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Self-Limiting Plating Method

BACKGROUND OF THE INVENTION

Field of the Invention

[011  The present invention relates generally to the field of semiconductor fabrication and more

particularly to methods for electroless deposition.

Description of the Prior Art

[02]  Semiconductor device fabrication requires the creation of successive layers of patterned
materials to form features that serve specific functions in the completed semiconductor devices.
The layers are formed on a substrate, typically a silicon wafer, and the dimensions of the features
in any particular layer need to be reproducible to a very high tolerance across the wafer. One
type of layer provides conductive lines to carry signals laterally between various features within
the completed semiconductor device. Metals, such as copper, are deposited over a dielectﬁc
layer that has been patterned to provide grooves for the copper lines. Another layer provides
conductive vias to carry signals vertically between features. Again, metals such as copper are
deposited in apertures that are defined within a dielectric layer.

[03]  One method for depositing copper is to plate the copper. With electroless plating, a
solution containing copper ions is brought into contact with the substrate. The copper ions are
reduced to metallic copper on a surface of the substrate through a reduction-oxidation (redox)
reaction to form the plated layer. In order to bring fresh copper ions to the surface and to remove
byproducts of the reaction, the solution is agitated or continuously refreshed. Continuously

refreshing the copper plating solution allows the plating reaction to proceed rapidly and at a
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constant rate. In prior art plating methods, moreover, hydrogen gas is evolved at the surface and
needs to be removed else the hydrogen can become deleteriously trapped in the plated layer.
Agitating or refreshing the copper plating solution helps to remove the hydrogen.

[04]  More specifically, most conventional electroless plating solutions utilize formaldehyde-
based reducing agents. In most cases these solutions incorporate some of the reducing agent into
the deposited copper film, resulting in higher levels of organic contaminants in the film. Further,
this type of chemistry is typically reused by recirculating the bulk solution and replenishing the
reactants to maintain their concentrations.

[05]  With prior art electroless plating, however, achieving very thin and uniform plated layers
can be difficult. To achieve a very thin plated layer requires stopping the redox reaction after
only a short period of time. Thus, soon after the redox reaction begins, the electroless plating
solution has to be removed from the substrate. If the electroless plating solution is removed from
one location on the substrate before being removed from another, or if the redox reaction begins
in one location before beginning in another, or both, the plated layer will vary in thickness.

[06]  Therefore, what is desired is a method for electroless plating that provides more

uniformity to thin plated metal films.
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SUMMARY
[07]  An exemplary self-limiting electroless plating process of the present invention comprises
forming a solution layer over a surface of a substrate, maintaining the solution layer in a
quiescent state for a period of time to form a plated layer, and removing the solution layer from
the substrate. Here, the solution layer comprises an electroless plating solution including a
concentration of a plating ion, such as Cu*?, and a concentration of a metal ion reducing agent,
such as Co™. In various embodiments the metal ion reducing agent comprises a complexed
metal ion reducing agent, or the plating ion comprises a complexed plating ion, or both. In some
embodiments, maintaining the solution comprises forming a boundary layer adjacent to the
surface of the substrate, where the boundary layer includes a concentration gradient of oxidized
ions. In further embodiments, the oxidized ions are complexed oxidized ions.
[08]  In some instances, the process additionally comprises, before forming the solution layer,
determining a quantity of electroless plating solution to dispense. Determining the quantity of
electroless plating solution to dispense can depend on a concentration of the metal ion reducing
agent in the electroless plating solution, in some embodiments.
[09]  Another exemplary self-limiting electroless plating process of the present invention
comprises dispensing a quantity of an electroless plating solution onto a substrate to form a
quiescent solution layer, and forming a plated layer by a redox reaction. Here, the quantity of the
electroless plating solution includes a concentration of a reducing agent ion and an excess
concentration of a plating ion and the redox reaction is between the reducing agent ion and the
plating ion. Also, forming the plated layer includes forming a boundary layer within the solution
layer adjacent to the substrate, and diffusing the reducing agent ion through the boundary layer.

The boundary layer, in this embodiment, includes a concentration gradient of an oxidized ion
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formed by the redox reaction. The boundary layer can have a thickness in the range of about 5A
té 100A, for example. Forming the plated layer can further include maintaining the quiescent
solution layer until the reducing agent ion in the solution layer is substantially depleted. In
various embodiments, the reducing agent ion comprises a metal ion or a complexed metal ion.
The complexed metal ion can include, in some instances, a diamine, triamine, or polyamine.

[010] The present invention also provides a semiconductor device including a plated layer. In
these embodiments, the plated layer is fabricated by a self-limiting electroless plating process. In
some embodiments, the plated layer has a thickness in the range of 20A to 2000A. In some of

these embodiments, a uniformity of the thickness is within 10%.
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BRIEF DESCRIPTION OF DRAWINGS
[011]  FIG. 1A illustrates an electroless plating solution on a surface of a substrate at the
initiation of electroless plating, according to an exemplary embodiment of the invention.
[012] FIG. 1B is an enlarged view of an interface between the substrate and the electroless
plating solution of FIG. 1A.
[013] FIG. 2 illustrates the evolution of the chemistry of the electroless plating solution of FIG.
1 as electroless plating continues, according to an exemplary embodiment of the invention.
[014] FIG. 3 illustrates a plated layer fofmed on the surface of the substrate of FIG. 1, and the
final chemistry of the electroless plating solution at the conclusion of electroless plating,
according to an exemplary embodiment of the invention.
[015] FIG. 4 is an enlarged view of a portion of the interface between the electroless plating
solution and the surface of the substrate of FIG. 2.
[016] FIG. 5 is a graph illustrating the dependence of the plated layer thickness on the plating
time as a function of the chemistry of the electroless plating solution, according to an exemplary
embodiment of the invention.
[017)  FIG. 6 is a graph illustrating the self-limiting nature of the electroless plating, according
to an exemplary eﬁbodiment of the invention.
[018]  FIG. 7 is a flow-chart representation of an exemplary electroless plating method,

according to an embodiment of the invention.
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DETAILED DESCRIPTION OF THE INVENTION

[019] The present invention provides methods for electroless plating of metals, such as copper,
during semiconductor device fabrication. These methods involve a redox reaction between two
species of ions in an electroless plating solution where one ion species gives up electrons to the
other ion species. The ion species that accepts the electrons is plated from the electroless plating
solution to produce a conformal plated layer on a surface. Advantageously, the methods
provided herein are self-limiting. Specifically, in any given area, the plated layer will develop to
essentially the same thickness so that the resulting plated layer has a uniform thickness.
Thickness uniformity can be achieved evén if plating is non-uniformly initiated across the
substrate. The final thickness of the plated layer can be controlled by controlling the
concentrations of the ion species in the electroless plating solution and the amount of the solution
that is used. A further advantage of the methods described herein is that the consumption of
electroless plating solution is reduced.

[020] FIG. 1A illustrates a dielectric substrate 100 having a surface 110 in contact with an
electroless plating solution at the initiation of an electroless plating process, according to an
exemplary embodiment of the invention. FIG. 1B shows an enlarged view of a circled portion of
FIG. 1A. The substrate 100 can comprise, for instance, a dielectric material such as an
organosilicate glass (OSG). The substrate 100 need not be flat and can have a topography
including trenches and raised features, as illustrated. The trenches can comprise a
lithographically defined pattern intended to be filled with a metal to form a set of conductive
lines, for example. As another example, the trenches can be high aspect ratio openings for

forming conductive vias.
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[021]  In the methods of the present invention, the electroless plating is auto-catalytic, meaning
that the surface 110 catalyzes the redox reaction by conducting electrons (") from the reducing
agent ions 130 to the plating ions 140. Since the substrate 100 comprises a dielectric material, a
conductive coating 115 (FIG. 1B) can be applied to the substrate 100, for example, by Physical
Vapor Deposition (PVD) or Atomic Layer Deposition (ALD). An example of a suitable material
for the conductive coating is tantalum. The conductive coating 115 can be as thin as an atomic
monolayer, in some embodiments. It will be appreciated, therefore, that although FIG. 1A shows
electrons passing through the bulk of the substrate 100 for illustrative purposes, in actuality the
electron conduction is through the conductive coating 115 (FIG. 1B). If less than the entire
surface 110 is to be plated, specific areas to be plated can be defined on the surface 110, for
example, by patterning the conductive coating 115.

[022] At the start of the electroless deposition, a solution layer 120 is formed above the
substrate 100. The solution layer 120 has a thickness, t, and initially includes a reducing agent
ion 130, such as a metal ion, that can donate electrons and a plating ion 140 that can accept.
electrons in order to plate a metal onto the conductive coating 115. It will be understood that the
topography variations of the substrate 100 are exaggerated in FIG. 1A relative to the thickness, t,
of the solution layer 120 for illustrative purposes. In the example of FIG. 1A, the reducing agent
ion 130 is Co*” and the plating ion 140 is Cu™, though other ionic species can be used for either.
As discussed further herein, in some embodiments one or both of the ions 130, 140 are
complexed 10ns.

[023] As noted, the conductive coating 115 catalyzes the redox reaction between the reducing
agent ion 130 and the plating ion 140. In FIG. 1A, this is illustrated by Co*? and Cu™ ions in

contact with the surface 110. Those ions in contact with the conductive coating 115 participate
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in the redox reaction. In the particular example shown in FIGs. 1A and 2 the plating ion 140,
Cu*?, is reduced to metallic copper (Cu), and each ion of the reducing agent ion 130, Co*, is
oxidized to Co™. Thus, each ion of the plating ion 140 that is in contact with the conductive
coating 115 accepts two electrons from each of two ions of the reducing agent ion 130 also in
contact with the conductive coating 115.

[024]  In other embodiments of the invention, the ratio of the plating ion 140 to the reducing
agent ion 130 in the redox reaction can be different than the 1:2 ratio of the given example. It
will be appreciated, however, that it is advantageous to have more than one ion of the reducing
agent ion 130 donate an electron to an ion of the plating ion 140 to lessen the rate of the redox
reaction within the bulk of the solution layer 120, as compared to the auto-catalytic reaction. For
the redox reaction to occur between Co*? and Cu*? ions within the bulk of the solution layer 120,
two Co*? ions collide with one Cu*? ion either simultaneously or consecutively. Due to the
numbers of ions in the solution layer 120, the redox reaction occurs in the bulk of the solution
layer 120 at some finite rate. However, the rate is lower than that of the surface reaction, in part,
because electron transfer via a catalytic surface is more efficient than transfer via bulk solution.
A 3:1 ratio, for example, would lessen the rate of the redox reaction within the bulk solution
layer 120 further still, as the concentration of reducing agent ions relative to the plating ion
would be reduced. On the other hand, regardless of the ratio of reducing agent ions to plating
lons, at any given time a substantial number of ions of both ions 130, 140 are in contact with the
conductive coating 115, allowing the redox reaction to readily proceed at the surface 110.

[025]  As further shown by FIG. 2, as the reducing agent ion 130 is oxidized, an oxidized ion
species 200 begins to form at the surface 110. In the present example, the oxidized ion 200

comprises Co™. In embodiments where the reducing agent ions 130 are complexed, the resulting



WO 2008/085261 PCT/US2007/025469

oxidized ions 200 can also be complexed. Suitable complexing agents for the example of FIGs.
1A-3 include organic compounds of diamine, triamine and polyamine. Specific examples of
suitable electroless plating solutions can be found in U.S. non-provisional patent application
serial number 11/382,906 filed on May 11, 2006 and U.S. non-provisional patent application
serial number 11/427,266 filed June 28, 2006, both titled “Plating Solutions for Electroless
Deposition of Copper” and both incorporated herein by reference.

[026]  As shown in FIG. 3, the reduction of the plating ion 140 produces a conformal plated
layer 300. The plated layer 300 continues to thicken so long as a supply of both reducing agent
ions 130 and plating ions 140 remain in the solution layer 120. The redox reaction can therefore
be controlled, for instance, by controlling the concentrations of the reducing agent ion 130 and of
- the plating ion 140 in the solution layer 120. In particular, where there is an excess of the
reducing agent ion 130, electroless plating slows as the concentration of the plating ion 140
becomes depleted. Where there is an excess of the plating ion 140, on the other hand, electroless
plating slows as the concentration of the reducing agent ion 130 becomes depleted. This latter
situation is illustrated in FIG. 3 where ions of the plating ion 140 (Cu*?) remain in the solution
layer 120 after the ions of the reducing agent ion 130 (Co*?) have been depleted.

[027)  As noted with respect to FIGs. 2 and 3, the ions of the reducing agent ion 13AO are
oxidized to the oxidized ion 200 at the conductive coating 115. After oxidation, the oxidized
ions 200 begin to diffuse into the solution layer 120. As shown in FIG. 4, an enlarged view of a
portion of FIG. 2, if the solution layer 120 is quiescent, that is, not flowing across the surface 110
and not being mixed, stirred, or otherwise agitated, then a boundary layer 400 of oxidized ions
200 will form within the solution layer 120 adjacent to the substrate 100 and over the growing

plated layer 300. The thickness of the boundary layer 400, and the concentration of the oxidized
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ion 200 within the boundar); layer 400, will increase with time as more of the reducing agent ion
130 is consumed. A well developed boundary layer ;100 can have a thickness in the range of
about 5A to 1004, in some embodiments. As illustrated by the graph alongside the boundary
layer 400 in FIG. 4, the boundary layer 400 is characterized by a concentration gradient of the
oxidized ions 200 that decreases with distance from the surface 110.

[028] The boundary layer 400 inhibits diffusion of the reducing agent ion 130 towards the
surface 110. In FIG. 4 a reducing agent ion 410 is shown diffusing across the boundary layer
400. The rate at which the reducing agent ions 130 are able to reach the conductive coating 115,
and later the plated layer 300, becomes diffusion limited as the boundary layer 400 develops. It
will be understood that in those embodiments where the reducing agent ions 130 are complexed,
the reducing agent ions 130 will diffuse even more slowly across the boundary layer 400 due to
the larger size of the complexed ions. Also, in those embodiments where the oxidized ions 200
are complexed, these ions will diffuse more slowly into the solution layer 120 and will form a
boundary layer 400 that will be even more resistive to the diffusion of the reducing agent ions
130 towards the surface 110.

[029] FIG. 5 illustrates the time dependence of the thickness of the plated layer 300 on the
concentration of the reducing agent ion 130 in the solution layer 120 where both the solution
layer 120 is quiescent and the solution layer 120 comprises an excess of the plating ion 140. It
can be seen that the final thickness of the plated layer 300 increases as the concentration of the
reducing agent ion 130 in the initial solution layer 120 increases. Also, the rate of growth of the
plated layer 300 is essentially constant at the beginning of the electroless plating process, but as
the reducing agent ion 130 becomes oxidized, the rate of growth slows as the boundary layer of

by-products increases, inhibiting access of fresh reactants to the catalytic surface. The thickness
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~ of the plated layer 300 ultimately approaches a final thickness, in an asymptotic manner, as the
reducing agent ion 130 is depleted from the solution layer 120 and saturates the catalytic surface
and boundary layer with the oxidized or complexed by-product.

[030] The self-limiting nature of the methods of the invention allows the final thickness of the
plated layer 300 to be relatively insensitive to differences in when the redox reaction is initiated
on different parts of the substrate 100. Such differences can be due, for example, to an
incubation period that can occur prior to the initiation of the redox reaction, and this incubation
period can have a radial or areal dependence, in some instances. FIG. 6 illustrates this advantage
where the redox reaction initiates at different times at different locations on a surface of a
substrate. In FIG. 6, a semiconductor wafer 600 includes three points, a point A at the center of
the wafer 600, a point C near an edge of the wafer 600, and a point B halfway between points A
and C. Assuming an incubation period with a radial dependence that increases from the center
point A to the edge point C the redox reaction will begin later at point B than at point A, and
later still at point C.

[031]  Also shown in FIG. 6 is a graph of the thickness of the plated layer 300 as a function of
time for each of the three points A-C. Even though the start of the redox reaction is delayed at
points further from the center point A, the redox reaction ultimately produces the same thickness
of the plated layer 300 at each of the points A-C. This occurs because, although reducing agent
ions are being depleted and the catalytic surface and proximate boundary layer is being
passivated by the reaction by-products sooner at point A than point B, for example, in the
quiescent solution layer there is little mixing to remove reaction by-products .and facilitate
steady-state growth across the wafer 600. It will be appreciated, therefore, that thickness

uniformity of the plated layer 300 according to the present invention does not require that the
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redox reaction occur across the wafer 600 at a uniform rate and at the same time. Here, thickness
uniformity is achieved by waiting until the redox reaction saturates the catalytic surface and
bouhdary layer with reaction by-products, or depletes the available reducing agent ion in all
locations.

[032] Another advantage of the methods described herein, as noted previously, is that the
methods provide for decreased electroless plating solution consumption. Under prior art
methods of electroless plating of thin plated layers, large volumes of electroless plating solution
are used and only a small fraction of the available plating ion is consumed before the electroless
plating solution is removed to stop the redox reaction. In the present invention, on the other
hand, a much larger proportion of the available plating ions 140 are consumed before the
reducing agent ions 130 in the solution layer 120 are depleted. Accordingly, consumption of the
electroless plating solution is significantly reduced.

[033] FIG. 7 provides a flow-chart representation of an exemplary electroless plating process
700 of the invention, including determining a quantity of electroless plating solution to dispense,
in accordance with the above description. The process 700 comprises determining 710 a
quantity of electroless plating solution to dispense, forming 720 a solution layer over a surface of
a substrate, maintaining 730 the solution layer in a quiescent state for a period of time, and
removing 740 the solution layer from the substrate. In this embodiment, the entire surface of the
substrate, or selected portions of the surface, are made electrically conductive with a conductive
coating. Additionally, the reducing agent ion comprises a metal ion that is complexed, in some
embodiments.

[034] In order to achieve a desired thickness for the plated layer, a quantity of electroless

plating solution can be initially determined 710. Here, the concentrations of the plating ion and
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the reducing agent ion in the electroless plating solution are both known, and the concentration
of the plating ion is sufficiently high so that in a subsequent redox reaction the reducing agent
ion will be substantially deplete before the plating ion is depleted. For the example of FIGs. 1-4,
an excess of the plating ion 140 requires that the concentration of the reducing agent ion 130 be
less than twice the concentration of the plating ion 140 in the electroless plating solution.

[035] One way to determine 710 the appropriate quantity of the electroiess plating solution is to
first perform a calibration to create a calibration curve. Performing the calibration can include
plating test wafers with varying amounts of the electroless plating solution. The resulting plated
layers from the several calibration tests can be analyzed to determine their thicknesses. The
analyses of the plated layers will yield a calibration curve of plated layer thickness as a function
of the quantity of the electroless plating solution. The appropriate quantity of electroless plating
solution can be read from the calibration curve for any desired thickness in a calibrated range.
[036] Another method for determining 710 the appropriate quantity of the electroless plating
solution comprises calculating the quantity. In practice, the surface area (mm?) to be plated, the
concentration (g/ml) of the reducing agent ion in the electroless plating solution, the chemistry of
the redox reaction, the atomic or molecular weights (g/mole) of the ions involved in the redox
reaction, and the density (g/mm”) of the plated layer are each well known values. Therefore, for
a desired thickness of the plated layer, a volume of solution that needs to be dispensed onto the
substrate to achieve the desired thickness of the plated layer may be readily calculated.

[037]  For the example of FIGs. 1-4, an appropriate quantity' of electroless plating solution can
be calculated as follows. The desired thickness (nm) of the plated layer multiplied by the density
(g/nm-mm?) of the plated layer 300 yields the mass per unit area (g/mm?) that will be plated onto

the surface 110. This value, multiplied by the surface area (mm?) to be plated yields the total
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mass (g) to be plated. The total mass, divided by the atomic weight (g/mole) of the ions of the
plating ion 140 provides a total number (moles) of plating ions 140 that will be plated.

[038] In the example of FIGs. 1-4, since two reducing agent ions 130 are consumed for every
plating ion 140 that is reduced and plated, twice as many reducing agent ions 130 have to be
available within the quantity of electroless plating solution. The number (moles) of reducing
agent ions 130 in the quantity of electroless plating solution multiplied by the atomic weight
(g/mole) of the reducing agent ion 130 will yield the total mass (g) of reducing agent ion 130 in
the required quantity of electroless plating solution. The total mass (g) of reducing agent ion 130
divided by the concentration (g/ml) of the reducing agent ion130 in the electroless plating
solution provides the volume (ml) of the electroless plating solution that needs to be dispensed to
form the solution layer 120.

[039] In the above calculation, where complexed ions are used, appropriate molecular weights
are substituted for atomic weights. It will be understood that the above calculation assumes
complete depletion of the reducing agent ion 130, which may not be a practical endpoint.
However, the above calculation can be readily modified to account for substantial, rather than
complete, depletion. The above calculation can be readily modified also to account for point-of-
use mixing to calculate the separate quantities of the two precursor solutions to be mixed. Also,
the above calculation can serve as a basis for establishing a range of quantities of the electroless
plating solution to use to generate a calibration curve.

[040]  As noted previously, one advantage of the method 700 is that it is conservative with
respect to electroless plating solution consumption. For a 300mm diameter substrate, an
exemplary quantity of electroless plating solution is less than 400ml. An exemplary quantity of

electroless plating solution is about 200ml or less for a 200mm diameter substrate.
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[041]  Forming 720 the solution layer over the surface of the substrate can be achieved in a
number of ways, depending on the deposition tool being used. Thickness uniformity of the
plated layer will generally be independent of the method by which the solution layer is formed,
so long as the solution layer rapidly settles into a quiescent state. A goal of forming 720 the
solution layer, therefore, is to form the solution layer quickly and in such a manner that the
solution layer rapidly achieves quiescence.

[042]  One method for forming 720 the solution layer comprises introducing the electroless
plating solution through a nozzle positioned over a center of the substrate. In contrast to many
conventional coating processes where a solution is dispensed over the center of a substrate, in
some embodiments of the present invention the substrate is not spun while forming 720 the
solution layer. Not spinning the substrate serves to lessen turbulence in the solution layer so that
quiescence is achieved more rapidly.

[043]  Another method for forming 720 the solution layer comprises dispensing the electroless
;;lating solution from a plurality of injection ports evenly spaced around a circumference of the
substrate, or evenly spaced across the substrate. Using multiple injection ports allows the
electroless plating solution to be dispensed more rapidly. In some embodiments, dispensing the
electroless plating solution through the plurality of injection ports is achieved in a few seconds.
The injection ports can be aimed at the center of the substrate, for example, to avoid creating
rotational flow within the solution layer.

[044]  After the solution layer has been formed 720, the solution layer is maintained 730 in a
quiescent state for a period of time sufficient to form a plated layer with the desired thickness on
the substrate. In some embodiments, a sufficient period of time is in the range of about 30

seconds to 3 minutes. The plated layer that is formed while the solution layer is maintained 730
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in the quiescent state can be conformal to the topography of the substrate, including the sidewalls
of high aspect ratio features such as vias. The thickness of the plated layer can be in the range of
20A to 20004, in some embodiments. An exemplary uniformity, for a plated layer with a
nominal thickness of 50A is + SA. A further advantage of the methods of the present invention
is that they result in higher purity plated films characterized by much lower levels of organic
contamination as compared to films plated with formaldehyde-based reducing agents.

[045]  After the solution layer has been maintained 730 in the quiescent state to form the plated
layer, the solution layer is removed 740 from the substrate. Removing 740 the solution layer can
be achieved, for example, by a quench, followed by a rinse and drying. The quench can be a fast
flush of sprayed deionized (DI) water, for instance, to substantially remove the solution layer.
The further rinse can be performed to more completely clean the surface.

[046] The electroplating processes described above preferably will take place in a chamber
which is part of a larger controlled ambient system that is substantially void of oxygen and other
undesired elements. By providing an integrated cluster architecture, which defines and controls
the ambient conditions between and, in disparate chambers or processing systems, it is possible
to fabricate different layers, features, or structures immediately after other processing operations
in the same overall system, while preventing the substrate from coming into contact with an
uncontrolled environment (e.g., having more oxygen or other undesired elements than may be
desired). Descriptions of exemplary systems are providing in U.S. Application No. 11/514,038,
filed on August 30, 2006, and entitled “Processes and Systems for Engineering a Barrier Surface
for Copper Deposition,” U.S. Application No. 11/513,634, filed on August 30, 2006, and entitled
“Processes and Systems for Engineering a Copper Surface for Selective Metal Deposition,” and

U.S. Application No. 11/461,415, filed on July, 27, 2006, and entitled “System and Method for
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Forming Patterned Copper lines Through Electroless Copper Plating,” all of which are hereby
incorporated by reference.

[047]  Other exemplary systems and processes for performing plating operations are described
in more detail in: U.S. Patent No. 6,864,181, issued on March 8, 2005; U.S. Patent Application
No. 11/014,527, filed on December 15, 2004 and entitled “Wafer Support Apparatus for
Electroplating Process and Method For Using the Same;” U.S. Patent Application No.
10/879,263, filed on June 28, 2004 and entitled “Method and Apparatus for Plating
Semiconductor Wafers;” U.S. Patent Application No. 10/879,396, filed on June 28, 2004 and
entitled “Electroplating Head and Method for Operating the Same;” US Patent Application No.
10/882,712, filed on June 30, 2004 and entitled “Apparatus and Method for Plating
Semiconductor Wafers;” and U.S. Patent Application No. 11/205,532, filed on August 16, 2005
and entitled “Reducing Mechanical Resonance and Improved Distribution of Fluids in Small
Volume Processing of Semiconductor Materials,” all of which are hereby incorporated by
reference.

[048] In the foregoing specification, the invention is described with reference to specific
embodiments thereof, but those skilled in the art will recognize that the invention is not limited
thereto. Various features and aspects of the above-described invention may be used individually
or jointly. Further, the invention can be utilized in any number of environments and applications
beyond those described herein without departing from the broader spirit and scope of the
specification. The specification and drawings are, accordingly, to be regarded as illustrative

rather than restrictive.
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CLAIMS
What is claimed is:
1. A self-limiting electroless plating process comprising:
forming a solution layer over a surface of a substrate, the solution layer comprising an
electroless plating solution including a concentration of a plating ion and a
concentration of a metal ion reducing agent;
maintaining the solution layer in a quiescent state for a period of time to form a plated
layer; and

removing the solution layer from the substrate.

2. The electroless plating process of claim 1 wherein forming the solution layer includes
dispensing the electroless plating solution over a center of the substrate without spinning

the substrate.

3. The electroless plating process of claim 1 wherein forming the solution layer includes
dispensing the electroless plating solution from a plurality of injection ports evenly

spaced around a circumference of the substrate.

4. The electroless plating process of claim 1 wherein forming the solution layer includes

dispensing the electroless plating solution from a plurality of injection ports evenly

spaced across the substrate.
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5. The electroless plating process of claim 1 wherein the metal ion reducing agent comprises a

complexed metal ion reducing agent.

6. The electroless plating process of claim 5 wherein the complexed metal ion reducing agent

: +2
comprises Co .

7. The electroless plating process of claim 1 wherein the plating ion comprises a complexed

metal plating ion.
8. The electroless plating process of claim 7 wherein the complexed plating ion comprises Cu*?.
9. The electroless plating process of claim 1 wherein maintaining the solution comprises
forming a boundary layer adjacent to the surface of the substrate, the boundary layer

including a concentration gradient of oxidized ions.

10. The electroless plating process of claim 9 wherein the oxidized ions are complexed oxidized

10ns.

11. The electroless plating process of claim 1 further comprising, before forming the solution

layer, determining a quantity of electroless plating solution to dispense.
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12. The electroless plating process of claim 11 wherein determining the quantity of electroless
plating solution to dispense depends on a concentration of the metal ion reducing agent in

the electroless plating solution.

13. A self-limiting electroless plating process comprising:
dispensing a quantity of an electroless plating solution onto a substrate to form a
quiescent solution layer, the quantity of the electroless plating solution including a
concentration of a reducing agent ion and an excess concentration of a plating ion;
and
forming a plated layer by a redox reaction between the reducing agent ion and the plating
ion, including
forming a boundary layer within the solution layer adjacent to the substrate, the
boundary layer including a concentration gradient of an oxidized ion
formed by the redox reaction; and

diffusing the reducing agent ion through the boundary layer.

14. The process of claim 13 wherein the reducing agent ion comprises a metal ion.

15. The process of claim 13 wherein the reducing agent ion comprises a complexed metal ion.

16. The process of claim 15 wherein the complexed metal ion includes a diamine, triamine, or

polyamine.
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The process of claim 13 wherein the boundary layer has a thickness in the range of about SA

to 100A.

The process of claim 13 wherein forming the plated layer further includes maintaining the
quiescent solution layer until the reducing agent ion in the solution layer is substantially

depleted.

The process of claim 13 further comprising determining the quantity of the electroless

plating solution before dispensing the electroless plating solution.

The process of claim 13 further comprising removing the solution layer from the substrate.

The process of claim 20 wherein removing the solution layer from the substrate includes a

quench followed by a rinse and a drying.

A semiconductor device including a plated layer fabricated by a self-limiting electroless
plating process comprising:
forming a solution layer over a surface of a substrate, the solution layer comprising an
electroless plating solution including a concentration of a plating ion and a
concentration of a metal ion reducing agent;
maintaining the solution layer in a quiescent state for a period of time to form the plated
layer; and

removing the solution layer from the substrate.
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23. The semiconductor device of claim 22 wherein the plated layer has a thickness in the range

of 20A to 2000A.

24. The semiconductor device of claim 23 wherein a uniformity of the thickness is within 10%.

22



WO 2008/085261 PCT/US2007/025469
1/56
+2 +2
cu . Co t| Y120
+2 +2
110 Co Cu
o )
130’7
115
FI1G. 1B
130
=/ f 2
+2 [ +23 +2
QCU G0 s o 42 cu’ Co 120
Co 3L +2 Co +2 +2 +2
110 Co Cu oL Cu+3 Co Cu




PCT/US2007/025469

WO 2008/085261

2/5

¥ "OIA

001
00
g+
I i s el
0D
m+oO:O - 0D 007
|UV|4M|||||||||IWH|aWﬁ|| 0Z)
no
ny ¢* 05
Z+
¢ "DIA
oomlm/. oo i %0 N %
no OO+ +OO 0D +OO
ozl e 0 o B g ot 00 oOm 2




WO 2008/085261 PCT/US2007/025469

3/5

Increasing Concentration of
the Reducing Agent lon
A
|
|
|
|
|
:
I

5

Time
FIG.

ssauyoIy| Jake paleld



WO 2008/085261

600

4/5

ssauyoIy] JakeT paleld

PCT/US2007/025469
Ne}
o
£ e
|._



WO 2008/085261 PCT/US2007/025469

5/5

700 \‘ @

710
Determine a Quantity of Solution to Dispense T

l

Form a Solution Layer over a Surface ofa | 720
Substrate '

l

Maintain the Solution in a Quiescent State for vy 730
a Period of Time

l

740
Remove the Solution from the Substrate T

FI1G. 7




INTERNATIONAL SEARCH REPORT

International application No.
PCT/US 07/25469

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8)- C23C 18/31, C23C 18/18 (2008.01)
USPC - 148/272; 148/248, 148/271

According to International Patent Classification (IPC) or to both na

tional classification and IPC

B.  FIELDS SEARCHED

USPC: 148/272; 148/248, 148/271

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that-such documents are included in the fields searched

Electronic data base consulted during the international search (name of

Search Terms Used: electroless adj plating, injection port$, bound$ a
plat$ adj solution, self-limiting adj electroless adj plating, dispen$, spi

data base and, where practicable, search terms used)

Electronic Databases Searched: USPTO WEST (PGPUB, EPAB, JPAB, USPT), Google patent, Google scholar

dj layer, semicond$, solution adj layer, substrate, rins$ or dry$,
nning, cobalt

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Citation of document, with indication, where appropriate, of the relevant passages

Category* Relevant to claim No.
Y US 6,503,343 B1 (Tench et al.) 07 January 2003 (07.01.2003)' entire document especially col 4, | 1-24
In 04-10; col 3, In 64 to col 4, In 44; col 11, In 01-03; col 11, In 53-59; col 2, In 21-40; col 6, In 11
-17 :
Y US 2005/0181226 A1 (Weidman et al.) 18 August 2005 (18.08.2005), entire document 1-24
especially para [0034]; [0048]; [0062]; [0069]; [0070); [0072); (0078]; [0102]-[0103]; [0112];
[0113); [0127] .
Y US 6,270,650 B1 (Kazi et al.) 07 August 2001 (07.08.2001), especially figure 2b; col 6, In 01-61 | 9, 13-21

D Further documents are listed in the continuation of Box C.

[

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance .

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“0” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

later document published after the international filing date or priority
date and not in conflict with the aptﬁlication but cited to understand
the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

wp

D'

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

11 March 2008 (11.03.2008)

Date of mailing of the international search report

0 2 MAY 2008

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.0. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-3201

Authorized officer:
Lee W. Young

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - wo-search-report

