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METHODS OF INTERCONNECT FOR HIGH DENSITY 2.5D AND 3D
INTEGRATION

TECHNICAL FIELD

Examples of the present disclosure generally relate to integrated circuits
and, more particularly, to integrated circuit packaging using copper-to-copper
(Cu-Cu) bonding.

BACKGROUND

Electronic devices (e.q., computers, laptops, tablets, copiers, digital
cameras, smart phones, and the like) often employ integrated circuits (ICs, also
known as “chips”). These integrated circuits are typically implemented as
semiconductor dies packaged in integrated circuit packages. The semiconductor
dies may include memory, logic, and/or any of various other suitable circuit
types.

Many integrated circuits and other semiconductor devices utilize an
arrangement of bumps, such as a ball grid array (BGA), for surface mounting
packages to a circuit board (e.g., printed circuit board (PCB). Any of various
suitable package pin structures, such as controlled collapse chip connection (C4)
bumps or microbumps (as used in stacked silicon interconnect (SSI)
applications), may be used to conduct electrical signals between a channel on
an integrated circuit (IC) die (or other package device) and the circuit board on

which the package is mounted.

SUMMARY

One example of the present disclosure is a semiconductor structure. The
semiconductor structure generally includes a semiconductor layer, an adhesion
layer disposed above the semiconductor layer, an anodic metal layer disposed
above the adhesion layer, and a cathodic metal layer disposed above the anodic
metal layer.

In some embodiments, the anodic metal layer may include magnesium
(Mg).

In some embodiments, the anodic metal layer may include an element

selected from the group consisting of aluminum (Al), zinc (Zn), and Nickel (Ni).
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In some embodiments, the cathodic metal layer may include copper (Cu).

In some embodiments, an oxidation potential of the anodic metal layer
may be greater than an oxidation potential of the cathodic metal layer.

In some embodiments, the anodic metal layer may include a first metal,
the cathodic metal layer may include a second metal, and the first metal may
have a greater oxidation potential than the second metal.

In some embodiments, the first metal may have a more negative Gibbs
free energy of oxide formation than the second metal.

In some embodiments, the anodic metal layer may include a metal
associated with a porous oxide and an oxidation rate of the porous oxide may be
linear as a function of time.

In some embodiments, the anodic metal layer may include a metal having
an oxide-to-metal volume ratio less than 1.0.

In some embodiments, the anodic metal layer may be configured to inhibit
growth of an oxide associated with the cathodic metal layer by providing cathodic
protection to the cathodic metal layer.

In some embodiments, the adhesion layer may include titanium (Ti) and
the semiconductor layer may include silicon (Si).

In some embodiments, the cathodic metal layer may be disposed directly
above the anodic metal layer.

In some embodiments, the cathodic metal layer comprises one or more
pillars.

Another example of the present disclosure is a method of fabricating a
semiconductor structure. The method generally includes disposing an adhesion
layer above a semiconductor layer; disposing an anodic metal layer above the
adhesion layer; and disposing a cathodic metal layer above the anodic metal
layer.

Another example of the present disclosure is a method of fabricating an
integrated circuit package. The method generally includes providing a
semiconductor structure having an adhesion layer disposed above a
semiconductor layer, an anodic metal layer disposed above the adhesion layer,
and a cathodic metal layer disposed above the anodic metal layer; and bonding
the cathodic layer of the semiconductor structure to a metallic layer of another

structure at a temperature less than 200°C.
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In some embodiments the method further includes using lithography and
electroplating to form a plurality of pillars above the cathodic metal layer. The
plurality of pillars may have the same composition as the cathodic metal layer.

In some embodiments, the method may further include etching the
cathodic metal layer to remove at least a portion of the cathodic metal layer
between the plurality of pillars, coating an upper surface of the semiconductor
structure including the plurality of pillars with a resist, using lithography to
remove at least a portion of the resist between the plurality of pillars such that
the anodic metal layer is exposed and etching at least a portion of the anodic
metal layer and the adhesion layer between the plurality of pillars such that the
semiconductor layer is exposed and the resist is removed.

In some embodiments, the anodic metal layer may include magnesium
(Mg) and the cathodic metal layer may include copper (Cu).

In some embodiments, an oxidation potential of the anodic metal layer
may be greater than an oxidation potential of the cathodic metal layer.

In some embodiments, the method may further include bonding the
cathodic metal layer of the semiconductor structure to a metallic layer of another
structure at a temperature less than 200°C.

Yet another example of the present disclosure is an integrated circuit
package. The package generally includes a package substrate and a plurality of
dies disposed above the package substrate, wherein at least one of the plurality
of dies is electrically coupled to another one of the plurality of dies via a plurality
of copper pillar microbumps; the at least one of the plurality of dies comprises a
cathodic metal layer forming the copper pillar microbumps, an anodic metal layer
disposed above the cathodic metal layer, an adhesion layer disposed above the
anodic metal layer, and a semiconductor layer disposed above the adhesion
layer; and an oxidation potential of the anodic metal layer is greater than an
oxidation potential of the cathodic metal layer.

These and other aspects may be understood with reference to the

following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS
So that the manner in which the above-recited features of the present

disclosure can be understood in detail, a more particular description of the
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disclosure, briefly summarized above, may be had by reference to examples,
some of which are illustrated in the appended drawings. It is to be noted,
however, that the appended drawings illustrate only typical examples of this
disclosure and are therefore not to be considered limiting of its scope, for the
disclosure may admit to other equally effective examples.

FIG. 1 is a cross-sectional view of an example semiconductor structure
having an anodic metal layer in galvanic series with a cathodic metal layer, in
accordance with an example of the present disclosure.

FIG. 2 illustrates example operations for forming copper pillars for copper-
to-copper bonding based on the semiconductor structure of FIG. 1, in
accordance with examples of the present disclosure.

FIG. 3 is a cross-sectional view of an example 2.5D integrated circuit (I1C)
package, in accordance with an example of the present disclosure.

FIG. 4 is a cross-sectional view of an example 3D IC package, in
accordance with an example of the present disclosure.

FIG. 5 is a flow diagram of example operations for fabricating a
semiconductor structure, in accordance with an example of the present

disclosure.

DETAILED DESCRIPTION

Examples of the present disclosure provide techniques and apparatus for
Cu-Cu bonding with reduced concerns for oxide formation, thereby providing
sufficient bonding at reduced temperatures (e.g., at most 200°C) and faster cycle
times, without any special requirements for this bonding. Examples of the
present disclosure may also enable longer queue (Q) or staging times.

EXAMPLE CATHODIC PROTECTION FOR COPPER-TO-COPPER
BONDING

Chip-to-chip (C2C), chip-to-wafer (C2W), and wafer-to-wafer (W2W)
bonding technology relies on the interconnect technology being substantially
robust to avoid connection failures when the chips and/or wafers are exposed to
various stresses (e.g., temperature, strain, torsion, etc.). Copper (Cu) pillars
with solder interconnects have been this industry’s workhorse for low and high
density designs for several decades. As densities continue to increase and pitch

is reduced, however, this Cu pillar technology encounters various problems,
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such as reduced solder volume, brittle intermetallic compound (IMC), voiding,
low thermal conductivity, and the like. Copper-to-copper (Cu-Cu) bonding is an
alternative interconnect pursued by industry for several years, but to date, offers
no real practical or high volume manufacturing (HVM) solution. One significant
challenge to Cu-Cu bonding is rapid oxide formation on the Cu surface, which
inhibits a satisfactory interconnect.

Currently, temperatures on the order of 400°C are required to make a
successful bond. Such high temperatures may melt certain materials (e.g.,
polymers), however. Universities, consortia, and industry have tried various
methods for several years to enable lower temperature Cu-Cu bonding with
limited success. For example, acid dip bonding, insertion bonding, self-
assembled monolayers (SAM), and surface activation bonding (SAB) have all
been attempted to address this long-felt need, but thus far have failed to produce
an acceptable solution for HVM.

Examples of the present disclosure provide techniques for Cu-Cu metallic
bonding at reduced temperatures (e.g., at most 200°C) by significantly reducing
Cu oxide formation. These techniques enable faster cycle time and entail no
extraordinary measures (e.g., forming gas). Such techniques may also enable
longer queue (Q) or staging times.

Deriving these techniques involved recognizing that different metals have
different oxide formation behavior, since some metals may form passivating
oxides, some form porous oxides, and others form very brittle oxides. The
Pilling-Bedworth ratio (Res) represents an oxide-to-metal volume ratio. When
Res < 1, the oxide coating is broken, which offers no protective effect (e.g.,
magnesium (Mg): Res = 0.81). When Res > 2, the oxide coating chips off, also
offering no protective effect (e.g., iron (Fe). Res =2.1). When 1 <Rps < 2, the
oxide coating is passivating (e.g., aluminum (Al): Rps = 1.28 or titanium (Ti):
Res = 1.73). For Mg, the oxide is porous, so the oxidation rate expression is
linear (e.q., W= K1t, where W is weight gain per unit area, K1 is a constant, and
tis time. Metals with a non-porous oxide (e.g., Cu) can follow either parabolic or
logarithmic behavior. For example, a parabolic oxidation rate may be expressed
as W = K2t + K3 where K2 and K3 are time-independent constants at a given

temperature. The oxidation rate of Al or Fe is logarithmic at near-ambient
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temperatures and may be expressed as W = K4 log (K5t + KB) where K4, K5,
and K6 are constants.

Using the concepts above, a galvanic couple can be formed between Cu
and certain other metals to inhibit Cu oxidation. An ideal case is a Cu/Mg couple
as depicted in the example semiconductor structure 100 of FIG. 1. Mg forms a
porous oxide and its oxide growth rate is linear. The Mg oxidation potential (2.37
V) is higher than that of Cu (-0.34 V), as illustrated in the table below:

Oxidation Oxidation
Reaction Potential
K> K'+e 2.93
Ca > Ca? + 2e 2.87
Na <> Na* + e 2.71
Mg = Mg?* + 2e 2.37
Al > AP* + 3e 1.66
Zn 2> Zn?* + 2¢e 0.76
Pb > Pb?* + 2e 0.13
Cu > Cu? + 2e -0.34
21"> 12+ 2e -0.54
2Br > Br2+ 2e -1.07
2ClI> Clz + 2e -1.36
2F > Fz2+ 2¢e -2.87
Table 1

Thus, Mg is very anodic in a galvanic series with Cu. Furthermore, the
Gibbs free energy of oxide formation for Mg (-569.43 kJ/mol) is more negative
than that of Cu (-127 kdJ/mol). The integration of Cu and Mg in an interconnect
will inhibit or at least reduce Cu oxide growth since Mg will sacrifice itself,
thereby providing cathodic protection to Cu. Since Mg oxide is porous with a
linear growth rate, Mg will continue losing electrons and form oxide with no Cu
oxidation.

FIG. 1 is a cross-sectional view of an example semiconductor structure
100, in accordance with an example of the present disclosure. The
semiconductor structure 100 may represent a wafer or an individual die (e.qg.,

after singulation from a wafer). The semiconductor structure 100 comprises a
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wafer layer 102 (or substrate layer), an adhesion layer 104 disposed above the
wafer layer 102, an anodic metal layer 106 disposed above the adhesion layer
104, and a cathodic metal layer 108 disposed above and in galvanic series with
the anodic metal layer 106. The wafer layer 102 may comprise any suitable
semiconductor material, such as silicon (Si). The adhesion layer 104 may
comprise any of various suitable metallic materials (e.qg., titanium (Ti), tantalum
(Ta), or chromium (Cr)) that adhere well to the wafer layer 102. The cathodic
metal layer 108 may comprise Cu, such that Cu-Cu bonding can form the
interconnect between chips and/or wafers.

The anodic metal layer 106 may be composed of Mg as illustrated in FIG.
1. However, the anodic metal layer 106 may comprise any of various other
suitable metals as an alternative to Mg. A suitable metal for the anodic metal
layer 106 will have a higher oxidation potential than that of the cathodic metal
layer 108, such that this metal is more anodic than Cu and thus provides
cathodic protection when in galvanic series with Cu. For example, the anodic
metal layer 106 may comprise Al, zinc (Zn), or nickel (Ni). However, some of
these metals do not follow a linear oxide growth rate, so oxidation may become
diffusion controlled over time, thereby limiting the electrons supplied to oxygen
(O).

FIG. 2 illustrates example operations 200 for forming copper pillars for
Cu-Cu bonding based on the semiconductor structure 100 of FIG. 1, in
accordance with examples of the present disclosure. The resulting structure
from the operations 200 may be used for C2C, C2W, or W2W bonding at
temperatures less than or equal to 200°C.

Beginning with a wafer layer 102 of Si or another suitable semiconductor
layer, an adhesion layer 104, an anodic metal layer 106, and a cathodic metal
layer 108 may be sequentially disposed above the wafer layer 102. Any of
various suitable techniques (e.g., physical vapor deposition (PVD)) may be
utilized for disposing the layers 104, 106, and 108 above the wafer layer 102 to
form the semiconductor structure 100. Lithography and electroplating may be
used to form multiple pillars 202 (e.g., copper (Cu) pillars) above the
semiconductor structure 100 in designated areas, according to the lithography
mask. In this manner, the cathodic metal layer 108 may be considered as

comprising the pillars 202. Next, portions of the cathodic metal layer 108 may be
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removed (e.g., by etching) in areas 204 between the pillars 202. Thus, the
cathodic metal layer 108 may be considered as a seed layer for plating the
pillars in this process, where portions of the seed layer are subsequently
removed and remaining portions of the seed layer form part of each pillar. After
etching the seed layer in the areas 204, an upper surface of the structure may be
coated with a resist 206. Lithography may be used to remove portions of the
resist in desired areas 208 between the pillars 202. Then, portions of the anodic
metal layer 106 (and in some cases the adhesion layer 104, as illustrated) may
be removed using any of various suitable techniques (e.g., etching) in areas 210
between the pillars 202. The resist 206 may also be removed. The resulting
structure in FIG. 2 is incapable of rapid copper oxide formation and is therefore
suitable for Cu-Cu bonding with another structure (e.g., a chip or a wafer) to form
a satisfactory interconnect at temperatures no more than 200°C.

For some examples, after or during formation of the pillars 202, sidewalls
of an anodic metal (e.g., Mg) may be formed on lateral surfaces of the pillars and
may surround the pillars. These anodic sidewalls may have the same height or
a lower height than the pillars 202. These sidewalls may remain throughout the
rest of the operations illustrated in FIG. 2.

EXAMPLE INTEGRATED CIRCUIT PACKAGES

An integrated circuit (IC) die (also referred to as a “chip”) is typically
disposed in a package for electrical connection with a circuit board (e.g., a
printed circuit board (PCB)). The package protects the integrated circuit die from
potential physical damage and moisture, which may lead to corrosion. Examples
of the present disclosure may be utilized for chip-to-chip (C2C), chip-to-wafer
(C2W), or wafer-to-wafer (W2W) bonding to form such IC packages. Cu-to-Cu
bonding may be performed at temperatures lower than 200°C to implement the
C2C, C2W, or W2W integration, according to examples of the present
disclosure.

Many different types of IC dies may benefit from examples of the present
disclosure and be included in an IC package. One example type of IC die is a
programmable IC die, such as a field programmable gate array (FPGA) die. An
FPGA typically includes an array of programmable tiles. These programmable
tiles may include, for example, input/output blocks (IOBs), configurable logic

blocks (CLBs), dedicated random access memory blocks (BRAM), multipliers,
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digital signal processing blocks (DSPs), processors, clock managers, delay lock
loops (DLLs), and so forth. Another type of programmable IC die is the complex
programmable logic device (CPLD) die. A CPLD includes two or more “function
blocks” connected together and to input/output (1/0O) resources by an
interconnect switch matrix. Each function block of the CPLD includes a two-level
AND/OR structure similar to those used in programmable logic arrays (PLAS)
and programmable array logic (PAL) devices. Other programmable ICs are
programmed by applying a processing layer, such as a metal layer, that
programmably interconnects the various elements on the device. These
programmable ICs are known as mask programmable devices. The phrase
“programmable IC” can also encompass devices that are only partially
programmable, such as application-specific integrated circuits (ASICs).

As the demand for smaller electronic devices with increased capabilities
rises, IC package technology has been expanding into more than just the
traditional two-dimensional (2D) construction, leading to increased integration.
The traditional 2D construction involves multiple IC dies disposed directly above
a substrate (e.g., a system-in- package (SiP) substrate) and on the same plane.
However, |C packages with 2.5D and 3D integration have been and are being
further developed. Examples of 2.5D and 3D integration are provided below.

FIG. 3 is a cross-sectional view of an example 2.5D IC package 300
utilizing stacked silicon interconnect (SSI) technology, in accordance with an
example of the present disclosure. The main difference between 2.5D and
traditional 2D IC packages is the inclusion of an interposer with through-silicon
vias (TSVs) on which the IC dies are disposed. For example, the IC package
300 includes a first die 302+ (labeled “Die #1”) and a second die 3022 (labeled
“‘Die #2”) (collectively referred to as “dies 302"). The dies 302 may include any
of various suitable dies, including highly manufacturable FPGA die slices,
referred to as super logic regions (SLRs). Although only two dies 303 are shown
in FIG. 3 for ease of illustrating the concept, it is to be understood that a 2.5D IC
package may include more than two dies. Each die 302 may include a chip
substrate 304, a device layer 306, and metal layers 308. The dies 302 may be
flip-chip dies as illustrated, which are connected to an interposer 311 by
microbumps 310. The microbumps 310 may be implemented as copper pillar

microbumps (also referred to as copper pillar bumps, copper pillar pbumps, or
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copper pillars), which may be formed similarly to the pillars 202 of FIG. 2. The
microbumps 310 permit finer pitch than conventional solder bumps. The
interconnect formed between the dies 302 and the interposer 311 using the
copper pillar microbumps is one example of Cu-Cu bonding with reduced oxide
formation that may benefit from examples of the present disclosure.

SSI technology allows dies 302 of different types or silicon processes to
be interconnected on the interposer 311. The interposer 311 acts as an
interconnect vehicle on which the IC dies 302 are set side by side and
interconnected. The interposer 311 may be a passive silicon interposer, for
example. Although only one interposer 311 is illustrated in FIG. 3, an IC
package may be implemented with multiple interposers for some examples. The
interposer 311 may include an interposer substrate 316, a topside metal layers
312 disposed above the substrate 316, and bottom-side metal layers 318
disposed below the substrate 316. For some examples, the interposer 311 may
also include a plurality of interconnect lines (not shown), which may provide
high-bandwidth, low-latency connections through the interposer. The interposer
311 may also include TSVs 314 for routing connections between the dies 302
and a plurality of eutectic bumps 320 (e.g., controlled-collapse chip connection
(C4) bumps) disposed between the interposer 311 and a package substrate 322.
The TSVs 314 may provide the connections between the dies 302 and the
package substrate 322 for the parallel and serial 1/0O, power/ground, clocking,
configuration signals, and the like. The plurality of eutectic bumps 320
electrically connect the interposer 311 to the package substrate 322, and more
particularly to conductive elements on the surface of and vias in the package
substrate 322.

The IC package 300 also has a plurality of solder balls 324 disposed
below the package substrate 322. The solder balls 324 may be arranged, for
example, in an array of rows and columns for making electrical contact with a
matching arrangement of conductive pads disposed on a surface of a circuit
board 326 (e.g., a PCB).

FIG. 4 is a cross-sectional view of an example 3D IC package 400, in
accordance with an example of the present disclosure. A 3D IC package
involves at least one IC die being stacked on top of another IC die (e.g., without

an intervening component, such as an interposer or other passive die), where
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these active dies may be directly bonded to one another. The lower die(s) may
employ TSVs to allow the upper die(s) to communicate with the lower die(s) and
the package substrate. For example, the 3D IC package 400 involves a first die
4021 (labeled “Die #1”7) mounted above a second die 4022 (labeled “Die #2”)
(collectively referred to as “dies 402”). Although only two dies 402 are illustrated
in FIG. 4, the reader will understand that more than two dies may be stacked.
Furthermore, although the two dies 402 illustrated are the same size, it is to be
understood that the dies may have different dimensions. For example, Die #2
may be wider than Die #1, and in this case, another die (not shown) may be
disposed above Die #2, on the same plane as Die #1.

As illustrated in FIG. 4, Die #2 may include backside metal layers 309
disposed on the backside of the chip substrate 304 for connecting with the
microbumps 310 such that Die #2 may be electrically connected to Die #1. Die
#2 may also include TSVs 414 such that Die #1 may be electrically connected
directly to the package substrate 322.

EXAMPLE OPERATIONS FOR FABRICATING A PACKAGE

FIG. 5 is a flow diagram of example operations 500 for fabricating a
semiconductor structure and/or a package (e.g., an IC package as described
below) including the semiconductor structure, in accordance with an example of
the present disclosure. At least a portion of the operations 500 may be
performed, for example, by a system for fabricating the semiconductor structure,
which may include a semiconductor processing chamber.

The operations 500 may begin, at block 502, by disposing an adhesion
layer above a semiconductor layer. At block 504, an anodic metal layer may be
disposed above the adhesion layer. At block 506, a cathodic metal layer may be
disposed above the anodic metal layer.

According to some examples, at least one of disposing the adhesion layer
at block 502, disposing the anodic metal layer at block 504, or disposing the
cathodic metal layer involves using physical vapor deposition (PVD).

According to some examples, the operations 500 further entail using
lithography and electroplating to form a plurality of pillars above the cathodic
metal layer. The plurality of pillars may have the same composition as the
cathodic metal layer. For some examples, the operations 500 further involve

etching the cathodic metal layer to remove at least a portion of the cathodic layer
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between the plurality of pillars. For some examples, the operations 500 further
include coating an upper surface of the semiconductor structure including the
plurality of pillars with a resist. For some examples, the operations 500 further
entail using lithography to remove at least a portion of the resist between the
plurality of pillars, such that the anodic metal layer is exposed. For some
examples, the operations 500 further involve etching at least a portion of the
anodic layer and the adhesion layer between the plurality of pillars, such that the
semiconductor layer is exposed and the resist is removed.

According to some examples, the anodic metal layer includes magnesium
(Mg).

According to some examples, the anodic metal layer includes an element
selected from the group consisting of aluminum (Al), zinc (Zn), and Nickel (Ni).

According to some examples, the cathodic metal layer includes copper
(Cu).

According to some examples, an oxidation potential of the anodic metal
layer is greater than an oxidation potential of the cathodic metal layer.

According to some examples, the anodic metal layer includes a metal
associated with a porous oxide. In this case, an oxidation rate of the porous
oxide may be linear as a function of time.

According to some examples, the anodic metal layer includes a metal
having an oxide-to-metal volume ratio less than 1.0.

According to some examples, the anodic layer is configured to inhibit
growth of an oxide associated with the cathodic metal layer by providing cathodic
protection to the cathodic metal layer.

According to some examples, the operations 500 further include, at
optional block 508, bonding the cathodic metal layer of the semiconductor
structure to a metallic layer of another structure at a temperature less than
200°C.

Examples of the present disclosure provide an integration method for Cu-
Cu bonding with reduced concerns for oxide formation, thereby providing
sufficient bonding at reduced temperatures and faster cycle times, without any
special requirements for this bonding. Examples of the present disclosure may

also enable longer queue (Q) or staging times.
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As used herein (including the claims that follow), a phrase referring to “at
least one of” a list of items refers to any combination of those items, including
single members. As an example, “at least one of. x, y, and z” is intended to
cover. X, Yy, z, X-y, X-Z, y-Z, X-y-z, and any combination thereof (e.g., x-y-y and x-
X-y-2).

While the foregoing is directed to examples of the present disclosure,
other and further examples of the disclosure may be devised without departing
from the basic scope thereof, and the scope thereof is determined by the claims

that follow.
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CLAIMS

What is claimed is:

1. A semiconductor structure comprising:
a semiconductor layer,;
an adhesion layer disposed above the semiconductor layer,;
an anodic metal layer disposed above the adhesion layer; and

a cathodic metal layer disposed above the anodic metal layer.

2. The semiconductor structure of claim 1, wherein the anodic metal layer

comprises magnesium (Mgq).

3. The semiconductor structure of claim 1, wherein the anodic metal layer
comprises an element selected from the group consisting of aluminum (Al), zinc
(Zn), and Nickel (Ni).

4. The semiconductor structure of any of claims 1-3, wherein the cathodic

metal layer comprises copper (Cu).

5. The semiconductor structure of any of claims 1-4, wherein an oxidation
potential of the anodic metal layer is greater than an oxidation potential of the

cathodic metal layer.

6. The semiconductor structure of any of claims 1-5, wherein the anodic
metal layer comprises a first metal, the cathodic metal layer comprises a second
metal, and the first metal has a greater oxidation potential than the second

metal.

7. The semiconductor structure of claim 6, wherein the first metal has a

more negative Gibbs free energy of oxide formation than the second metal.

8. The semiconductor structure of any of claims 1-7, wherein the anodic
metal layer comprises a metal associated with a porous oxide and wherein an

oxidation rate of the porous oxide is linear as a function of time.

14



WO 2018/183453 PCT/US2018/024778

10

15

20

25

30

9. The semiconductor structure of any of claims 1-8, wherein the anodic
metal layer comprises a metal having an oxide-to-metal volume ratio less than
1.0.

10.  The semiconductor structure of any of claims 1-9, wherein the anodic
metal layer is configured to inhibit growth of an oxide associated with the

cathodic metal layer by providing cathodic protection to the cathodic metal layer.

11.  The semiconductor structure of any of claims 1-10, wherein the adhesion
layer comprises titanium (Ti) and wherein the semiconductor layer comprises
silicon (Si).

12. The semiconductor structure of any of claims 1-11, wherein the cathodic

metal layer is disposed directly above the anodic metal layer.

13.  The semiconductor structure of any of claims 1-12, wherein the cathodic

metal layer comprises one or more pillars.

14.  An integrated circuit package comprising:
a package substrate; and
a plurality of dies disposed above the package substrate, wherein:
at least one of the plurality of dies is electrically coupled to another
one of the plurality of dies via a plurality of copper pillar microbumps;
the at least one of the plurality of dies comprises:
a cathodic metal layer forming the copper pillar microbumps;
an anodic metal layer disposed above the cathodic metal
layer;
an adhesion layer disposed above the anodic metal layer,
and
a semiconductor layer disposed above the adhesion layer,
and
wherein an oxidation potential of the anodic metal layer is greater than an
oxidation potential of the cathodic metal layer.
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500

502
DISPOSE AN ADHESION LAYER ABOVE A
SEMICONDUCTOR LAYER
504
DISPOSE AN ANODIC METAL LAYER
ABOVE THE ADHESION LAYER
506

DISPOSE A CATHODIC METAL LAYER ABOVE THE ANODIC
METAL LAYER TO FORM A FIRST STRUCTURE

BOND THE CATHODIC METAL LAYER TO A METALLIC :
LAYER OF A SECOND STRUCTURE AT A TEMPERATURE |
LESS THAN 200°C |
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