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SELF-ASSEMBLED SUB-NANOLAYERS AS
INTERFACIAL ADHESION ENHANCERS
AND DIFFUSION BARRIERS

CROSS-REFERENCES TO RELATED
APPLICATIONS

This U.S. Non-Provisional Patent Application claims the
benefit of U.S. Provisional Patent Application No. 60/476,
660, filed on Jun. 6, 2003, which is herein incorporated by
reference in its entirety for all purposes.

BACKGROUND OF THE INVENTION

Isolating individual components of nanoscale architec-
tures comprised of thin films or nanostructures, without
significantly impacting their functionalities, is a critical
challenge in micro- and nano-scale device fabrication. One
example that illustrates this challenge is seen in Cu inter-
connect structures for 100 nanometer devices.

A schematic cross-section of a typical copper interconnect
structure is shown in FIG. 1(a). FIG. 1(a) shows copper
layers 24 interconnected by copper-filled vias 20. Dielectric
layers 22 are between the copper layers 24. Barrier layers 28
isolate the copper layers 24 and the copper in the vias 20
from the dielectric layers 22. Without the barrier layers 28,
as shown in FIG. 1(b), the copper in a copper layer 24 can
diffuse into an adjacent dielectric layer 22 (as shown by the
arrows), thus degrading the dielectric properties of the
dielectric layer 22.

Some currently used interfacial barrier layer materials
include Ta, TaN and TiN. When these layers are deposited by
conventional methods, they are difficult to form as uniform
and continuous layers. This is especially true when the
layers to be deposited are less than 10 nanometers thick, and
when the layers are formed in high aspect ratio (e.g., depth
to width) features such as vias. This is illustrated schemati-
cally in FIG. 1(¢). FIG. 1(c) shows a barrier layer 26 that has
been vapor deposited in a via. The barrier layer 26 has a
non-uniform thickness. Copper 24 fills the remainder of the
via. As shown in FIG. 1(¢), an uneven barrier layer 26 may
have gaps 25 and may not act as a complete barrier between
the copper 24 and the dielectric layer 22. Copper 24 can
diffuse into the gaps and into the dielectric layer 22. While
a thicker barrier layer could be deposited to compensate for
the uneven thickness of the barrier layer 26 in a high aspect
ratio via, the thicker barrier layer takes up the space meant
for low-resistivity Cu, thus neutralizing the advantages of
miniaturization.

Newly emerging methods such as atomic layer deposition
have the potential to obviate some of these concerns. How-
ever, even if 5 nanometer thick conformal films (or thinner
conformal films) of conventional barrier materials could be
reliably produced, it is not clear if they will be effective.
High defect densities and fast diffusion paths such as nan-
opipes can limit the effectiveness of thin metal barrier layers.
Hence, there is a great deal of interest in finding alternative
materials and processing methods that solve these problems.

Another problem to be addressed is the potential delami-
nation between a barrier layer and an adjacent copper layer.
If a copper layer and barrier layer delaminate, for example
in an interconnect structure, the resulting separation could
eventually result in the failure of the semiconductor device
that uses the interconnect structure.

Embodiments of the invention address these and other
problems.
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2
SUMMARY OF THE INVENTION

Embodiments of the invention are directed to electrical
devices such as chips, substrates in chip packages, and
circuit boards. Other embodiments of the invention are
directed to methods for making electrical devices.

One embodiment of the invention is directed to an elec-
trical device comprising: (a) a substrate; (b) a self-assembled
molecular layer on the substrate, wherein the self-assembled
molecular layer comprises a plurality of molecules, each
molecule comprising a first end proximate to the substrate
and a second end comprising sulfur distal to the substrate;
and (c) a copper layer on the self-assembled molecular layer,
wherein the copper layer comprises copper atoms.

One embodiment of the invention is directed to a method
for forming an electrical device, the method comprising: (a)
providing a substrate; (b) forming a self-assembled molecu-
lar layer on the substrate, wherein the self-assembled
molecular layer comprises a plurality of molecules, each
molecule comprising a first end proximate to the substrate
and a second end comprising sulfur distal to the substrate;
and (c) forming a copper layer on the self-assembled
molecular layer, wherein the copper layer comprises copper
atoms.

Another embodiment of the invention is directed to an
electrical device comprising: (a) a semiconductor substrate;
(b) a self-assembled molecular layer on the substrate,
wherein the self-assembled molecular layer comprises a
plurality of molecules, each molecule comprising a first end
proximate to the substrate and a second end comprising
sulfur distal to the substrate, and each molecule being less
than about 1 nanometer in length; and (c) a copper layer on
the self-assembled molecular layer, wherein the copper layer
comprises copper atoms, wherein the electrical device does
not exhibit an electrical breakdown after being subjected to
bias thermal annealing in flowing nitrogen at 200° C. in a 2
MV/cm electric field for at least about 600 minutes, wherein
the electrical breakdown is characterized by j;.,4,.e.>1000
nA/cm?, and wherein an interface debond energy between
the self-assembled molecular layer and the copper layer is
greater than about 8 J/m>.

These and other embodiments of the invention are
described in further detail below.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1(a) shows a cross-sectional view of a multilayer
circuit structure.

FIG. 1(b) shows a cross-section of a copper layer on a
substrate, with arrows showing copper diffusing into the
substrate.

FIG. 1(c) shows a cross-section of a conventional tanta-
lum barrier layer lining walls of a via, and a copper fill in the
via.

FIGS. 2(a)-2(b) show schematic cross-sections of com-
posites that can be in electrical devices according to embodi-
ments of the invention.

FIG. 2(c) shows a cross-section of a multilayer circuit
structure including a self-assembled molecular layer accord-
ing to an embodiment of the invention.

FIG. 3 shows a graph of time of failure vs. different SAMs
derived from different molecules.

FIG. 4 shows a graph of adhesion energy (J/m?) vs.
different SAMs derived from different molecules.

FIG. 5 shows a graph of interface debond energy (J/m?)
vs. a composite including SiO,/Cu and a composite includ-
ing SiO,/MPTMS-SAM/Cu.
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FIG. 6 shows representative load vs. displacement plots
obtained from adhesion test samples of Cu/SAM/SiO, and
Cu/Si0, composite structures.

FIG. 7 shows and compares representative spectra (plot-
ted on a log scale to reveal weak peaks) obtained from a
Si0, fracture surface, and a SiO, reference sample.

FIGS. 8(a)-8(c) show graphs of the results of XPS
measurements.

FIG. 9 shows a graph of j;, 1. vs. annealing time.

DETAILED DESCRIPTION

Self-assembled molecular layers (SAMs) have been
widely studied. They have attractive properties. For
example, they can be tuned through suitable choice of chain
length and terminal groups for a number of applications such
as molecular devices, lithography, and micromachines. See,
for example, A. Ulman, Introduction to Ultathin Organic
Films: From Langmuir-Blodgett to Self-assembly (Aca-
demic press, San Diego, 1991).

In embodiments of this invention, a sub-nanometer thick
SAM is used as both a barrier layer and an adhesion layer
between a copper layer and a substrate. The SAM layer can
also be used to inhibit corrosion in the copper layer. Each
molecule in the SAM has a proximal end that is attached to
the substrate and a distal end that comprises sulfur.

Each sulfur atom may originate from a sulfur-containing
group (e.g., a thiol group) at the terminal end of a linear
molecule. Each proximal end of each molecule used to form
the SAM may include another functional group such as an
alkoxysilane group. [llustratively, the SAM may be derived
from MPTMS or mercaptopropyltrimethyoxysilane, where
each molecule in the resulting SAM has a sulfur atom at a
distal end and a silicon atom at a proximal end. In preferred
embodiments, the substrate may comprise silicon and a
silicon oxide (e.g., silicon dioxide) so that the alkoxysilane
group at the proximal end of a SAM molecule can react with
and bind to a silicon dioxide layer in the substrate.

In the examples below, a ~0.7-nm-thick self-assembled
molecular (SAM) layer derived from mercaptopropyltri-
methoxysilane (MPTMS) molecules is shown to improve
the adhesion of copper to an underlying substrate and also
inhibit the diffusion of copper into the underlying substrate.
Specifically a Co/MPTMS-SAM/Si0,/Si1(001) structure was
formed and exhibited an interface debond energy that was
about three times higher than the interface debond energy
between a dual layer Cu/SiO, structure (without a SAM
layer). The high debond energy attributed to the former
example was believed to be due to the strong chemical
interaction between the Cu atoms in the copper layer and the
S termini of the MPTMS molecules in the SAM. The
MPTMS molecules also immobilized Cu at the Cu/SAM
interface and improved (by a factor of 4) copper diffusion
induced failure times as compared to similar structures
without SAMs.

It is believed that these favorable results were achieved
through strong local chemical interaction between interfa-
cial Cu and the sulfur containing terminal groups of the
molecules in the SAM. It is also believed that the SAM
including sulfur or sulfur containing groups creates a strong
interfacial bonding that immobilizes the copper in an adja-
cent copper layer, and creates a vacuum-like potential bar-
rier between the copper and an adjacent substrate (or dielec-
tric layer therein) to inhibit Cu ionization and transport.

It is also possible to further inhibit copper ionization and
transport by selecting SAMs of suitable chain lengths. For
example, SAMs with longer chains can inhibit diffusion
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4

better than SAMs with shorter chains (assuming similar
terminal groups are present in both the long and short chain
SAMs). The sulfur-terminated molecules in the SAMs
according to embodiments of the invention allow one to use
barrier layers (e.g., about 1 to about 2 nanometers or less)
that are thinner than conventional barrier layers, because of
strong localized bonding between the sulfur and copper. The
SAMs according to embodiments of the invention are also
self-aligning and conform to structures such as via walls
better than conventional barrier layer materials such as
tantalum. As noted above, the SAM layer can also be used
to inhibit corrosion in a copper layer.

The strong local chemical bonding also obviates the need
for interfacial mixing between adjacent layers to produce
strong adhesion between the layers. For example, interfacial
mixing between a conventional tantalum barrier layer and a
copper conductive layer (to form a mixed layer of copper
and tantalum) may be needed to enhance the adhesion
between these two layers. Interfacial mixing in nanometer
thick barrier layers is undesirable, because effects such as
crystallization, phase formation and/or grain boundary gen-
eration can dramatically degrade barrier properties. In
embodiments of the invention, interfacial mixing is advan-
tageously not needed.

FIGS. 2(a) and 2(b) show schematic depictions of com-
posites 92 that can be used in electrical devices according to
embodiments of the invention. Each composite 92 includes
a substrate 36 and a copper layer 32. A self-assembled
molecular layer 34 is between the copper layer 32 and the
substrate 36. The composite 92 can be used in any suitable
electrical device including high density chip interconnect
structures, circuit boards, etc.

The substrate 36 may comprise any suitable material and
any suitable layer or combination of sublayers. For example,
in some embodiments, the substrate 36 may comprise a
sublayer of silicon (e.g., a wafer) and a sublayer of silicon
oxide. In other embodiments, the substrate 36 may comprise
a fiber-reinforced polymer substrate that is used in a circuit
board, or a polymer dielectric (e.g., polyimide, polyamide,
etc.) that is used in a substrate for a chip package. In yet
other embodiments, the substrate could be a layer within a
multilayer circuit structure. For example, the substrate 36
could be a dielectric layer in a multilayer interconnect
structure for a semiconductor chip. Preferably, the substrate
36 comprises a semiconductor such as silicon, GaAs, InP,
etc.

The substrate 36 surface may have been pre-treated and/or
derivatized so that it has functional groups. The functional
groups can react with terminal groups of molecules forming
the self-assembled molecular layer 34. For example, the
surface of the substrate 36 may be hydroxylated prior to
forming the self-assembled molecular layer 36 to provide
anchor sites for each molecule in the self-assembled molecu-
lar layer 36.

The copper layer 32 may comprise pure copper, or a
copper alloy. The copper layer 32 may have any suitable
thickness, and may be formed by any suitable process.
Exemplary processes for forming the copper layer including
vapor deposition, electroplating, electroless plating, sputter-
ing, evaporation, etc. Suitable process parameters can be
determined by those of ordinary skill in the art. Vapor
deposition processes are preferred, since liquid plating pro-
cesses generally require catalysts to initiate plating. Such
catalysts (e.g., Pd) could inhibit the binding between the
SAM layer and an adjacent copper layer and could decrease















