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includes at least three sub-layers, wherein the ratio of the
impurity concentrations in neighboring sub-layers is prefer-
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IN-SITU DEPOSITION FOR CU HILL.OCK
SUPPRESSION

TECHNICAL FIELD

This invention relates generally to integrated circuits, and
more particularly to the formation of interconnect structures
in integrated circuits.

BACKGROUND

Copper has become the metal of choice over aluminum in
the fabrication of integrated circuits because it has a lower
resistance than aluminum and allows for the scaling down of
devices. Despite its advantages, the use of copper in intercon-
nection/interconnect structures poses several special prob-
lems that did not exist with the use of aluminum. One such
problem is the formation of copper hillocks. Copper is a soft
metal and has a much higher expansion coefficient than alu-
minum, so that it expands significantly when heated under
typical temperatures used in semiconductor processing. Cop-
per hillocks are a result of this expansion. Copper intercon-
nect lines are typically formed by a dual damascene process
wherein trench and via openings are etched into a dielectric
layer and are then filled with copper. A barrier layer to prevent
the migration of copper is typically formed in the trench and
via openings before they are filled with copper. Copper within
the trench and via openings is constrained on three sides by
the barrier layer, and when heated, it can only expand
upwards or along the copper line. Copper expands from the
copper line in the form of spike-like projections, hence the
name “hillocks.” The formation of copper hillocks is a serious
problem because hillocks cause shorts and voids, and can
cause early breakdown of the semiconductor devices.

FIG. 1A illustrates a planarized copper dual damascene
structure. The dual damascene structure has a first copper line
110 formed within a barrier layer 115, which is formed within
atrench in a first dielectric layer 120. Copper hillocks such as
125 typically begin to form before any subsequent processing
due to pent-up thermal expansion energy in the copper. FIG.
1B illustrates an interconnect structure 130 after a second
dielectric layer 135 (typically SiN), which will serve as an
etch stop layer, has been formed over the first copper line 110.
A silicon nitride deposition is typically performed at about
400° C., a temperature at which copper will expand signifi-
cantly and form copper hillocks. The copper hillocks 125 that
already existed before the silicon nitride deposition will grow
larger, and additional copper hillocks such as 145, will form
during the deposition.

FIG. 1C illustrates the formation of a second interconnect
structure 150, which includes a second copper line 165 in a
third dielectric layer 155, over the second dielectric layer 135.
The heat and pressure exerted on the first interconnect struc-
ture 130 during the formation of the third dielectric layer 155
and subsequent layers can cause the copper hillocks to grow
even larger. The third dielectric layer 155 is typically carbon
or fluorine doped silicon oxide that is deposited at tempera-
tures of around 450° C. to 480° C. These temperatures will
cause significant expansion of the copper and growth of hill-
ocks. The growth of large copper hillocks can cause a short
160 between the first copper line 110 and the second copper
line 165. Also, the formation of hillocks can cause a void 170
to form within the first copper line 110.

Multiple methods for solving the problem of copper hill-
ocks have been explored. One explicit solution is to reduce
the temperatures used in the processing. Copper hillocks
typically form at temperatures above 150° C. Therefore, pro-
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cessing temperatures can be kept lower than this temperature
to prevent hillocks from forming. However, this method is not
effective in producing optimal semiconductor devices
because low temperatures produce materials having inferior
qualities such as lower density and less homogeneity.

Another solution to prevent the formation of copper hill-
ocks is to anneal the copper before the step of chemical
mechanical polish (CMP) of the copper. The intent of this
anneal is to expend most of the thermal expansion energy of
the copper into the formation of copper hillocks that can then
be polished away during the CMP step. By expending most or
all of the thermal expansion energy of the copper during this
pre-CMP anneal, hillocks are less likely to form at a later
point. Drawbacks of this solution are that extra process steps
and thermal budget are required, and there is a risk of forming
voids in the copper interconnect structures due to the hillock
growth.

Yet another solution to reduce hillocks is to use two-step
plating for the formation of copper layers. In a two-step
plating process, a first copper layer is plated followed by an
annealing. A second copper layer, which is virtually a repeti-
tion of the first copper layer, is then plated on the first copper
layer. This method slightly improves the copper surface with
smaller hillock sizes. However, the amount ot hillocks may be
increased, and thermal budget is also increased.

SUMMARY OF THE INVENTION

The preferred embodiments of the present invention pro-
vide a semiconductor interconnect structure having a reduced
hillock formation and a method for forming the same.

In accordance with one aspect of the present invention, the
semiconductor interconnect structure includes a conductor
formed in a dielectric layer. The conductor includes at least
three sub-layers each having a different impurity concentra-
tion, wherein the ratio of the impurity concentrations in
neighboring sub-layers is greater than about two.

In accordance with another aspect of the present invention,
the method for forming the preferred embodiments of the
present invention includes providing a dielectric layer, form-
ing a trench in the dielectric layer, depositing a barrier layer in
the trench, forming a first sub-layer of a conductor over the
barrier layer wherein a first control parameter is applied to
achieve a first impurity concentration in the first sub-layer,
forming a second sub-layer of the conductor on the first
sub-layer wherein a second control parameter is applied to
achieve a second impurity concentration in the second sub-
layer, and forming a third sub-layer of the conductor on the
second sub-layer wherein a third control parameter is applied
to achieve a third impurity concentration in the third sub-
layer. The impurity concentrations in neighboring sub-layers
preferably have a ratio of greater than about two. The con-
ductor preferably comprises copper.

By controlling impurity concentrations in sub-layers, less
hillocks are formed, and hillock size is reduced.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present inven-
tion, and the advantages thereof, reference is now made to the
following descriptions taken in conjunction with the accom-
panying drawings, in which:

FIGS. 1A through 1C schematically illustrate the forma-
tion of hillocks in integrated circuits;

FIGS. 2 through 7B are cross-sectional views of interme-
diate stages in the manufacture of a preferred embodiment;
and
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FIG. 8 illustrates an impurity concentration distribution as
afunction of depth into a sample copper line formed using the
preferred embodiment.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

The making and using of the presently preferred embodi-
ments are discussed in detail below. It should be appreciated,
however, that the present invention provides many applicable
inventive concepts that can be embodied in a wide variety of
specific contexts. The specific embodiments discussed are
merely illustrative of specific ways to make and use the inven-
tion, and do not limit the scope of the invention.

FIGS. 2 through 7B illustrate a preferred embodiment of
the present invention, wherein a single damascene process is
discussed. By slightly changing the formation process of
openings, however, the solution provided by the preferred
embodiment of the present invention can be applied to dual
damascene processes. FI1G. 2 illustrates the formation of an
opening 22 in a dielectric layer 20. Dielectric layer 20 may be
an inter-layer dielectric (ILD) layer or an inter-metal dielec-
tric (IMD) layer. In the preferred embodiment, dielectric
layer 20 has a low dielectric constant (k value), and is pref-
erably formed by spin-on, chemical vapor deposition (CVD),
plasma enhanced CVD (PECVD), atomic layer deposition
(ALD), sub-atmospheric CVD (SACVD), low pressure CVD
(LPCVD), or other known deposition techniques.

Opening 22 is preferably a trench opening, although it can
be other openings for forming metal features, such as a via
opening, a contact opening, and the like. Preferably, opening
22 is formed by etching.

Referring to FIG. 3, a barrier layer 24 and a seed layer 26
are formed. As is known in the art, copper has high diffusibil-
ity. To prevent diffused copper from degrading the dielectric
layer 20, a diffusion barrier layer 24, also sometimes referred
to as a liner 24, is preferably formed in the opening 22. Barrier
layer 24 preferably comprises commonly used materials such
as titanium, titanium nitride, tantalum, tantalum nitride, and
the like, and may have a composite structure including more
than one layer.

In the preferred embodiment, a seed layer 26 is further
formed on barrier layer 24. The seed layer 26 acts as a cathode
for electroplating a thick copper layer that overfills the open-
ing 22. The seed layer 26 is preferably formed using plasma
vapor deposition (PVD), atomic layer deposition (ALD), and
the like, and has a thickness of several hundred angstroms,
and more preferably less than about 1000 A. Seed layer 26
may be doped with metallic impurities such as tin, aluminum,
and the like for retarding copper migration. In other embodi-
ments, seed layer 26 is omitted.

A copper layer including a plurality of sub-layers is then
formed in the opening 22. In the preferred embodiment as
described hereinafter, each of the sub-layers of the copper
layer is formed by using an electroplating method, such as
electrochemical plating (ECP). In other embodiments,
chemical vapor deposition (CVD), atomic layer deposition
(ALD), electro-less plating, physical vapor deposition, reflow
metal, and the like can be used.

As is known in the art, ECP is performed in a plating bath
containing electrolytes, and the electrolytes may be inorganic
and organic compounds at low concentrations. Inorganic
compounds may include copper sulfate (CuSO,), sulfuric
acid (H,S0,), and trace amounts of chloride (C17) ions. Inor-
ganic compounds may further include silver sulfate
(Ag,S0,), zinc sulfate (ZnSQO,), tin sulfate (ZnSO,,), nickel
sulfate (NiSO,), and cobalt sulfate (CoSQO,). Organic com-
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pounds may include accelerators, suppressors, and levelers.
Since electrolytes comprise elements other than copper,
impurities are typically introduced into the resulting copper
layer. In an exemplary plating embodiment using organic
electrolytes, the accelerators include sulfur, the suppressors
include sulfur and chlorine, and the levelers include sulfur,
carbon and oxygen. Organic electrolytes may also comprise
N andP. The plating is performed at a temperature of about 15
to about 30° C.

FIG. 4 illustrates the formation of a first copper sub-layer
30, on the seed layer 26. Plating parameters are preferably
controlled to achieve a first impurity concentration in copper
sub-layer 30,. Exemplary plating parameters include a cur-
rent density of between about 5 mA/cm® and about 10
mA/cm?, and a (electrode) rotation speed of between about 50
revolutions per minute (RPM) and about 100 RPM. Prefer-
ably, the thickness T, of the copper sub-layer 30, is greater
than about 50 nm.

A second copper sub-layer 30, is then formed on the first
sub-layer 30,, as shown in FIG. 5. Preferably, sub-layer 30,
has a substantially different impurity concentration from the
first sub-layer 30, . Exemplary plating parameters for control-
ling the impurity concentration include a current density of
between about 30 mA/cm? and about 45 mA/cm?, and a
(electrode) rotation speed of between about 5 RPM and about
13 RPM. Preferably, the thickness T, of the copper sub-layer
30, is greater than about 50 nm, and more preferably between
about 50 nm and about 100 nm.

FIG. 6 illustrates the formation of a third copper sub-layer
30, on the second copper sub-layer 30,. Similarly, the impu-
rity concentration in sub-layer 30, is preferably substantially
different from the impurity concentration in the second sub-
layer 30,. Exemplary plating parameters for controlling
impurity concentration include a current density of between
about 5 mA/cm? and about 10 mA/cm?, and a rotation speed
of between about 50 RPM and about 100 RPM. Preferably,
the thickness T; of the portion of copper sub-layer 305 below
the surface of the dielectric layer 20 is greater than about 50
nm.
FIG. 7A illustrates a resulting structure after a chemical
mechanical polish (CMP) to planarize the surface. Excessive
copper above the top surface of dielectric layer 20 is removed,
leaving a copper line 30 including three sub-layers 30,, 30,
and 30;. FIG. 7B illustrates another embodiment wherein one
additional sub-layer 30, is formed on the sub-layer 30;,
although more sub-layers can be formed.

Preferably, impurities in sub-layers 30,, 30, and 30,
include a metallic impurity such as silver, zinc, tin, nickel,
cobalt, and the like, and/or a non-metallic impurity such as
sulfur, chlorine, carbon, nitrogen, phosphorous, oxygen, and
like, and combinations thereof. Sub-layers 30,, 30, and 30
may comprise the same or different impurities. Preferably, the
impurity concentration ratio between sub-layer 30, and its
neighboring sub-layers 30, and 30, is greater than about two,
and more preferably greater than about three, and even more
preferably between about four and about five.

In the preferred embodiment of the present invention,
wherein sub-layers 30,, 30, and 30, are formed using plating
parameters discussed in the previous paragraphs, the result-
ing impurity concentrations in copper line 30 have a high/
low/high distribution from sub-layers 30, through 30,. F1G. 8
illustrates an impurity concentration distribution in a sample
copper line 30, which is measured using secondary ion mass
spectrometry (SIMS). The X-axis shows the time used to
sputter materials from the surface, and corresponds to the
depth into the copper layer 30 from the top surface. The Y-axis
shows secondary ion counts, which are proportional to the
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impurity concentration. Therefore, FIG. 8 reflects the impu-
rity concentration as a function of the depth into the copper
line 30 from the top surface. Three ranges of impurity con-
centrations have been observed. In regions 40 and 44, which
correspond to sub-layers 30, and 30, the impurity concen-
trations are high, while in region 42, which corresponds to
sub-layer 30,, the impurity concentration is low. Preferably,
the ratio of the maximum impurity concentration in regions
40 and 44 to minimum impurity concentration in region 42 is
significantly greater than two.

A comparison between prior art samples and samples
formed using the preferred embodiments of the present inven-
tion reveals that both the number and size of hillocks on the
surface of the preferred embodiments of the present invention
are significantly reduced over prior art devices, which are
formed as one layer copper features. A possible reason is that
sub-layers 30, and 30, have substantially different impurity
concentrations from the respective underlying layers, and the
change of the impurity concentration disrupts the growth of
copper grains, hence the growth of hillocks.

In a variation of the preferred embodiment, plating param-
eters are adjusted so that the sub-layer 30, has a higher impu-
rity concentration than sub-layers 30, and 30, thus forming a
low/high/low impurity concentration distribution. Exemplary
plating parameters for forming sub-layer 30, include a cur-
rent density of between about 5 mA/cm® and about 10
mA/cm?, and a rotation speed of between about 50 RPM and
about 100 RPM. Conversely, exemplary plating parameters
for forming sub-layers 30, and 30, include a current density
of between about 30 mA/cm? and about 45 mA/cm?, and a
rotation speed of between about 5 RPM and about 13 RPM.
Preferably, in the resulting copper layer 30, the ratio of high
impurity concentration to low impurity concentration is pref-
erably greater than about two, and more preferably greater
than three, and even more preferably between about four and
five.

In further variations of the preferred embodiment, the
impurity concentrations in sub-layers have a low/high/higher
or a high/low/lower distribution, and the ratio of impurity
concentrations in neighboring sub-layers is preferably greater
than about 2, and more preferably greater than about three,
and even more preferably between about four and five.

Copper line 30 may include more than three sub-layers
(refer to FIG. 7B), and preferably, neighboring sub-layers
have alternating impurity concentrations, so that the growth
of'the grains is effectively disrupted, and smaller, lesser hill-
ocks are formed.

As discussed above, impurity concentrations can be
changed by adjusting plating parameters, such as plating
current density and rotation speed. Experiment results have
revealed that it is difficult to increase the impurity concentra-
tion ratio in neighboring sub-layers to more than two simply
by adjusting either plating current density or rotation speed.
However, by adjusting both parameters at the same time,
desirable impurity concentration difference can be achieved.
This is also the reason why alternating impurity concentra-
tions are preferred.

It is noted that the optimal plating parameters vary with
respect to the type of impurities. For example, carbon con-
centration is higher if copper is plated at a rotation speed of 30
RPM rather than at 5 RPM or 50 RPM, while sulfur concen-
tration is higher if copper is plated at a rotation speed of 50
RPM rather than at 5 RPM or 30 RPM. One skilled in the art
will be able to select appropriate impurities and determine
optimal plating parameters through routine experiments.

The concentration difference can also be achieved and
probably increased by plating different sub-layers in different
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plating baths. Throughput, however, is reduced. Therefore,
changing baths is more suitable for cases wherein higher
difference of impurity concentrations is desired.

The thickness of each sub-layer affects the formation of
hillocks. Preferably, the middle sub-layer 30, has a thickness
T, of greater than about 50 nm (refer to FIG. 7A). A thinner
sub-layer 30, may not be able to eftectively disrupt the growth
of copper grains, thus may be unable to reduce the formation
of hillocks. If the total thickness T of the copper layer 30 is
less than about 3 pm, the thickness T, of the sub-layer 30, is
preferably between about 50 nm and 0.1 pm (100 nm). With
the increase of the total thickness T of the copper layer 30, the
preferred thickness T, of the sub-layer 30, is increased. For
example, if the total thickness T of the copper layer 30 is
about 5 um, the thickness T, of the sub-layer 30, is preferably
about 0.1 pm.

The thickness T, of sub-layer 305 is preferably between
about 50 nm and about 0.1 pm when the total thickness of the
copper layer 30 is less than about 3 um. Sub-layer 30; is
preferably not too thick, as a too thick sub-layer 30, is equiva-
lent to a single thick copper layer as in the prior art. When the
total thickness T of the copper layer 30 increases to about 5
um, the thickness T of the sub-layer 30, preferably increases
accordingly, and is more preferably less than about 1 um.

It is appreciated that although the preferred embodiments
use electro-chemical plating as an example to explain how a
layered structure is formed, other deposition methods can
also be used, providing controllable impurity concentrations
can be achieved. Additionally, although copper is used in the
metal line 30 as copper is the most common metal used for the
formation of metal lines, the concept of the present invention
is readily available for solving hillock problems on other
conductive materials.

As in the preferred embodiments of the present invention,
the formation of sub-layers only involves changing control
parameters of plating. No extra masks, process steps, or cost
are involved. In addition, throughput is not affected.

Although the present invention and its advantages have
been described in detail, it should be understood that various
changes, substitutions and alterations can be made herein
without departing from the spirit and scope of the invention as
defined by the appended claims. Moreover, the scope of the
present application is not intended to be limited to the par-
ticular embodiments of the process, machine, manufacture,
and composition of matter, means, methods and steps
described in the specification. As one of ordinary skill in the
art will readily appreciate from the disclosure of the present
invention, processes, machines, manufacture, compositions
of'matter, means, methods, or steps, presently existing or later
to be developed, that perform substantially the same function
or achieve substantially the same result as the corresponding
embodiments described herein may be utilized according to
the present invention. Accordingly, the appended claims are
intended to include within their scope such processes,
machines, manufacture, compositions of matter, means,
methods, or steps.

What is claimed is:
1. A metal interconnect structure comprising:
a trench in a dielectric layer;
a barrier layer on sidewalls of the trench; and
a continuous conductor in the trench, wherein the conduc-
tor comprises:
a first sub-layer having a first impurity concentration
over the barrier layer;
a second sub-layer having a second impurity concentra-
tion on the first sub-layer; and
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a third sub-layer having a third impurity concentration
on the second sub-layer, wherein ratios of impurity
concentrations in neighboring sub-layers are greater
than about two, wherein the first, the second, and the
third sub-layers have thicknesses of greater than
about 50 nm.

2. The metal interconnect structure of claim 1, wherein
impurities in the first sub-layer, the second sub-layer, and the
third sub-layer comprise metallic materials.

3. The metal interconnect structure of claim 1, wherein
impurities in the first sub-layer, the second sub-layer, and the
third sub-layer comprise non-metallic materials.

4. The metal interconnect structure of claim 1, wherein
impurities in the first sub-layer, the second sub-layer, and the
third sub-layer comprise a material selected from the group
consisting essentially of sulfur, chlorine, carbon, and combi-
nations thereof.

5. The metal interconnect structure of claim 1, wherein the
conductor comprises copper.

6. The metal interconnect structure of claim 1, wherein the
dielectric layer comprises a low-k material.

7. The metal interconnect structure of claim 1, wherein the
second impurity concentration is greater than the first and the
third impurity concentrations.

8. The metal interconnect structure of claim 1, wherein the
second impurity concentration is less than the first and the
third impurity concentrations.

9. A metal interconnect structure comprising:

a trench in a dielectric layer:

a barrier layer on sidewalls of the trench; and
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a conductor in the trench, the conductor comprising a
seamless first material, wherein the conductor has an
impurity concentration alternating between high impu-
rity concentrations and low impurity concentrations,
and wherein the high impurity concentrations and the
low impurity concentrations have a ratio of greater than
about two, and wherein each of the high impurity con-
centrations and low impurity concentrations extends a
depth of greater than about 50 nm.

10. The metal interconnect structure of claim 9, wherein
with an increase of a depth into the trench, the impurity
concentration decreases from a first high impurity concentra-
tion to a low impurity concentration, and then increases to a
second high impurity concentration.

11. The metal interconnect structure of claim 9, wherein
with an increase of a depth into the trench, the impurity
concentration increases from a first low impurity concentra-
tion to a high impurity concentration, and then decreases to a
second low impurity concentration.

12. The metal interconnect structure of claim 9, wherein
the conductor comprises a material selected from the group
consisting essentially of sulfur, chlorine, carbon, and combi-
nations thereof.

13. The metal interconnect structure of claim 9, wherein
the conductor has three alternating impurity concentrations.

14. The metal interconnect structure of claim 9, wherein
the conductor has more than three alternating impurity con-
centrations.
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