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57 ABSTRACT

Methods and solutions for forming self assembled organic
monolayers that are covalently bound to metal interfaces are
presented along with a device containing a self assembled
organic monolayer. Embodiments of the present invention
utilize self assembled thiolate monolayers to prevent the
electromigration and surface diffusion of copper atoms
while minimizing the resistance of the interconnect lines.
Self assembled thiolate monolayers are used to cap the
copper interconnect lines and chemically hold the copper
atoms at the top of the lines in place, thus preventing surface
diffusion. The use of self assembled thiolate monolayers
minimizes the resistance of copper interconnect lines
because only a single monolayer of approximately 10 Aand
20 A in thickness is used.

16 Claims, 10 Drawing Sheets
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METHOD TO INCREASE
ELECTROMIGRATION RESISTANCE OF
COPPER USING SELF-ASSEMBLED
ORGANIC THIOLATE MONOLAYERS

BACKGROUND OF THE INVENTION

1. Field of the Invention

Embodiments of the present invention relate to the field of
making reliable semiconductor devices, and in particular the
prevention of the electromigration of copper lines.

2. Discussion of Related Art

Advances in semiconductor manufacturing technology
have led to the development of integrated circuits having
multiple levels of interconnect. In such an integrated circuit,
patterned conductive material on one interconnect level is
electrically insulated from patterned conductive material on
another interconnect level by films of material such as, for
example, silicon dioxide. These conductive materials are
typically a metal or metal alloy. Connections between the
conductive material at the various interconnect levels are
made by forming openings in the insulating layers and
providing an electrically conductive structure such that the
patterned conductive material from different interconnect
levels are brought into electrical contact with each other.
These electrically conductive structures are often referred to
as contacts or vias.

Other advances in semiconductor manufacturing technol-
ogy have lead to the integration of millions of transistors,
each capable of switching at high speed. A consequence of
incorporating so many fast switching transistors into an
integrated circuit is an increase in power consumption
during operation. One technique for increasing speed while
reducing power consumption is to replace the traditional
aluminum and aluminum alloy interconnects found on inte-
grated circuits with a metal such as copper, which offers
lower electrical resistance. Those skilled in the electrical arts
will appreciate that by reducing resistance, electrical signals
may propagate more quickly through the interconnect path-
ways on an integrated circuit. Furthermore, because the
resistance of copper is significantly less than that of
aluminum, the cross-sectional area of a copper interconnect
line, as compared to an aluminum interconnect line, may be
made smaller without incurring increased signal propagation
delays based on the resistance of the interconnect.

As device dimensions shrink, so does conductor width
—Ileading to higher resistance and current density. Increas-
ing current density leads to the phenomenon of electromi-
gration. Electromigration is generally the movement of
atoms in a metal interconnect in the direction of current flow.
Most metal atoms that move during electromigration are
displaced at the top of an interconnect line where there is no
barrier layer to prevent their displacement. This is called
surface diffusion. Surface diffusion can cause vacancies,
which lead to voids and hillocks, and ultimately to elec-
tromigration failure of the device.

Others have tried to solve this problem by alloying the
copper lines with another metal. One method includes the
doping of the entire metal interconnect line with metallic
dopants in order to prevent movement of the atoms of the
metal interconnect line in the direction of the current flow.
The dopants will either physically inhibit the movement of
copper atoms or enlarge the copper grain size such that the
diffusion path of the copper atoms is eliminated. However,
blanket doping of the metal interconnect layer results in an
increased resistivity of the interconnect layer, which
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degrades performance of the semiconductor device. In
response to this increased resistivity the portion of the
copper line that is doped has been decreased to only the
outer edges or the top of the line to prevent surface diffusion.
Shunt layers have also been used to prevent electromigra-
tion. Shunt layers are thin electrically conductive layers
formed around the copper lines. Shunt layers prevent elec-
tromigration by physically inhibiting the movement of cop-
per atoms. Additionally, shunt layers are several hundred
angstroms thick and result in increased line to line leakage
due to non-selective deposition. But, due to the further
scaling down of devices and the narrowing of copper
interconnect lines, the resistance caused by the doping of the
outer layers of the lines and by the shunt layers has become
significant.

Embodiments of the invention provide processes and
devices that more effectively reduce electromigration, in
particular surface diffusion, without significantly increasing
conductor resistance. These embodiments are valuable in
minimizing the electromigration of scaled down copper
lines.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1a is an illustration of a cross-sectional view of a
dual damascene structure after the dielectric layer has been
etched to form both vias and trenches.

FIG. 1b is an illustration of a cross-sectional view of a
dual damascene structure after the vias and trenches have
been filled with a copper layer.

FIG. 1c is an illustration of a cross-sectional view of a
dual damascene structure after the copper layer has been
polished.

FIG. 2 is an illustration of a cross-sectional view of the
copper damascene structure of FIG. 1 after a self-assembled
organic monolayer has been covalently bound to the copper
interfaces.

FIG. 3 is an illustration of a thiolate molecule reacting
with a metal surface.

FIG. 4 is an illustration of a cross-sectional view of a
copper interface on which a self-assembled thiolate mono-
layer has been formed. The chemical bond between the
copper and sulfur atoms is featured.

FIG. 5 is an illustration of a cross-sectional view of the
copper damascene structure of FIG. 1lc after a self-
assembled organic monolayer has been formed on the cop-
per interfaces and a silicon based layer has been formed over
the thiolate monolayer.

FIG. 6 is an illustration of a cross-sectional view of a
copper interface on which a monolayer of 11-trichlorosilyl
undecyl thioacetate has been formed, one which a silicon
based layer has been formed. The chemical bonds between
the copper interface, the monolayer, and the silicon based
layer are featured.

FIG. 7 is a flow chart showing a copper damascene
process of forming a semiconductor device including form-
ing anorganic layer that is covalently bound to a metal layer.

FIG. 8 is a flow chart showing a copper damascene
process of forming a semiconductor device including a
polishing step during which an organic layer that is
covalently bound to a metal layer is formed by a slurry.

FIG. 9 is a flow chart showing a copper damascene
process of forming a semiconductor device including a
cleaning step during which an organic layer that is
covalently bound to a metal layer is formed by a rinse.

DETAILED DESCRIPTION OF THE PRESENT
INVENTION

Devices and methods employing thiolate layers to prevent
the electromigration of copper interconnects are described.
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In the following description numerous specific details are set
forth to provide an understanding of the embodiments of the
present invention. It will be apparent, however, to those
skilled in the art and having the benefit of this disclosure,
that the embodiments of the present invention may be
practiced with materials and processes that vary from those
specified here.

Terminology

The terms chip, integrated circuit, monolithic device,
semiconductor device or component, microelectronic device
or component, and similar terms and expressions, are often
used interchangeably in this field. The present invention is
applicable to all the above as they are generally understood
in the field.

The terms metal line, trace, wire, conductor, signal path
and signaling medium are all related. The related terms
listed above, are generally interchangeable, and appear in
order from specific to general. In this field, metal lines are
sometimes referred to as traces, wires, lines, interconnects or
simply metal.

The terms contact and via both refer to structures for
electrical connection of conductors from different intercon-
nect levels. These terms are sometimes used in the art to
describe both an opening in an insulator in which the
structure will be completed, and the completed structure
itself. For purposes of this disclosure contact and via refer to
the completed structure.

The term copper interface refers to the copper surface that
is exposed after a copper layer has been planarized by
chemical mechanical polishing. A copper interface is typi-
cally an exposed copper line or via that will be subsequently
covered with another layer to form a functional semicon-
ductor device.

The term self-assembled monolayer refers to a film that is
formed by molecules that will react with a surface in such a
way that they line up in a uniform manner to create a
homogeneous film that is only one molecule thick.
Specifically, they “self assemble” because each self-
assembling molecule forms a highly selective bond with
copper and orientates itself perpendicular to the face of the
copper surface. Through this reaction a uniform monolayer
film is formed.

The terms thiol, thiolate, and X-alkanethiolate all refer to
compounds containing sulfur. A thiol is a sulfur containing
compound where the sulfur atom is terminated by hydrogen
(X—S—H). A thiolate is a more general term, referring to
compounds where the sulfur is bound to any substituent
including copper (X—S—Y). X-alkanethiolates refer to
thiolates where the sulfur is bound to an organic compound
that is alkane based and the alkane is terminated by a
substituent X (X—(CH,),—S—Y).

Embodiments of the Invention

Methods and solutions for forming organic layers
covalently bound to metal layers are presented along with
devices containing organic layers covalently bound to metal
layers. In a preferred embodiment, organic monolayers that
form covalent bonds to metal by self-assembly are utilized
to prevent the electromigration and surface scattering of
copper atoms while minimizing the resistance of the inter-
connect lines. Electromigration and surface diffusion is
prevented because the organic layer is covalently bound to
the metal atoms in the metal interface. The covalent bonds
will chemically hold the metal atoms in place. Additionally,
in a preferred embodiment, the organic molecules in the
organic layer are relatively large and will help hold the metal
atoms in place because it is: virtually impossible for metal
atoms to migrate when covalently bound to large organic
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molecules. The resistance of the interconnect lines is mini-
mized because, in a preferred embodiment, only a single
monolayer of organic material is used.

In a preferred embodiment the organic layer is a self
assembled thiolate monolayer and the metal layer is copper.
Self assembled thiolate monolayers are valuable because
they can form thin (10 At1020 A) layers that will cap copper
interconnect lines and chemically hold the copper atoms at
the copper interfaces at the top of the lines in place, thus
preventing electromigration and surface scattering.

Copper interconnect lines are formed by way of a
damascene, or inlaid, metal process. Typically a dual dama-
scene process is used to form both vias and trenches in a
single layer. FIG. 1a illustrates a dual damascene structure
100 after vias 110 and trenches 120 have already been etched
into dielectric layer 130. A barrier layer 140 can optionally
be formed over the patterned dielectric layer 130. FIG. 1b
illustrates the dual damascene structure after the vias 110
and trenches 120 have been filled with copper 150. The
excess copper layer 160 is then polished using chemical
mechanical polishing (CMP), resulting in the planarized
dual damascene structure illustrated in FIG. 1c. After CMP,
copper interfaces 170 are exposed at the top of the copper
lines.

FIG. 2 illustrates an embodiment of the present invention
where an organic layer 210 is has formed covalent bonds
with the copper interface 170 by self assembly to form a
monolayer. In a preferred embodiment the organic mol-
ecules are thiolates. Thiolates are sulfur containing mol-
ecules (X—S—Y) that react with metallic interfaces and
form linkages between the sulfur atom and the metal surface
(X—S—M). The species Y in a thiolate (X—S—Y) is a
surface active agent that reacts with the copper interface to
form the bond between the sulfur of the thiolate and the
copper of the interface. The species Y can be any surface
active agent including but not limited to H, COOH, CH;, Cl,
and F, where using Cl or F will aid in the solubility of the
thiolate molecule. The reaction between the species Y of a
thiolate and a metal interface to form an X—S—M linkage
is illustrated in FIG. 3. As the thiolate molecule 310 comes
into close proximity with the metal surface 320 (illustrated
at 3a) the sulfur atom 330 will become attracted to a metal
atom 340 at the metal surface and begin to form a bond 350
with the metal atom 340, as illustrated at 3b. Next, as
illustrated at 3¢, a covalent bond 360 forms between the
sulfur atom 330 and the metal atom 340, breaking the bond
between the sulfur atom 330 and the species Y 370 to form
an X—S—M linkage.

In an embodiment of the present invention, as illustrated
in FIG. 4, this reaction will occur between X-alkanethiolate
molecules 410 and the exposed copper atoms 420 at a copper
interface to form a self-assembled thiolate monolayer 430.
Covalent bonds are the strongest type of bond. This chemi-
cal bond will chemically hold the copper atoms in place to
prevent surface diffusion. This is in contrast to copper alloys
and metal shunt layers that merely block the movement of
copper atoms because they do not form covalent bonds with
copper. Physically blocking the copper atoms is not as
effective as the chemical bond formed by thiolates with
copper. The species X may be any type of substituent, but is
preferably an organic substituent. Organic substituents will
not cause shorts or increased leakage for narrow lines
because they are nonconductive. Additionally the species X
can be readily manipulated. The species X can be selected to
tailor the diffusion coefficient of copper at the copper
interface. The larger the molecule that is attached to the
copper atoms, the less the copper atoms will be able to









