Electroless Deposition of Cobalt Alloys
BACKGROUND

[0001} Field of the invention
[0002] The invention is in the field of semiconductor manufacturing and more
specifically in the ﬁeld of manufacturing multilayer structures that include copper.
[0003]  Related Art
[0004] Dielectric barrier layers including Cu-SiC or Cu-Si3N4 are commonly used in
semiconductor devices. For example, these dielectric barrier layers may be .incorporated
within advanced back-end-of-line tBEOL) metallization structures. It has been found
that the inclusion of a cobalt-alloy capping layer deposited between the copper layer and
the SiC or Si3Ny layer results in improved adhesion between the layers and improved
electro-migration and copper diffusion characteristics. The cobalt-alloy capping layer
can be deposited on copper by chemical vapor deposition (CVD) or by electroless

deposition.

- [0005] Electroless deposition of cobalt alloys such as CoWBP or CoWP on copper
has been demonstrated. A typical approach is to use a cobalt salt, a tungsten salt, a
hypophosphite reducing agent, a borane reducing agent such as DMAB
(dimethylaminoborane), and a complexing agent in a highly alkaline environment. For
example, deposition usually occurs around a pH of 9 or above. When the cobalt alloy is
to be used for adhesion improvement purposes only, the tungsten and phosphorus may be

unnecessary as these elements are included principally to improve resistance to copper

diffusion by stuffing the Co grain boundaries and reducing or eliminating Cu diffusion

paths.



[0006]  Electroless deposition can be inhibited by the presence of a thin copper-oxide
layer on the copper. This copper-oxide laye.r forms when the copper is exposed to air or
other oxidizing environment. Further, contaminants on the copper and dielectric surfaces
can cause pattern-dependent plating effects such as pattern-dependent variations in the
thickness of the cobalt-alloy capping layer. There is, therefore, a need to limit the
formation of native copper oxide on the copper layer prior to deposition of the cobalt-
alloy capping layer. Typically, the processing environment is controlled to limit this
oxide formation, and also to remove any copper oxide and organic contaminants already
on the copper surface. Unfortunately, the use of highly alkaline solutions in the

electroless deposition of cobalt alloys, as in the prior art, promotes rather than limits the

formation of copper oxides.



SUMMARY
[0007] Various embodiments of the invention include the use of a low pH, e.g. less
than 7, formulation for the deposition of a cobalt alloy on copper. These formulations
comprise, for example, a cobalt salt, a nitrogen containing complexing agent, a pH
adjuster, an optional grain boundary stuffer, and an optional reducing agent.
[0008] Typically, the use of a low pH formulation results in a reduction in copper
oxide formation prior to cobalt deposition. The reduction of OH-terminated dielectric
surface area may result in improved grain morphology because fewer —OH groups result
in a more uniform grain structure as seen by the deposited metal. The deposited metal is
able to more directly interact with the copper surface. As such, the morphology of the
deposition becomes less sensitive to factors such as deposition rate, DMAB
concentration, temperature, and solution concentrations. Further, in some embodiments,
the use of a low pH formulation eliminates a need for surface activation using a catalytic
metal such as palladium (Pd).
[0009] In various embodiments, use of the invention results in integrated circuits
having improved adhesion between copper and dielectic barrier layers, improved
advanced back-end-of-line (BEOL) metallization structures, and/or improved electro-
migration performance, as compared with circuits of the prior art.
[0010] Various embodiments of the invention include a solution comprising a cobalt
- salt, a complexing agent configured to deposit a cobalt layer on copper using the cobalt
salt, and a pH adjuster configured to adjust a pH of the solution to below 7.0.
[0011] Various embodiments of the invention include a method comprising preparing

a solution configured to deposit a cobalt layer on copper, having a pH below 7.0 and



comprising a cobalt(Il) salt, a complexing agent including at least two amine groups, and
a pH adjuster configured to adjust the pH to below 7.0; immersing a copper surface into
the solution, and depositing a cobalt-alloy layer on the copper surface using the solution.
[0012] Various embodiments of the invention include a semiconducting device

manufactured using the method disclosed herein.



BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1 illustrates an electroless deposition system, according to various

embodiments,

[0014] FIG. 2 illustrates a method of depositing a cobalt-alloy layer on a copper layer
using the system of FIG. 1, according to various embodiments.

[0015] FIG. 3 illustrates a dielectric including a copper layer, a cobalt-alloy layer,

and a dielectric barrier layer as may be produced using the method of FIG. 2, according

to various embodiments.



DETAILED DESCRIPTION
[0016] FIG. 1 illustrates an electroless deposition system, generally designated 100,
according to various embodiments. This system comprises a Container 110 configured to
hold a Solution 120. Container 110 is optionally configured to maintain Solution 120 at
reaction temperatures between 0 and 100 °C, and in one embodiment between
approximately 40 and 70 °C.
[0017] Solution 120 is configured for deposition of cobalt-alloys on a copper
substrate. In various embodiments, these cobalt-alloys comprise cobalt-tungsten
phosphorus alloy (CoWP), cobalt-tungsten-boron alloy (CoWB), cobalt-tungsten-boron-
phosphorus alloy, and/or the like. In various embodiments, these cobalt-alloys are
configured to improve adhesion and/or copper diffusion barrier characteristics between
copper and a dielectric layer such as SiC or Si3Na.
[0018]  Solution 120 is characterized by a pH less than 9. For example, in various
embodiments, Solution 120 has a pH less than 7.5, 7, 6.5, 6, 5.5 or 5.0.
[6019] Solution 120 comprises a cobalt salt. This cobalt salt may comprise cobalt(I),
for example CoSQO4, Co(NO3),, or the like. This cobalt salt may comprise a complex salt,
such as [Co(Il)[amine]gom 1 to 3]2+{anion(s)]2', e.g8., [Co(En)]SOy, [Co(En);])S04,
[Co(En)3]1S04, [Co(Dien)}(NO;),, [Co(Dien);](NO3),, or the like, where En is
ethyenediamine and Dien is diethylenetriamine. The cobalt salt may be ir;cluded ina
wide range of concentrations. In one embodiment, the concentration is 1 x 10 M or less.
[0020] Solution 120 further comprises a complexing agent. Typically, the

complexing agent comprises an amine group, however, ammonia and other simple



organic amines and polyamines may be substituted in alternative embodiments. For
example, the complexing agent may comprise ammonia, NH4sOH, or diamine and tri-
amine compounds. In various embodiments, the complexing agent comprises
ethylenediamine, propylenediamine, diethylenetriamine, 3-methylenediamine,
triethylenetetraamine, tetracthylenepentamine, higher aliphatic polyamines, and/or other
polyamines. In various embodiments, the polyamines comprise tetra-amines, penta-
amines, cyclic diamines and/or tri-amines. These may be of the general form R”-NH-R’-
R-NH-R’” or R”-NH-R’-NH-R-NH-R” or, n;ore generally, R’”-NH-[R’-NH],-[R’-
NH]n-R-NH-R”™”.

[0021] In various embodiments, the complexing agent comprises aromatic
polyamines such as benzene-1,2-diamine, and nitrogen hetrocycles such as pyridine,
dipyridine, and nitrogen hetrocyclic amines, and/or polyamines such as pyridine-1-amine.
In some embodiments, the amine is protonized in acidic media to form an amine salt.
While the concentration of the complexing agent can vary widely, in some embodiments,
the concentration is selected to optimize coBa!t deposition and film characteristics. The
concentration of the complexing agent is typically greater than that of the cation of the
cobalt salt.

[0022] Solution 120 further comprises a pH adjustor. The pH adjustor may comprise,
for example, acetic acid, sulfuric acid, nitric acid or other in;)rganic or organic acids
depending on the anion required. In some embodiments, the pH adjustor comprises a
buffer. The concentration of the pH adjustor is typically selected to achieve a desired pH

of Solution 120, such as a pH of less than 7.5, 7, 6.5, 6, 5.5 or 5.0.



[6023] Solution 120 optionally further comprises a grain boundary stuffer. This grain
boundary stuffer may comprise, for example, a tungstate (WO4?) salt. Alternative or
additional grain boundary stuffers can also include phosphorus-based compounds, but
others will be apparent to those of ordinary skill in the art.

[0024] Solution 120 further comprises an activator or a reducing agent such as
DMAB. The activator is configured to activate the copper surface prior to deposition.
Other activators include other aminoboranes, such as NaBHy4. Others types of
aminoboranes that may be included as reducing agents will be apparent to those of
ordinary skill in the art.

{0025} In various embodiments, Solution 120 may further comprise additives selected
to optimize Solution 120 for application specific performance. These optional additives
may comprise nucleation enhancement additives configured to produce grain growth of
reduced size, nodule growth suppressors, surfactants, stabilizers, and/or the like.

10026] In one embodiment, Solution 120 comprises CoSOy; at a concentration
between 0.01M to 0.05M, Dien at concentration of approximately 0.015M; DMAB at a
concentration between 0.1M and 0.4M; and CH3;COOH so as to adjust the pH to
approximately 5.5.

[0027] Solution 120 is optionally prepared using de-oxygenated liquids.

[0028] FIG. 2 illustrates a meihod of depositing a cobalt-alloy layer on a copper layer
using the system of FIG. 1, according to various embodiments. In some embodiments,

this method is used in the manufacture of integrated circuits.



[0029] In Prepare Solution Step 210, Solution 120 is prepared. The preparation may
occur in Container 110 or in an external vessel from which Solution 120 is transferred to
Container 110,

[0030] In an Immerse Substrate Step 220, a copper surface to be coated with a cobalt-
alloy is immersed in Solution 120. The copper surface is optionally part of an integrated
circuit and/or may be disposed on a semiconductor wafer.

[0031] In an Apply Layer Step 230, the cobalt-alloy is deposited on the copper
surface through chemical reactions between the copper surface and Solution 120.

[0032] In an optional Deposit Dielectric Step 240, a dielectric is deposited on top of
the cobalt-alloy. This deposition may be performed in an electroless plating solution,
through chemical vapor deposition, and/or the like.

[0033] FIG. 3 illustrates part of a semiconductor device, e.g., circuit formed on a
wafer, including a Copper Layer 310, a Cobalt-Alloy Layer 320, and a Dielectric Barrier
Layer 330 as may be produced using the method of FIG. 2, according to various
embodiments. rThe cobalt-alloy Layer 320 is optionally substantially thinner than the
Copper Layer 310 and the Dielectic Barrier Layer 330. In somé embodiments the circuit
is characterized by improved adhesion between the Copper Layer 310 and the Dielectric
- Barrier Layer 330 and/or reduced Copper diffusion into the Dielectric Barrier Layer 330,
relative to circuits of the prior art.

[0034]) Several embodiments are specifically illustrated and/or described herein.
However, it will be appreciated that modifications and variations are covered by the
above teachings and within the scope of the appended claims without departing from the

spirit and intended scope thereof. For example, while the systems and methods described



herein are presented in a context of circuit manufacture, they may be applied to the
manufacture of other types of devices. Further, the solutions discussed herein may be
aqueous or non-aqueous.

[0035] The embodiments discussed herein are illustrative of the present invention.
As these embodiments of the present invention are described with reference to
illustrations, various modifications or adaptations of the methods and or specific
structures described may become apparent to those skilled in the art. All such
modifications, adaptations, or variations that rely upon the teachings of the present
invention, and through which these teachings have advanced the art, are considered to be
within the spirit and scope of the present invention. Hence, these descriptions and
drawings should not be considered in a limiting sense, as it is understood that the present

invention is in no way limited to only the embodiments illustrated.
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MCSLLP

CLAIMS

1. A solution comprising:
a cobalt salt;

a complexing agent configured to deposit a cobalt layer on copper using the cobalt salt;

and
a pH adjuster configured to adjust a pH of the solution to below 6.0 .
2. The solution of claim 1, further comprising a grain boundary stuffer.
3. The solution of claim 1, further comprising an additive configured to enhance small grain

growth, a nodule growth suppressor, or a surfactant.

4. A solution comprising:

a cobalt salt;

a complexing agent configured to deposit a cobalt layer on copper using the cobalt salt,
the complexing agent comprising an amine compound; and

a pH adjuster configured to adjust a pH of the solution less than or equal to 6.0.

5. The solution of claim 1, wherein the cobalt salt comprises a cobalt(II) salt.
6. The solution of claim 1, wherein the cobalt salt comprises an amine group.
7. The solution of claim 1, wherein the cobalt salt comprises an amine group in the form

[Co(ID)[amine]; 103)* [anion(s)]*"

8. The solution of claim 1, wherein the cobalt salt comprises [Co(ethyenediamine)]SOq,
[Co(ethyenediamine),]SO4, [Co(ethyenediamine);]SO4, [Co(diethylenetriamine)](NO3),, or
[Co(diethylenetriamine), [(NOs),.

9. The solution of claim 1, wherein the complexing agent comprises an amine compound.
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MCSLLP

10.  The solution of claim 9, wherein the amine compound comprises a diamine.
11.  The solution of claim 4, wherein the amine compound comprises a triamine.
12.  The solution of claim 4, wherein the amine compound comprises a polyamine of the form

R”-NH-R’-R-NH-R”’, wherein R, R’, and R” are selected from the group consisting of an

aliphatic group, an aromatic group, and a heterocyclic group.

13.  The solution of claim 4, wherein the amine compound comprises a polyamine of the form
R”-NH-R’-NH-R-NH-R”’, wherein R, R’, R”, and R*” are selected from the group consisting of

an aliphatic group, an aromatic group, and a heterocyclic group.

14.  The solution of claim 4, wherein the amine compound comprises a polyamine of the form
R>’-NH-[R’-NH],-[R’-NH]},-R-NH-R*”’, wherein R, R’, R”, R”” and R are selected from the

group consisting of an aliphatic group, an aromatic group, and a heterocyclic group.

15.  The solution of claim 4, wherein the amine compound is aromatic.

16.  The solution of claim 1, wherein the solution is prepared using de-oxygenated liquids.
17.  The solution of claim 1, further including a reducing agent.

18.  The solution of claim 17, wherein the reducing agent comprises DMAB.

19. A method comprising:
preparing a solution configured to deposit a cobalt layer on copper, the solution having a
u pH below 7.0 and comprising:
a cobalt(Il) salt;
a complexing agent including at least two amine groups; and

a pH adjuster configured to adjust the pH to less than or equal to 6.0;
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20.

MCSLLP

immersing a copper surface into the solution; and

depositing a cobalt-alloy layer on the copper surface using the solution.

The method of claim 19, further comprising depositing a dielectric layer on the cobalt-

alloy layer.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

The method of claim 19, wherein the solution has a pH below 6.0.

The method of claim 19, wherein the cobalt salt comprises a cobalt(II) salt.

The method of claim 19, wherein the cobalt salt comprises an amine group.

The method of claim 19, wherein the complexing agent comprises an amine compound.
The method of claim 19, wherein solution further includes a reducing agent.

A semiconductor device manufactured using the method of Claim 19.

The solution of claim 1, wherein the cobalt salt has a concentration of 1 x 10 M or less.
The solution of claim 4, further including a reducing agent.

The solution of claim 28, wherein the reducing agent comprises DMAB.

The solution of claim 4, wherein the solution is prepared using de-oxygenated liquids.

The solution of claim 4, wherein the cobalt salt has a concentration of 1 x 10 M or less.
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