a
reducing gas such as CO, and is reacted with the titanium-
containing precursor to form a thin layer of TiN, on the
surface of the substrate. The pulses may be repeated, e.g., up
to 400 times to grow a layer of TiN, having multiple sublay-
ers. The nitrogen content can gradually decrease throughout
the layer. This may be achieved by controlling the flow rates
of the nitrogen-containing precursor as well as pulse lengths.
Example process parameters, which are suitable for deposi-
tion of TiN, by ALD are described in US Patent Application
Publication 2007/0200243, titled “ALD FORMED TITA-
NIUM NITRIDE FILMS” naming Kraus et al. as inventors,
filed Apr. 30, 2007, which is herein incorporated by reference
in its entirety and for all purposes.

After the graded TiN, layer has been deposited, the process
follows by depositing a copper or copper alloy, such that it
contacts the nitrogen-poor portion of the TiN, layer in opera-
tion 407. The copper-containing layer may be a thin seed
layer lining the substrate in the field and within the recesses or
the metal plug itself which fills the recess. In some embodi-
ments, it is preferable to deposit a copper-containing seed
layer, which will serve as a conductive cathode layer during
subsequent electrofill. The copper seed layer is typically
deposited by PVD in a chamber equipped with a copper
target. In other embodiments, it is possible to directly deposit
metal plugs onto the layer of TiN,. For example, nitrogen-
poor TiN, may be sufficiently conductive to allow direct elec-
trodeposition of copper on top of TiN, layer without a need
for a separate seed layer. In other embodiments metal plugs
are deposited directly on top of graded TiN,_ layer by methods
other than electrofill, e.g., by PVD or CVD.

Optionally, after the copper-containing layer has been
deposited, the structure is annealed to stabilize the micro-
structure of copper. Annealing can be performed by heating
the substrate to a temperature of between about 100-350° C.,
in an atmosphere containing a reducing gas, such as hydro-
gen. Typically an N,/H, mixture is used for anneal.

In general, avariety of process sequences can be performed
using directions provided herein. For example, a spin-on
dielectric deposition, followed by PVD Ti deposition, fol-
lowed by PVD graded TiN, layer deposition, followed by
electrofill copper plug deposition, may be implemented. In
another example, a spin-on dielectric deposition, followed by
PVD Ti deposition, followed by ALD graded TiNx layer
deposition, followed by PVD copper seed deposition, fol-
lowed by electrofill copper plug deposition, is performed.

FIG. 5 illustrates one example process flow sequence for
forming an interconnect having a titanium-based diffusion
barrier layer. The process is performed on a substrate having
an exposed layer of patterned dielectric and an exposed metal
layer. Such substrate is illustrated, for example, in FIG. 1E,
where vias 119 and trenches 121 are formed in a dielectric
layers 115 and 111, and a copper-containing layer 107 is
exposed at the bottom portions of the vias 119. The substrate
is pre-cleaned to remove contaminants in operation 501. In
one embodiment pre-clean is performed in a degas chamber
by exposing the substrate to high temperature (e.g., greater
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than about 100° C.) in a presence of a reducing gas such as
hydrogen, without exposing the substrate to plasma. Such
pre-clean is particularly well-suited for substrates having
exposed layers of delicate low-k dielectrics (e.g., porous
dielectrics), which could otherwise be easily damaged by
plasma. In one embodiment, the substrate is exposed to
hydrogen for about 1 minute at a wafer pedestal temperature
of about 280° C. and chamber pressure of about 8 Torr. In
general a variety of chambers that allow for pedestal heating
and admission of reactive gases may be used. Pre-clean serves
to remove metal oxide from the exposed metal surface and
also removes other contaminants from the surface of the
substrate. In other embodiments, when less delicate dielectric
materials are employed, pre-clean can be performed in a
separate plasma pre-clean chamber without a metal target by
exposing the substrate to an argon plasma. It is noted that
pre-clean is an optional operation in the barrier deposition
process, and, in some embodiments, process flows which do
not include separate, pre-clean operations may be practiced.
After pre-clean is completed, the substrate is transferred to
a titanium PVD chamber without exposing the substrate to
ambient atmosphere. After the substrate is placed into a tita-
nium PVD chamber in an operation 503, the process follows
by sputter-depositing titanium from the target in an operation
505. Note that in other PVD apparatus configurations, tita-
nium may sputter deposited from the coil. After titanium is
deposited onto the dielectric, it may be partially oxidized to
titanium oxide, when reacted with oxidants (e.g., H,O)
remaining in the dielectric layer. Those portions of titanium
layer which are deposited onto the metal (e.g., onto copper at
the via bottom) typically remain unoxidized. The resulting
Ti/TiO, layer conformally coats the substrate surface both in
the field and within the recesses. The layer can have a thick-
ness of between about 15-100 A, referring to the thickness on
the recessed feature sidewall. After the Ti/TiO, layer has been
deposited, the process follows by depositing the graded TiN,,
layer in the same PVD process chamber. In an operation 507,
nitrogen is introduced into the process chamber to deposit
graded TiN,. The nitrogen flow rate is decreased gradually or
incrementally as was previously described with respect to
FIG. 4, and a graded TiN, layer with a nitrogen concentration
decreasing towards the surface is deposited. For example, a
nitrogen-rich sub-layer is deposited at a first nitrogen flow
rate. The deposition may then be stopped and a nitrogen-poor
sub-layer is then deposited using a lower nitrogen flow rate.
The graded TiN,, layer conformally coats the substrate both in
the field and within the recessed features. The graded TiN_
layer may have a minimum thickness of between about
15-100 A referring to the thickness on the recessed feature
sidewall. The Ti/TiO, layer and the graded TiN, layer together
serve as the diffusion barrier film shown as layer 123 in FIG.
1F, and layers 209 and 309 in FIGS. 2 and 3 respectively.
Referring to FIG. 5, after the diffusion barrier film is depos-
ited, the substrate is transferred to a copper PVD chamber,
where copper or copper alloy is deposited by PVD in an
operation 509. In this embodiment, a copper-containing seed
layer is deposited onto the exposed nitrogen-poor portion of
TiN,. The seed layer conformally coats the substrate both on
the field and within the recesses. Such copper seed layer is
illustrated, for example, in FIG. 1G, as layer 125. PVD copper
seed layer may be deposited to a minimum thickness of
between about 30-100 A referring to the sidewall thickness.
The process may then follow by transferring the substrate
to an electrofill apparatus, where copper is deposited into the
recessed features. Excess copper and diffusion barrier is then
removed from the field region by CMP resulting in a dual
Damascene structure, such as shown in FIG. 1H.
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In some embodiments the substrate is not exposed to
dioxygen during operations 501, 503, 505, and 507, and
between these operations. For example, in some embodi-
ments pre-clean and deposition of Ti-based barrier is per-
formed in one module having multiple chambers without
exposing the substrate to O,.

Apparatus

While various embodiments of the present invention can be
practiced in many different types of apparatus, two main
types of PVD apparatus, hollow cathode magnetron (HCM)
and planar magnetron, will now be briefly described. A suit-
able ALD apparatus is described in detail in the US Patent
Application Publication No. 2007/0200243 previously incor-
porated by reference, and will not be described herein.

Hollow cathode magnetron is an apparatus carrying a
three-dimensional sputter target. The present invention is not
limited to a specific cup-like geometry of an HCM target and
can be used in conjunction with three-dimensional targets of
a plurality of shapes. It is understood that in some embodi-
ments, the graded TiN, layer is deposited by ALD.

FIG. 6 presents a cross sectional view of one type of an
HCM sputtering apparatus in accordance with one embodi-
ment of the invention. The HCM apparatus has two main
components, the source 601, in which a plasma is created and
maintained, and the RF bias electrostatic chuck (ESC) ped-
estal 603, which secures the wafer 605 and applies a negative
RF bias on the wafer if needed. A separate RF power supply
607 is electrically connected to the wafer pedestal and pro-
vides the RF bias to the pedestal 603 when required, leading
to generation of a negative DC bias at the wafer, upon inter-
action of the biased wafer with the plasma. An RF bias power
of between about 0-500 W can be applied during deposition
of Ti and TiN_ layers. In many embodiments, RF bias is not
used during deposition. The ESC pedestal 603 also serves to
provide the temperature control for the wafer 605. The tem-
perature at the wafer pedestal can range from about -50 to
600° C., preferably between about —10 and 20° C.

In this example, the HCM contains a top rotating magnet
609a, several annular side electromagnets 6095-609¢, cir-
cumferentially positioned around the process chamber, and a
sputter target 611, operated at a negative DC bias. The sputter
target is electrically connected to the DC target power supply
613. A DC bias power of between about 1-100 kW, preferably
between about 10-30 kW is applied to the target during dif-
fusion barrier film deposition.

One or several shields may be positioned within the cham-
ber next to the chamber sidewalls, to protect the sidewalls
from the sputtered material. In the provided configuration, the
shield 615 is positively biased and serves as an “ion extrac-
tor”, configured to increase plasma density in the proximity of
the wafer by transferring ions from a high plasma density
region to the wafer region. The ion extractor 615 is electri-
cally connected to a separate DC power supply 617 and is
configured to accept a positive bias from the power supply
617. A positive bias of at of at least about 30 V, even more
preferably between about 100V and about 150V is applied to
the ion extractor. In one implementation, a power ranging
from about 10 and 600 W is applied to the ion extractor.

Theion extractor shield 615 is electrically isolated from the
process chamber sidewalls with two insulating ceramic rings
619. In the provided example, the shield 615 is an aluminum
member having a hollow cylindrical shape, which is located
about 8 cm above the wafer pedestal 603, and about 16 cm
below the target 611. Note, that since the ion extractor is
positively biased during operation of an HCM, its material is
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not substantially sputtered onto the wafer surface. Therefore,
the ion extractor can be made of a variety of conductive
materials, which may be different from the material being
deposited or resputtered on the wafer. For example, an alu-
minum ion extractor can be used during tantalum or copper
resputter.

The cathode target 611 generally has a hollow cup-like
shape so that plasma formed in the source can be concentrated
within this hollow region. The cathode target 611 also serves
as a sputter target and is, therefore, made of a metal material
which is to be deposited onto a substrate. For example, a
titanium target is used for deposition of Ti and TiN, layers. A
copper target is used for copper seed deposition.

A process gas, such as argon, nitrogen, or an argon/nitro-
gen mixture is introduced through a gas inlet 627 into the
process chamber from the side, just below the ion extractor
615 (several gas inlets can be used, but one is shown to
preserve clarity). A valve and a flow meter 629 can be used to
control the introduction of the process gas into the chamber.
In those embodiments where mixtures of argon and nitrogen
are used, argon and nitrogen may be pre-mixed before enter-
ing the process chamber. The amount of nitrogen delivered
from the nitrogen source 631 can be controlled using a valve
and a flow meter 633. The amount of argon delivered from the
argon source 635 can be controlled using a separate valve and
a flow meter 637. The pump 621 is positioned to evacuate or
partially evacuate the process chamber. The control of pres-
sure in the process chamber can be achieved by using a
combination of gas flow rate adjustments and pumping speed
adjustments, making use of, for example, a throttle valve or a
baftle plate. Typically the pressure ranges between about 0.01
mTorr to about 100 mTorr during the deposition processes.

An intense magnetic field is produced by electromagnets
6095 within the cathode target region. The electrons emitted
from the cathode are confined by the crossing electrical and
magnetic fields within the hollow portion of the cathode
target 611 to form a region of high plasma density within the
hollow cathode. Additional electromagnets 609c-609¢ are
arranged downstream of the cathode target and are used to
shape the plasma at the elevations closer to the wafer pedestal
603. The magnetic field generated by electromagnets 609¢-
609¢ is typically less strong than the magnetic field generated
by the magnets 609a-6095.

In the described embodiment, the confinement of plasma in
the region of high plasma density within the hollow target
611, is further increased by the presence of a separatrix 623.
Separatrix 623 is an imaginary line associated with the dis-
tribution of the magnetic field lines within the chamber,
which divides the magnetic field confining the plasma within
the hollow target region from the magnetic field downstream
in the proximity of the wafer. The separatrix 623 includes a
region of null magnetic field residing between the target 611
and the wafer 605, which allows for transfer of ions from the
region of plasma confined at the target to the proximity of the
wafer. Typically, in an HCM, the separatrix resides in the
proximity of the target opening, but can be moved upward or
downward in the chamber by the modulation of magnetic
field polarity of individual magnets. The separatrix can be
formed by using magnetic fields of opposite polarities to
confine the upper and lower regions of plasma. The separatrix
is desired for maintaining a high plasma density in the plasma
region adjacent to the target, since it confines electrons and
positively charged ions within this region.

In certain embodiments, a system controller 625 is
employed to control process conditions during deposition of
the barrier film, insert and remove wafers, etc. The controller
will typically include one or more memory devices and one or
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more processors. The processor may include a CPU or com-
puter, analog and/or digital input/output connections, stepper
motor controller boards, etc.

In certain embodiments, the controller controls all of the
activities of the apparatus. The system controller executes
system control software including sets of instructions for
controlling the timing, mixture of gases, flow rate ofinert gas,
and of nitrogen source, chamber pressure, chamber tempera-
ture, wafer temperature, RF power levels at the wafer, DC
power levels at the target, polarity of electromagnetic coils
609a-e, power levels and current levels applied to the coils,
power levels and a bias, applied to the ion extractor 615, wafer
chuck or susceptor position, and other parameters of a par-
ticular process. Other computer programs stored on memory
devices associated with the controller may be employed in
some embodiments.

Typically there will be a user interface associated with
controller 625. The user interface may include a display
screen, graphical software displays of the apparatus and/or
process conditions, and user input devices such as pointing
devices, keyboards, touch screens, microphones, etc.

The computer program code for controlling the deposition
and resputtering processes can be written in any conventional
computer readable programming language: for example,
assembly language, C, C++, Pascal, Fortran or others. Com-
piled object code or script is executed by the processor to
perform the tasks identified in the program.

The controller parameters relate to process conditions such
as, for example, concentration of nitrogen source within the
chamber, magnetic field within the chamber, plasma density
within the chamber, process gas composition and flow rates,
temperature, pressure, plasma conditions such as RF and DC
power levels, cooling gas pressure, and chamber wall tem-
perature. These parameters are provided to the user in the
form of a recipe, and may be entered utilizing the user inter-
face.

Signals for monitoring the process may be provided by
analog and/or digital input connections of the system control-
ler. The signals for controlling the process are output on the
analog and digital output connections of the deposition appa-
ratus.

The system software may be designed or configured in
many different ways. For example, various chamber compo-
nent subroutines or control objects may be written to control
operation of the chamber components necessary to carry out
the inventive deposition processes. Examples of programs or
sections of programs for this purpose include substrate posi-
tioning code, process gas control code, pressure control code,
heater control code, and plasma control code.

A plasma control program may include code for setting RF
power levels applied to the wafer chuck, DC power levels
applied to the target, DC or RF power levels applied to the ion
extractor, as well as polarity parameters and current levels
applied to different electromagnetic coils in an apparatus. A
substrate positioning program may include program code for
controlling chamber components that are used to load the
substrate onto a pedestal or chuck and to control the spacing
between the substrate and other parts of the chamber such as
a gas inlet and/or target. A process gas control program may
include code for controlling gas composition and flow rates
and optionally for flowing gas into the chamber prior to
deposition in order to stabilize the pressure in the chamber. A
pressure control program may include code for controlling
the pressure in the chamber by regulating, e.g., a throttle valve
in the exhaust system of the chamber. A heater control pro-
gram may include code for controlling the current to a heating
unit that is used to heat the substrate. Alternatively, the heater
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control program may control delivery of a heat transfer gas
such as helium to the wafer chuck.

Examples of chamber sensors that may be monitored dur-
ing deposition and/or resputtering include mass flow control-
lers, pressure sensors such as manometers, and thermo-
couples located in pedestal or chuck. Appropriately
programmed feedback and control algorithms may be used
with data from these sensors to maintain desired process
conditions.

In one embodiment, the controller includes instructions for
performing deposition of diffusion barrier film according to
methods described above. For example, the instructions can
specify the parameters needed to perform sputtering of Ti,
followed by reactive sputtering to deposit graded TiN _ layer.

According to other embodiments of the invention, the dif-
fusion barrier film can be deposited using a planar magnetron.
FIG. 7 shows a schematic representation of an example planar
magnetron 720. Target 721, a circular, planar block of tita-
nium, is spaced from the wafer 723, which is mounted on a
heating (or cooling) stage 725 in chamber 727. A DC power
supply 729 is used to apply a DC field to target 721, estab-
lishing a plasma in the chamber below target 721. A circular
magnet 731 mounted above the target is rotated by motor 733
setting up a magnetic field extending through target 721 into
the region between the target 721 and wafer 723. A cryopump
735 connected to chamber 727 via valve 737 is used to evacu-
ate the chamber. Process gas injector 739 is connected to a
supply of argon 743 and a supply of nitrogen 745 via a series
of valves and mass flow controllers 747, 749, and 751. In
some embodiments, a separate injector and a separate mass
flow controller is used for introducing an inert sputtering gas
such as argon, and a reactive nitrogen source, such as N,. It is
understood that the structure of module 720 is exemplary
only. The methods of present invention may be practiced in
other types of planar magnetrons, such as ones having ICP
sources. It is noted that the methods of present invention do
not require the presence of an RF-biased coil within the
apparatus, although they can be practiced in an apparatus
equipped with such coil.

Experimental

Example experimental process parameters for a diffusion
barrier deposition process are provided in Table 1. The entire
deposition process was performed in a deposition chamber in
an HCM using argon as a process gas during deposition of
Ti/TiO, layer and using a mixture of argon and nitrogen
during deposition of TiN,, layer. No other gases were intro-
duced into the chamber during deposition of diffusion barrier
film. Pre-clean was performed in a degas chamber without the
use of plasma.

The substrate contained an exposed layer of a low-k
organic dielectric, sold under trademark HMS CORAL® by
Novellus Systems Inc., of San Jose, Calif., which was pre-
deposited by a spin-on method and patterned with trenches
and vias having widths ranging from about 500 to 1000 A.
Copper lines were exposed at the via bottoms. The substrate
was pre-cleaned in the degas chamber, by exposing the sub-
strate to H, at about 280° C. (at wafer pedestal), and at a
pressure of about 8 Ton. The Ti/TiO, and graded TiNx layers
were then sequentially deposited in the PVD titanium HCM
chamber under conditions described in Table 1. The Ti/TiO,
layer was deposited using argon as the process gas. The
graded layer was deposited by incremental deposition of 2
sublayers, each deposited using a mixture of argon and nitro-
gen as a process gas but at different nitrogen flow rates. The
first sublayer was deposited at 35 sccm nitrogen flow rate. The
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second sublayer was deposited at 15 sccm nitrogen flow rate.
The deposition process was stopped after deposition of each
sublayer. The composition of deposited layers was subse-
quently determined. As shown in Table 1, the Ti/TiO, layer
contains greater than 92% of Ti and less than about 8% of
oxygen. The graded TiN,, layer composition (averaged over
entire layer) is 64% Ti, 35% N, and 1% O. It is noted that
oxygen may be introduced into the layer during elemental
analysis, and oxygen-free TiN, layers can be initially depos-
ited.

TABLE 1

Example experimental process parameters for diffusion barrier
deposition process, according to a method described herein.

Deposition of Deposition of

Parameter/Process TV/TiO, layer graded TiN,,
DC Target Power (kW) 30 30
RF Wafer Bias Power (W) 200 200
Nitrogen flow rate, Sccm N.A. First sublayer: 35
Second sublayer: 15
Argon Flow Rate, Scem 375 375
Pressure, mTorr 1.5 1.5
Thickness (A) of deposited 20 First sublayer: 30

Second sublayer: 20
Averaged over
the layer: Ti 64%,
N 35%,01%

layer as measured in the field
Composition of deposited
layer

O: no more than
8%
Ti: more than 92%

After the diffusion barrier has been deposited, the substrate
was transferred to a PVD copper deposition chamber without
exposing the substrate to oxygen or to ambient atmosphere,
and a copper seed layer was deposited onto the nitrogen-poor
portion of the TiNx layer.

Although various details have been omitted for clarity’s
sake, various design alternatives may be implemented. There-
fore, the present examples are to be considered as illustrative
and not restrictive, and the invention is not to be limited to the
details given herein, but may be modified within the scope of
the appended claims.

What is claimed is:

1. A method for forming a semiconductor device structure,
the method comprising:

(a) forming a first layer comprising a material selected
from the group consisting of titanium, titanium alloy,
and titanium oxide on at least a portion of a layer of
dielectric on a wafer substrate;

(b) forming a second layer comprising a compound com-
prising titanium and nitrogen over at least a portion of
the first layer; and

(c) forming a third layer comprising copper or copper alloy
over at least a portion of the second layer, wherein
the second layer has a concentration of nitrogen of at

least about 40 atomic percent at an interface with the
first layer and a concentration of nitrogen of less than
about 30 atomic percent at an interface with the third
layer, and wherein the first and second layers serve as
a diffusion barrier film between the third layer com-
prising copper or copper alloy and the layer of dielec-
tric.

2. The method of claim 1, wherein the concentration of
nitrogen at the interface with the third layer is at least about 5
atomic percent.

3. The method of claim 1, wherein the concentration of
nitrogen at the interface with the first layer is at least about 60
atomic percent and the concentration of nitrogen at the inter-
face with the third layer is between about 5-25 atomic per-
cent.
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4. The method of claim 1, wherein the second layer com-
prises substantially oxygen-free TiN,.

5. The method of claim 1, wherein forming the first layer
comprises partially or completely converting titanium to tita-
nium oxide upon titanium deposition.

6. The method of claim 5, wherein forming the first layer
comprising titanium oxide comprises depositing a layer of
titanium onto a layer of dielectric having residual moisture.

7. The method of claim 5, further comprising depositing
the layer of dielectric by a spin-on method prior to (a).

8. The method of claim 1, wherein (b) comprises forming
the second layer by physical vapor deposition (PVD).

9. The method of claim 8, wherein (b) comprises flowing
nitrogen at a first rate while sputtering titanium from a target
to deposit a first sub-layer of TiN,, followed by flowing nitro-
gen at a lower rate while sputtering titanium from the target to
deposit a second sublayer of TiN,, wherein nitrogen concen-
tration in the second sublayer is lower than in the first sub-
layer.

10. The method of claim 8, wherein (b) comprises depos-
iting the second layer under the following conditions:

Substrate temperature -10-20° C.
Pressure 1.0-3.0 mTorr
RF substrate bias 0-500 W
power

DC target power 10-30 kW
Nitrogen flow rate 5-50 scem.

11. The method of claim 1, comprising forming the second
layer by chemical vapor deposition (CVD) or atomic layer
deposition (ALD).

12. The method of claim 1, wherein the third layer is a seed
layer or a metal plug.

13. The method of claim 1, further comprising providing a
substrate having an exposed layer of dielectric and an
exposed layer of metal prior to (a), wherein (a) comprises
depositing the first layer over the exposed portions of dielec-
tric and metal.

14. The method of claim 13, further comprising pre-clean-
ing the exposed metal prior to (a).

15. The method of claim 14, wherein pre-cleaning and
deposition of the first, second, and third layers are performed
without exposing the substrate to oxygen.

16. The method of claim 1, wherein forming the first,
second, and third layers does not include exposing the sub-
strate to oxygen.

17. The method of claim 1, wherein the substrate comprises
a Damascene structure.

18. The method of claim 1, wherein the first layer has a
minimum thickness of between about 15-100 A.

19. The method of claim 1, wherein the second layer has a
minimum thickness of between about 15-100 A.

20. A method for forming a semiconductor device com-
prising:

forming a layer of TiN,, the layer having a nitrogen-rich

portion and a nitrogen-poor portion, wherein the nitro-
gen-rich portion contains at least about 40 atomic %
nitrogen and the nitrogen-poor portion contains between
about 5-30 atomic % nitrogen; and

forming a layer of copper or copper alloy over the nitrogen-

poor portion of the layer of TiN, .

21. The method of claim 20, wherein the nitrogen-rich
portion contains at least about 60 atomic percent of nitrogen
and wherein the nitrogen-poor portion contains between
about 5-25 atomic percent of nitrogen.
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22. The method of claim 20, wherein the layer of TiN, is
formed by PVD.

23. The method of claim 20, wherein depositing the layer
of TiN, comprises flowing nitrogen at a first rate while sput-
tering titanium from a target in a PVD chamber to deposit a
first sub-layer of TiN,, followed by flowing nitrogen at a
lower rate while sputtering titanium from the target to deposit
a second sublayer of TiN_, wherein nitrogen concentration in
the second sublayer is lower than in the first sublayer.

24. The method of claim 20, wherein the layer of copper or
copper alloy is a seed layer or a copper plug in a Damascene
structure.

25. The method of claim 20, wherein the layer of TiN, has
a minimum thickness of between about 15-100 A and serves
as a diffusion barrier layer.

26. A method for forming a semiconductor device struc-
ture, the method comprising:

(a) forming a first layer comprising titanium oxide by
depositing a layer of titanium onto a layer of dielectric
having residual moisture on a wafer substrate, wherein
forming the first layer comprises partially or completely
converting titanium to titanium oxide upon titanium
deposition;

(b) forming a second layer comprising a compound com-
prising titanium and nitrogen over at least a portion of
the first layer; and

(c) forming a third layer comprising copper or copper alloy
over at least a portion of the second layer, wherein
the second layer has a higher concentration of nitrogen

at an interface with the first layer than at an interface
with the third layer, and wherein the first and second
layers serve as a diffusion barrier film between the
third layer comprising copper or copper alloy and the
layer of dielectric.

27. The method of claim 26, further comprising depositing
the layer of dielectric by a spin-on method prior to (a).

28. The method of claim 26, wherein the concentration of
nitrogen at the interface with the first layer is at least about 60
atomic percent and the concentration of nitrogen at the inter-
face with the third layer is between about 5-25 atomic per-
cent.

29. The method of claim 26, wherein the second layer
comprises substantially oxygen-free TiN..

30. The method of claim 26, comprising forming the sec-
ond layer by chemical vapor deposition (CVD) or atomic
layer deposition (ALD).

31. The method of claim 26, wherein (b) comprises form-
ing the second layer by physical vapor deposition (PVD), and
wherein (b) comprises flowing nitrogen at a first rate while
sputtering titanium from a target in a PVD chamber to deposit
a first sub-layer of TiN,, followed by flowing nitrogen at a
lower rate while sputtering titanium from the target to deposit
a second sublayer of TiN_, wherein nitrogen concentration in
the second sublayer is lower than in the first sublayer.

32. The method of claim 26, wherein the dielectric is a
low-k dielectric having a dielectric constant of less than about
2.8.

33. The method of claim 26, wherein the first and second
layers have a minimum thickness of between about 15-100 A
each.

34. A method for forming a semiconductor device struc-
ture, the method comprising:

(a) forming a first layer comprising a material selected
from the group consisting of titanium, titanium alloy,
and titanium oxide on at least a portion of a layer of
dielectric on a wafer substrate;
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(b) forming a second layer comprising a compound com-
prising titanium and nitrogen over at least a portion of
the first layer by physical vapor deposition (PVD),
wherein forming the second layer comprises flowing
nitrogen at a first rate while sputtering titanium from a
target in a PVD chamber to deposit a first sub-layer of
TiN,, followed by flowing nitrogen at a lower rate while
sputtering titanium from the target to deposit a second
sublayer of TiN_, wherein nitrogen concentration in the
second sublayer is lower than in the first sublayer; and

(c) forming a third layer comprising copper or copper alloy
over at least a portion of the second layer, wherein
the second layer has a higher concentration of nitrogen
at an interface with the first layer than at an interface
with the third layer, and wherein the first and second
layers serve as a diffusion barrier film between the
third layer comprising copper or copper alloy and the
layer of dielectric.
35. The method of claim 34, wherein the concentration of
nitrogen at the interface with the first layer is at least about 60

—
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atomic percent and the concentration of nitrogen at the inter-
face with the third layer is between about 5-25 atomic per-
cent.

36. The method of claim 34, wherein forming the first layer
comprises partially or completely converting titanium to tita-
nium oxide upon titanium deposition.

37. The method of claim 34, further comprising depositing
a layer of dielectric by a spin-on method prior to (a), wherein
the layer of dielectric has residual moisture, and wherein (a)
comprises partially or completely converting titanium to tita-
nium oxide upon contact with the residual moisture.

38. The method of claim 34, wherein forming the first,
second, and third layers does not include exposing the sub-
strate to oxygen.

39. The method of claim 34, wherein the first layer and the
second layer have a minimum thickness of between about
15-100 A each.

40. The method of claim 34, wherein the third layer is a
seed layer or a metal plug in a Damascene structure.
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