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SEMICONDUCTOR DEVICE WITH COMPLIANT ELECTRICAL

TERMINALS, APPARATUS INCLUDING THE SEMICONDUCTOR
DEVICE, AND METHODS FOR FORMING SAME

BACKGROUND OF THE INVENTION

1. FIELD OF THE INVENTION

This invention relates generally to electrical apparatus having terminals, and, more
particularly, to electrical apparatus having area array terminals for forming electrical

connections.

3. DESCRIPTION OF THE RELATED ART

During manufacture of an integrated circuit, signal lines that are formed upon a
silicon substrate and which are to be ultimately connected to external devices, are terminated
at flat metal contact regions called input/output (I/O) pads. Following manufacture, the
integrated circuit (i.e., chip) is typically secured within a protective semiconductor device
package. Each I/O pad of the integrated circuit is then connected to one or more electrical
terminals of the device package.

The electrical terminals of a device package are typically arranged either about a
periphery of the package, or in a two-dimensional array across an underside surface of the
package. Metal conductors are typically used to connect the I/0O pads of the integrated circuit
to the terminals of the device package.. The metal conductors may be, for example, fine metal
bond wires, "traces" (i.e., signal lines) formed on and/or within a substrate of the device
package, traces formed on and/or within a flexible carrier film or laminate such as a tape
automated bonding or TAB tape, or a lead frame. Peripheral terminal device packages may
have, for example, terminals called "pins" for insertion into holes in an interconnect apparatus
(e.g., a printed circuit board or PCB), or terminals called "leads" for attachment to flat metal

contact regions on an exposed surface of an interconnect apparatus. Area array terminal
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device packages typically have solder “balls” or “bumps” for attachment to flat metal pads on
an exposed surface of an interconnect apparatus.

Area array terminal packages have terminals arranged in a two-dimensional array
across the underside surface of the device package. As a result, the physical dimensions of
area array terminal packages having hundreds of terminals are much smaller than their
peripheral terminal counterparts. Such smaller packages are highly desirable in portable
device applications such as laptop and palmtop computers and hand-held communications
devices such as cellular telephones. In addition, the lengths of signal lines from integrated
circuit I/O pads to device package terminals are shorter, thus the high frequency electrical
performances of grid array device packages are typically better than those of corresponding
peripheral terminal device packages.

Controlled collapse chip connection (C4) is a well known method of attaching an
integrated circuit directly to a substrate (e.g., fiberglass-epoxy printed circuit board material
or a ceramic substrate). The C4 attachment method is commonly referred to as the "flip chip”
attachment method. In preparation for C4 attachment, the I/O pads of the integrated circuit
are typically arranged in a two-dimensional array upon an underside surface of the integrated
circuit, and a corresponding set of bonding pads are formed upon an upper surface of the
substrate. A solder "bump" is formed upon each of the I/O pads of the integrated circuit. For
example, several layers of constituent metals of a solder alloy may be deposited on the 1/0
pads of the integrated circuit. Following deposition of the metal layers, the integrated circuit
may be heated to melt the metal layers. The molten metals may mix together to form the
solder alloy, and the surface tension of the solder alloy may cause the molten solder alloy to
form hemispherical solder "bumps” on the I/O pads of the integrated circuit. Solder paste is

typically deposited upon each of the bonding pads of the substrate.

-



10

15

20

WO 03/023855 PCT/US02/25427

During C4 attachment of the integrated circuit to the substrate, the solder bumps on
the I/O pads of the integrated circuit are placed in physical contact with the solder paste on
the corresponding bonding pads of the substrate. The substrate and the integrated circuit are
then heated long enough for the solder to melt or “reflow.” When the solder cools, the I/O
pads of the integrated circuit are electrically and mechanically coupled to the bonding pads of
the substrate.

A popular type of area array terminal device package is the “flip chip” ball grid array
(BGA) device package. A typical “flip chip” BGA device package includes an integrated
circuit mounted upon an upper surface of a larger package substrate using the C4 or “flip
chip” attachment method described above. The substrate includes two sets of bonding pads:
a first set arranged on the upper surface adjacent to the integrated circuit, and a second set
arranged in a two-dimensional array across an underside surface of the BGA device package.
One or more layers of electrically conductive traces (i.e., signal lines) formed on and/or
within the substrate connect respective members of the first and second sets of bonding pads.
Members of the second set of bonding pads function as device package terminals. A solder
ball is attached to each member of the second set of bonding pads. The solder balls allow the
BGA device package to be surface mounted to an interconnect apparatus (e.g., a PCB).

A problem arises in that the coefficients of thermal expansion (CTEs) of the
integrated circuit and the package substrate typically differ. This difference in CTEs creates
mechanical stresses within the solder bumps during the solder reflow operation described
above. Further, following attachment of the integrated circuit to the package substrate, the
integrated circuit heats up while dissipating electrical power during operation, and cools
down when not operating. Again, the difference in the CTEs of the integrated circuit and the

package substrate creates mechanical stresses within the solder bumps during the resultant
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thermal cycling. Left unchecked, these mechanical stresses typically cause the solder bump
connections to fatigue and fail after an unacceptably small number of thermal cycles.

A common solution to the above described CTE mismatch problem is to form a layer
of an underfill material in the region between the integrated circuit and the substrate during a
final portion of the “flip chip” attachment process. The underfill material encapsulates the
C4 connections and mechanically “locks™ the chip to the substrate, reducing mechanical
stresses in the solder bump connections during thermal cycling, thereby significantly
increasing the reliabilities of the solder bump connections. It is noted, however, that using an
underfill material to reduce solder bump stresses creates another problem in that rework of
such underfilled integrated circuit device packages is very difficult. In addition, the underfill
process is time consuming, and constitutes a process the semiconductor device manufacturing
industry would like to eliminate.

The term “chip scale package” or CSP is used to describe a BGA device package that
has dimensions no larger than 1.2 times corresponding dimensions of the integrated circuit.
Due to their smaller size, CSPs are attractive, particularly for portable device applications.
The substrate of a CSP may be, for example, a flexible film or laminate (e.g., polyimide
film/laminate), a rigid material (e.g., fiberglass-epoxy printed circuit board material or
ceramic), or a lead frame.

Unlike larger BGA device packages, a solder bump, not a solder ball, is formed on
each member of the second set of bonding pads of the CSP substrate (e.g., in a manner
similar to the way in which solder bumps are formed upon the I/O pads of the integrated
circuit). The solder bumps of CSPs allow the CSPs to be surface mounted to an interconnect
apparatus (e.g., a PCB). Where the CTE mismatch between the CSP substrate and the
interconnect apparatus is relatively small, the solder bump connections formed between the

CSP and the interconnect apparatus are sufficiently reliable that there is often no requirement
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to fill the region between the CSP substrate and the interconnect apparatus with an underfill
material. In this situation, it is relatively easy to remove a faulty CSP from the interconnect
apparatus and replace the faulty CSP with another CSP (i.e., rework the CSP).

In some cases, however, a CSP is formed by merely forming a thin protective coating
over the underside surface of an integrated circuit about the I/O pads, and forming solder
bumps upon the I/O pads. In this case, when the CSP is surface mounted to an interconnect
apparatus (e.g., a PCB), there is no CSP substrate between the integrated circuit substrate and
the interconnect apparatus. In this situation, the mechanical stresses within the solder bumps,
created during temperature cycling due to the CTE mismatch between the integrated circuit
and the interconnect apparatus, cause the solder bump connections to fatigue and fail after an
unacceptably small number of thermal cycles.

The present invention is directed to an integrated circuit device with compliant
electrical terminals, wherein the compliant electrical terminals achieve highly reliable
electrical connections between the integrated circuit device and an interconnect apparatus
(e.g., a PCB) to which the integrated circuit device is attached, despite a CTE mismatch
between the integrated circuit device and the interconnect apparatus, and without the required

use of an underfill material.

SUMMARY OF THE INVENTION

A semiconductor device is described including multiple input/output (I/O) pads
arranged on a surface of a semiconductor substrate, a compliant dielectric layer, an outer
dielectric layer, and multiple electrically conductive, compliant interconnect bumps (i.e.,
compliant bumps). The semiconductor device may be, for example, a chip scale package
(CSP). The compliant bumps may form electrical terminals of the semiconductor device.

The compliant dielectric layer is positioned between the outer dielectric layer and the

surface of the semiconductor substrate. The outer dielectric layer and the compliant dielectric
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both have multiple openings (i.e., holes) extending therethrough. Each of the compliant
bumps is formed upon, and corresponds to, a different one of the I/O pads, and extends
through a different one of the openings in the first compliant dielectric layer and the outer

dielectric layer.

Each of the compliant bumps includes an electrically conductive, compliant body, and
an electrically conductive, solderable conductor element. The compliant bodies are
positioned between the solderable conductor elements and corresponding I/O pads. The
compliant bodies form mechanically flexible, electrically conductive paths between the

solderable conductor elements and the corresponding I/0 pads.

Each of the solderable conductor elements is solder wettable. That is, molten solder
coming in contact with exposed surfaces of the solderable conductor elements will adhere to
those surfaces, thus allowing solder to be used to electrically and mechanically couple the
solderable conductor elements to corresponding bonding pads of an element to which the
semiconductor device is to be connected (i.e., a connected element).

The compliant bodies allow the compliant bumps to deform elastically under forces
below a threshold value. As a result, the compliant bumps are able to withstand such forces
without the fatigue and failure typical of solder bump connections. For this reason, the
reliabilities of connections formed between the semiconductor device and the connected
element using the compliant bumps are expectedly greater than the reliabilities of solder
bump connections.

The compliant dielectric layer may provide stress relief for the outer dielectric layer
and the surface of the semiconductor substrate. When a force is applied to a surface of the
outer dielectric layer opposite the compliant dielectric layer, the force may be substantially
transmitted to the compliant dielectric layer. In response to the force, the compliant dielectric

layer deforms, allowing the outer dielectric layer to move in relation to the surface of the
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semiconductor substrate.

The outer dielectric layer may provide mechanical protection for the compliant
dielectric layer and the surface of the semiconductor substrate. When the force is applied to
the surface of the outer dielectric layer opposite the compliant dielectric layer, the outer
dielectric layer deforms to a lesser extent than the compliant dielectric layer, and serves to
distribute the force over a relatively wide area of the compliant dielectric layer.

One embodiment of a method for forming the semiconductor device includes forming
the compliant dielectric layer over the surface of the semiconductor substrate. Each of the
multiple openings of the compliant dielectric layer exposes a different one of the I/O pads.
One of the compliant bodies is formed in each of the openings of the compliant dielectric
layer such that each of the compliant bodies is electrically coupled to the I/0 pad exposed by
the corresponding opening. The outer dielectric layer is formed over the compliant dielectric
layer. Eaéh of the openings of the outer dielectric layer exposes a different one of the
compliant bodies. One of the solderable conductor elements is formed in each of the
openings of the outer dielectric layer such that each of the solderable conductor elements is
electrically coupled to the compliant body exposed by the corresponding opening. Several
other embodiments of the method for forming the semiconductor device are described.

An apparatus is described including a component (e.g., a printed circuit board, a
package substrate, etc.) joined to a semiconductor device (e.g., the semiconductor device
described above). The component includes a substrate and multiple bonding pads arranged
upon a surface of the substrate, wherein the bonding pads are arranged according to a first
pattern.  The semiconductor device includes a semiconductor substrate and multiple
input/output (I/0) pads arranged on a surface of the semiconductor substrate, wherein the I/O
pads are arranged according to a second pattern, and wherein the second pattern is

substantially the same as (e.g., a mirror image of) the first pattern.
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The semiconductor device also includes a compliant dielectric layer, an outer
dielectric layer, and multiple copies of the electrically conductive, compliant bumps
described above. The compliant dielectric layer is positioned between the outer dielectric
layer and the surface of the semiconductor substrate. The compliant dielectric layer and the
outer dielectric layer each have multiple openings (i.e., holes) extending therethrough. Each
of the compliant bumps extends through a different one of the openings in the compliant
dielectric layer and the outer dielectric layer. In the apparatus, the bonding pads of the
component are adjacent to, and electrically coupled to, the 1/0 pads of the semiconductor
device.

One embodiment of a method for forming the apparatus described above includes
providing the component and the semiconductor device. Solder bumps are formed on the
bonding pads of the component. The I/O pads of the semiconductor device are brought into
contact with the solder bumps formed on the bonding pads of the component. The substrate
of the component and/or the semiconductor substrate of the semiconductor device are heated
until the solder bumps melt. When the solder cools, the I/0 pads of the semiconductor device
are mechanically and electrically coupled to the bonding pads of the component.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention may be understood by reference to the following description taken in
conjunction with the accompanying drawings, in which like reference numerals identify
similar elements, and in which:

Figure 1 is a perspective view of a portion of one embodiment of a semiconductor
device including a semiconductor substrate, a compliant dielectric layer, an outer dielectric
layer, and multiple electrically conductive, compliant interconnect bumps (i.e., compliant
bumps) extending through openings (i.e., holes) in the compliant dielectric layer and the outer

dielectric layer;
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Figure 2A is a cross-sectional view of a portion of the substrate of Figure 1, wherein
multiple input/output (I/O) pads have been formed on an upper‘ surface of the substrate;

Figure 2B is the cross-sectional view of the portion of the substrate of Figure 2A,
wherein the compliant dielectric layer of Figure 1 has been formed over the upper surface of
the substrate, and wherein the compliant dielectric layer has multiple holes extending
therethrough, and wherein each of the holes exposes an upper surface of a different one of the
/O pads;

Figure 2C is the cross-sectional view of the portion of the substrate of Figure 2B,
wherein electrically conductive, compliant bodies have been formed in the holes of the
compliant dielectric layer;

Figure 2D is the cross-sectional view of the portion of the substrate 102 of Figure 2C,
wherein the outer dielectric layer of Figure 1 has been formed over an upper surface of the
compliant dielectric layer, and wherein the outer dielectric layer has muitiple holes extending
therethrough, and wherein each of the holes exposes an upper surface of a different one of the
compliant bodies;

Figure 2E is the cross-sectional view of the portion of the substrate of Figure 2D,
wherein electrically conductive, solderable conductor elements have been formed in the holes
of the outer dielectric layer;

Figure 3A is a cross-sectional view of a portion of the substrate of Figure 1, wherein
the multiple /O pads of Figure 2A have been formed on the upper surface of the substrate;

Figure 3B is the cross-sectional view of the portion of the substrate of Figure 3A,
wherein electrically conductive metal coating elements have been formed over upper and side
surfaces of the I/O pads;

Figure 3C is the cross-sectional view of the portion of the substrate of Figure 3B,

wherein the compliant dielectric layer of Figure 1 has been formed over the conductive metal
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coating elements and the portion of the upper surface of the semiconductor substrate
surrounding the conductive metal coating elements, and wherein the compliant dielectric
layer has multiple holes extending therethrough, and wherein each of the holes exposes an
upper surface of a different one of the conductive metal coating elements;

Figure 3D is the cross-sectional view of the portion of the substrate of Figure 3C,
wherein the electrically conductive, compliant bodies of Figure 2C have been formed in the
holes of the compliant dielectric layer;

Figure 3E is the cross-sectional view of the portion of the subst(ate of Figure 3D,
wherein the outer dielectric layer of Figure 1 has been formed over an upper surface of the
compliant dielectric layer, and wherein the outer dielectric layer has multiple holes extending
therethrough, and wherein each of the holes exposes an upper surface of a different one of the
compliant bodies;

Figure 3F is the cross-sectional view of the portion of the substrate of Figure 3E,
wherein the electrically conductive, solderable conductor elements of Figure 2E have been
formed in the holes of the outer dielectric layer;

Figure 4A is a cross-sectional view of a portion of the substrate of Figure 1, wherein
the multiple I/O pads of Figure 2A have been formed on the upper surface of the substrate;

Figure 4B is the cross-sectional view of the portion of the substrate of Figure 4A,
wherein the compliant dielectric layer of Figure 2B has been forrped over the upper surface
of the substrate, and wherein the compliant dielectric layer has multiple holes extending
therethrough, and wherein each of the holes exposes an upper surface of a different one of the
I/O pads;

Figure 4C is the cross-sectional view of the portion of the substrate of Figure 4B,
wherein the compliant bodies of Figure 2C have been formed in the holes of the compliant

dielectric layer;
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Figure 4D is the cross-sectional view of the portion of the substrate of Figure 4C,
wherein electrically conductive metal coating elements have been formed over upper surfaces
of the compliant bodies;

Figure 4E is the cross-sectional view of the portion of the substrate of Figure 4D,
wherein the outer dielectric layer of Figure 1 has been formed over an upper surface of the
compliant dielectric layer, and wherein the outer dielectric layer has multiple holes extending
therethrough, and wherein each of the holes exposes an upper surface of a different one of the
conductive metal coating elements;

Figure 4F is the cross-sectional view of the portion of the substrate of Figure 4E,
wherein the solderable conductor elements of Figure 2E have been formed in the holes of the
outer dielectric layer;

Figure 5A is a cross-sectional view of a portion of the substrate of Figure 1, wherein
the multiple I/O pads of Figure 2A have been formed on the upper surface of the substrate;

Figure 5B is the cross-sectional view of the portion of the substrate of Figure SA,
wherein the conductive metal coating elements of Figure 3B have been formed over upper
and side surfaces of the I/O pads;

Figure 5C is the cross-sectional view of the portion of the substrate of Figure 5B,
wherein the compliant dielectric layer of Figure 2B has been formed over the upper surface
of the substrate, and wherein the compliant dielectric layer has multiple holes extending
therethrough, and wherein each of the holes exposes an upper surface of a differ¢nt one of the
conductive metal coating elements of Figure 3B;

Figure 5D is the cross-sectional view of the portion of the substrate of Figure 5C,
wherein the compliant bodies of Figure 2C have been formed in the holes of the compliant

dielectric layer;
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Figure SE is the cross-sectional view of the portion of the substrate of Figure 5D,
wherein the electrically conductive metal coating elements of Figure 4D have been formed
over upper surfaces of the compliant bodies;

Figure SF is the cross-sectional view of the portion of the substrate of Figure SE,
wherein the outer dielectric layer of Figure 1 has been formed over an upper surface of the
compliant dielectric layer, and wherein the outer dielectric layer has multiple holes extending
therethrough, and wherein each of the holes exposes an upper surface of a different one of the
conductive metal coating elements of Figure 4D;

Figure 5G is the cross-sectional view of the portion of the substrate of Figure 5F,
wherein the solderable conductor elements of Figure 2E have been formed in the holes of the
outer dielectric layer;

Figure 6A is a cross-sectional view of a portion of a first apparatus, wherein the first
apparatus includes a substrate and multiple bonding pads arranged upon a surface of the
substrate;

Figure 6B is the cross-sectional view of the portion of the first apparatus of Figure
6A, wherein solder coating layers have been formed on upper surfaces of the bonding pads;

Figure 6C is a cross-sectional view of a portion of one embodiment of the
semiconductor device of Figure 1 and the portion of the first apparatus of Figure 6B, wherein
the portion of the semiconductor device has been inverted and positioned over the portion of
the first apparatus, and wherein a coupling operation is taking place wherein the
semiconductor device is being coupled to the first apparatus; and

Figure 6D is a cross-sectional view of the portions of the semiconductor device and
the first apparatus of Figure 6B following the coupling operation of Figure 6C, wherein the
portions of the semiconductor device and the first apparatus have been joined to form a

second apparatus.
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While the invention is susceptible to various modifications and altemative forms,
specific embodiments thereof have been shown by way of example in the drawings and are
herein described in detail. It should be understood, however, that the description herein of
specific embodiments is not intended to limit the invention to the particular forms disclosed,
but on the contrary, the intention is to cover all modifications, equivalents, and alternatives
falling within the spirit and scope of the invention as defined by the appended claims.

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS

[llustrative embodiments of the invention are described below. In the interest of
clarity, not all features of an actual implementation are described in this specification. It will,
of course, be appreciated that in the development of any such actual embodiment, numerous
implementation-specific decisions must be made to achieve the developers’ specific goals,
such as compliance with system-related and business-related constraints, which will vary
from one implementation to another. Moreover, it will be appreciated that such a develop-
ment effort might be complex and time-consuming, but would nevertheless be a routine
undertaking for those of ordinary skill in the art having the benefit of this disclosure.

Figure 1 is a perspective view of a portion of one embodiment of a semiconductor
device 100 including a semiconductor substrate 102, a compliant dielectric layer 106, an
outer dielectric layer 108, and multiple electrically conductive, compliant bumps 104
extending through openings in the compliant dielectric layer 106 and the outer dielectric layer
108. As will be described below, each of the compliant bumps 104 is formed over a different
one of multiple I/O pads (not shown in Figure 1) of the semiconductor device 100. The I/O
pads are arranged upon an upper surface 102A of the substrate 102, and terminate electrical
power and/or signal lines of the semiconductor device 100. The I/O pads are intended for
connection to circuits external to the semiconductor device 100, and the compliant bumps

104 form electrical terminals of the semiconductor device 100.
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As shown in Figure 1, the compliant dielectric layer 106 is positioned over the upper
surface 102A of the substrate 102. The outer dielectric layer 108 is positioned over the
compliant dielectric layer 106 such that the compliant dielectric layer 106 lies between the
outer dielectric layer 108 and the upper surface 102A of the substrate 102. In combination,
the compliant dielectric layer 106 and the outer dielectric layer 108 form a flexible
passivation layer; a sealing layer to protect the upper surface 102A of the substrate 102 from
moisture and contamination.

In the embodiment of Figure 1, the compliant bumps 104 extend through openings in
the compliant dielectric layer 106, and through corresponding openings in the outer dielectric
layer 108 such that upper surfaces 104A of the compliant bumps 104 protrude through an
upper surface 108A of the outer dielectric layer 108. Where the upper surface 102A of the
substrate 102 serves as an elevational reference surface, the upper surfaces 104A of the
compliant bumps 104 are elevationally above the upper surface 108A.

During manufacture, the semiconductor substrate 102 may have been a part of a much
larger semiconductor wafer. The compliant bumps 104 may have been formed on the
semiconductor substrate 102 during manufacture, and before the semiconductor substrate 102
was separated from the larger semiconductor wafer.

The semiconductor substrate 102 may have multiple active and/or passive electrical
devices formed thereon and/or therein. The multiple electrical devices may be interconnected
to form one or more electrical circuits. In this situation, the semiconductor substrate 102 may
be considered an integrated circuit die, and the semiconductor device 100 of Figure 1 may be
considered a chip scale package (CSP).

It is noted that the I/O pads, the corresponding compliant bumps 104, the compliant
dielectric layer 106, and the outer dielectric layer 108 may exist on and over more than one

surface of the semiconductor substrate 102.
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As will be described below, each of the compliant bumps 104 includes an electrically
conductive, compliant body and an electrically conductive, solderable conductor element.
The compliant body of each of the compliant bumps 104 is formed over an 1/O pad of the
semiconductor device 100, and the solderable conductor element is formed over the
compliant body. The compliant body of each of the compliant bumps 104 is thus positioned
between the I/0 pad of the semiconductor device 100 and the corresponding solderable
conductor element, and electrically couples the I/O pad to the corresponding solderable
conductor element.

The solderable conductor elements of the compliant bumps 104 are intended to
contact corresponding bonding pads of an element (e.g., a printed circuit board, a device
package substrate, an integrated circuit die, etc.) to which the semiconductor device 100 is to
be connected (i.e., attached or mounted). Hereinbelow, the element to which the
semiconductor device 100 is to be connected will be referred to as “the connected element.”
In general, the solderable conductor elements are “solder wettable.” That is, molten solder
coming in contact with exposed surfaces of the solderable conductor elements will adhere to
those surfaces, thus allowing solder to be used to electrically and mechanically couple the
solderable conductor elements to the corresponding bonding pads of the connected element.
A solder reflow operation may be used to couple the solderable conductor elements of the
compliant bumps 104 to the corresponding bonding pads of the connected element via solder
at substantially the same time.

Due primarily to the presence of the compliant bodies, the compliant bumps 104 are
able to deform elastically when subjected to forces exerted between solderable conductor
elements and the substrate 102. Such forces may be intentionally created between the
semiconductor device 100 and an element to which the semiconductor device 100 is to be

connected during the coupling of the solderable conductor elements to the corresponding
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bonding pads of the connected element in an effort to reduce or eliminate gaps existing
between some of the solderable conductor elements and the corresponding bonding pads of
the connected eclement. Such gaps typically result from differences in heights of the
solderable conductor elements, non-planarities of surfaces of the substrate 102 and/or the
connected element, etc.

Such forces are also expectedly created when the coefficient of thermal expansion
(CTE) of the semiconductor device 100 does not match the CTE of the connected element.
For example, during a solder reflow operation used to couple the solderable conductor
elements to the corresponding bonding pads of the connected element, such forces are
expectedly created due to the differences in the CTEs of the semiconductor device 100 and
the connected element. Following the coupling of the solderable conductor elements to the
corresponding bonding pads of the connected element, such forces are also expectedly
created during thermal cycling due to the differences in the CTEs of the semiconductor
device 100 and the connected element.

The abilities of the compliant bumps 104 to deform elastically under such forces
allows the compliant bumps 104 to withstand such forces without the fatigue and failure
typical of solder coating layer connections. The compliant bodies form mechanically
flexible, electrically conductive paths between the solderable conductor elements and the
corresponding I/O pads of the semiconductor device 100. As a result, the reliabilities of the
connections formed between the semiconductor device 100 and the connected element using
the compliant bumps 104 are expectedly greater than the reliabilities of solder coating layer
connections.

Figures 2A-2E will now be used to describe one embodiment of a method for
fabricating the semiconductor device 100 of Figure 1. Figure 2A is a cross-sectional view of

a portion of the substrate 102 of Figure 1, wherein multiple I/O pads 200 have been formed
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on the upper surface 102A of the substrate 102. For example, the I/O pads 200 may be
formed by patterning a layer of a metal (e.g., aluminum or copper) formed on the upper
surface 102A of the substrate 102. Each of the I/0 pads 200 has two major surfaces: an
underside surface 200B in contact with the upper surface 102A of the substrate 102, and an
upper surface 200A opposite the underside surface 200B.

Figure 2B is the cross-sectional view of the portion of the substrate 102 of Figure 2A,
wherein the compliant dielectric layer 106 (see Figure 1) has been formed over the upper
surface 102A of the semiconductor substrate 102. The compliant dielectric layer 106 is
substantially a sheet of compliant dielectric material having an upper surface 106A and an
opposed underside surface 106B. In the embodiment of Figure 2B, the underside surface
106B of the compliant dielectric layer 106 is in direct, and substantially continuous, contact
with the upper surface 102A of the semiconductor substrate 102.

The compliant dielectric material used to form the compliant dielectric layer 106 may
be a polymer-based material. Such polymer-based materials include thermoplastics,
thermosets, and B-stageable materials. Common types of suitable polymer materials include
epoxy, silicone, polyimide, and acrylate polymers and copolymers. Such polymer materials
may require curing after application for the material to acquire a desired shape and form at
room temperature.

The compliant dielectric layer 106 may be formed by any one of several known
methods, including screen printing, stencil printing, inkjet printing, sheet transfer of
preformed films, and coating (e.g., spin coating). The compliant dielectric layer 106 may be
a layer of a single compliant dielectric material, or multiple layers of different compliant
dielectric materials.

In Figure 2B, multiple holes 210 have been formed in the compliant dielectric layer

106 over the I/O pads 200 to expose the upper surfaces 200A of the I/O pads 200. Each of
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the holes 210 extends between the upper surface 106A of the compliant dielectric layer 106
and the underside surface 106B (i.e., between the upper surface 106A of the compliant
dielectric layer 106 and the upper surface 200A of a corresponding one of the I/O pads 200).
The holes 210 may be formed in a solid sheet of compliant dielectric material using known
photolithographic methods.

In the embodiment of Figure 2B, the side walls 210A of the holes 210 are contained
within the outer boundaries of the corresponding 1/0 pads 200, as defined by the sides
surfaces 200C of the corresponding I/O pads 200. Further, the side walls 210A of the holes
210 are substantially vertical such that dimensions of openings in the upper surface 106A and
the underside surface 106B of the compliant dielectric layer 106, corresponding to the holes
210, have substantially the same dimensions. In other embodiments, the side walls 210A of
the holes 210 may not be substantially vertical, and may not be contained within the outer
boundaries of the corresponding 1/0 pads 200.

Regarding the electrical properties of the compliant dielectric layer 106, the volume
resistivity of the compliant dielectric layer 106 should be greater than or equal to about 1.0 x
10'° ohm-cm. In one embodiment, the volume resistivity of the compliant dielectric layer
106 may be greater than or equal to approximately 1.0 x 10'* ohm-cm.

Regarding the mechanical properties of the compliant dielectric layer 106, the
Young's modulus of a material is a ratio of unidirectional internal stress within the material
to an initial strain placed upon it. When a magnitude of a force applied to the material is
below a threshold level, the strain in the material resulting from the applied force is
substantially proportional to the applied stress, and the material is said to exhibit substantially
“Hookean” or ideal elasticity. In one embodiment, the Young's modulus of the compliant
dielectric layer 106 may be less than or equal to about 8,000 MPa, and may be less than or

equal to approximately 1,000 MPa.
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Figure 2C is the cross-sectional view of the portion of the substrate 102 of Figure 2B,
wherein electrically conductive, compliant bodies 220 have been formed in the holes 210.
Each of the compliant bodies 220 has an upper surface 220A and an opposed underside
surface 220B. In the embodiment of Figure 2C, the compliant bodies 220 substantially fill
the corresponding holes 210, the underside surfaces 220B of the compliant bodies 220 are in
direct contact with the upper surfaces 200A of the corresponding I/0 pads 200, and the upper
surfaces 220A of the compliant bodies 220 are substantially even with (i.e., flush with) the
upper surface 106A of the compliant dielectric layer 106. It is noted that in other
embodiments, the upper surfaces 220A of the compliant bodies 220 may be above or below
the upper surface 106A of the compliant dielectric layer 106.

Formed within a corresponding one of the holes 210, each of the compliant bodies
220 is contained within the corresponding one of the holes 210. As described above, the side
walls 210A 6f the holes 210 are contained within the outer boundaries of the corresponding
I/O pads 200. (See Figure 2B.) Accordingly, each of the compliant bodies 220 is contained
within an outer boundary of the corresponding one of the I/O pads 200 such that the
compliant bodies 220 do not contact any portion of the upper surface 102A of the substrate
102 surrounding the conductive metal coating elements 300. In other embodiments, the side
walls 210A of the holes 210 may not be contained within the outer boundaries of the
corresponding 1/O pads 200, and the compliant bodies 220 may contact a portion of the upper
surface 102A of the substrate 102 surrounding the conductive metal coating elements 300.

The compliant bodies 220 may be formed from one or more polymer-based,
electrically conductive materials. Such materials include thermoplastics, thermosets, and B-
stageable materials. Common types of suitable polymer materials include epoxy, silicone,
polyimide, and acrylate polymers and copolymers. Such polymer materials may require

curing after application for the material to acquire a desired shape and form at room
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temperature.

Suitable electrical conductivity of the compliant bodies 220 may be achieved by
incorporating one or more metallic fillers, such as silver, gold, palladium, and alloys thereof.
Inherently conductive polymer compositions are also known, and may be used to form the
compliant bodies 220. Commercially available filler material products include filler particles
of various sizes and shapes. Such commercially available filler materials may be suitable.

The compliant bodies 220 may be formed using any one of several known methods,
including screen printing, stencil printing, inkjet printing, sheet transfer of preformed bodies,
coating (e.g., spin coating) followed by photoimaging, or photoimaging via multi-layer
techniques. Regarding electrical conductivities of the compliant bodies 220, the achieved
volume resistivity of the compliant bodies 220 should be less than or equal to about 0.001
ohm-cm. In one embodiment, the achieved volume resistivity of the compliant bodies 220
may be less than or equal to approximately 0.0001 ohm-cm. Regarding a lower limit for the
volume resistivity, electrically conductive particle-filled compositions having volume
resistivities as low as 0.00005 ohm-cm are attainable. Solid silver metal (99.78% pure) has a
volume resistivity of 0.0000016 ohm-cm, which may be considered a practical lower limit of
attainable volume resistivity.

Regarding the mechanical properties of the compliant bodies 220, the Young's -
modulus of the compliant bodies 220 may be less than or equal to about 8,000 MPa, and may
be less than or equal to approximately 1,000 MPa. The compliant bodies 220 also have
suitable measures of elongation and compressibility. Elongation is defined as the increase in
a length of a specimen in tension, usually expressed as a percentage of the original length.
Compressibility is defined as a decrease in a thickness of a specimen under compression,
usually expressed as a percentage of the original thickness.

Figure 2D is the cross-sectional view of the portion of the substrate 102 of Figure 2C,
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wherein the outer dielectric layer 108 (see Figure 1) has been formed over the upper surface
106A of the compliant dielectric layer 106. The outer dielectric layer 108 is substantially a
sheet of dielectric material having the upper surface 108A shown in Figure 1 and described
above, and an opposed underside surface 108B. In the embodiment of Figure 2D, the
underside surface 108B of the outer dielectric layer 108 is in direct, and substantially
continuous, contact with the upper surface 106A of the compliant dielectric layer 106. The
outer dielectric layer 108 may be a layer of a single dielectric material, or multiple layers of
different dielectric materials.

The dielectric material used to form the outer dielectric layer 108 may be a polymer-
based material. Such polymer-based materials include thermoplastics, thermosets, and B-
stageable materials. Common types of suitable polymer materials include epoxy, silicone,
polyimide, and acrylate polymers and copolymers. Such polymer materials may require
curing after application for the material to acquire a desired shape and form at room
temperature.

Where the outer dielectric layer 108 is a polymer-based material, the outer dielectric
layer 108 may be formed by any one of several known methods, including screen printing,
stencil printing, inkjet printing, sheet transfer of preformed films, and coating (e.g., spin
coating).

The outer dielectric layer 108 may also be an inorganic dielectric material, such as
silicon dioxide (Si0,) or silicon nitride (Si3Ng). Such inorganic dielectric materials may be
deposited on the compliant dielectric layer 106 (e.g., via chemical vapor deposition or CVD).

Regarding the mechanical properties of the outer dielectric layer 108, the outer
dielectric layer 108 is preferably mechanically “stiffer” than the compliant dielectric layer
106 such that when a force is applied to the upper surface 108A of the outer dielectric layer

108, the outer dielectric layer 108 deforms to a lesser extent than the compliant dielectric
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layer 106, and serves to distribute the applied force over arelatively wide area of the
compliant dielectric layer 106. The Young's modulus of the outer dielectric layer 108 may
be, for example, greater than or equal to approximately twice the Young's modulus of the
compliant dielectric layer 106.

In Figure 2D, multiple holes 230 have been formed in the outer dielectric layer 108
over the compliant bodies 220 to expose the upper surfaces 220A of the compliant bodies
220. Each of the holes 230 extends between the >upper surface 108 A of the outer dielectric
layer 108 and the underside surface 108B. The holes 230 may be formed in a solid sheet of
dielectric material using known photolithographic methods.

In the embodiment of Figure 2D, the side walls 230A of the holes 230 are contained
within the outer boundaries of the corresponding I/O pads 200, as defined by the sides
surfaces 200C of the corresponding I/O pads 200. (See Figure 2B.) Further, the side walls
230A of the holes 230 are substantially vertical such that dimensions of openings in the upper
surface 108A and the underside surface 108B of the outer dielectric layer 108, corresponding
to the holes 230, have substantially the same dimensions. In other embodiments, the side
walls 230A of the holes 230 may not be substantially vertical, and may not be contained
within the outer boundaries of the corresponding I/0 pads 200.

Figure 2E is the cross-sectional view of the portion of the substrate 102 of Figure 2D,
wherein electrically conductive, solderable conductor elements 240 have been formed in the
holes 230. Each of the solderable conductor elements 240 has an upper surface 240A and an
opposed underside surface 240B. In the embodiment of Figure 2E, the solderable conductor
elements 240 substantially fill the corresponding holes 230, the underside surfaces 240B of
the solderable conductor elements 240 are in direct contact with the upper surfaces 220A of
the corresponding compliant bodies 220, and the upper surfaces 240A of the solderable

conductor elements 240 extend above the upper surface 108A of the outer dielectric layer



10

15

20

25

WO 03/023855 PCT/US02/25427

108. It is noted that in other embodiments, the upper surfaces 240A of the solderable
conductor elements 240 may be even with, or below, the upper surface 108A of the outer
dielectric layer 108.

Formed within a corresponding one of the holes 230, each of the solderable conductor
elements 240 is contained within the corresponding one of the holes 230. In the
embodiments of Figures 2D-2E, the side walls 230A of the holes 230 are contained within the
outer boundaries of the corresponding I/O pads 200, defined by the side surfaces 200C of the
corresponding I/O pads 200. (See Figure 2B.) Accordingly, each of the solderable conductor
elements 240 is contained within an outer boundary of the corresponding one of the I/O pads
200.

As described above, the solderable conductor elements 240 are “solder wettable.”
That is, molten solder coming in contact with exposed surfaces of the solderable conductor
elements 240 will adhere to those surfaces, thus allowing solder to be used to electrically and
mechanically couple the éolderable conductor elements 240 to corresponding bonding pads
(not shown) of an element to which the semiconductor device 100 (Figure 1) is to be
connected.

The solderable conductor elements 240 may be, for example, an alloy including two
or more of the following metals: lead, tin, cadmium, indium, bismuth, and gallium. For
example, the solderable conductor elements 240 may be formed from an alloy including
about 95 percent by weight lead and approximately 5 percent by weight tin (e.g., 5/95 percent
by weight tin/lead solder). Where the solderable conductor elements 240 is an alloy, suitable
methods for forming the solderable conductor elements 240 include stencil printing, inkjet
printing, and transfer processing. Alternately, the solderable conductor elements 240 may be
formed from a material substantially comprising a single metal, such as copper, silver,

platinum, palladium, nickel, or gold. Further, the solderable conductor elements 240 may be
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formed substantially of an alloy of the following metals: copper, silver, platinum, palladium,
nickel, and gold. Where the solderable conductor elements 240 is a single metal or an alloy,
the material used to form the solderable conductor elements 240 may be deposited via
electroplating (using electrodes, or electroless).

A sufficient amount of material may be progressively built up in the holes 230 to
achieve desired heights of the solderable conductive elements 240. For example, if the
solderable conductor elements 240 are formed via electroplating, the electroplating operation
may be conducted for sufficient time that enough material is built up in the holes 230 to
achieve the desired heights of the solderable conductive elements 240.

For example, in an electroplating process used to form the solderable conductive
elements 240, the compliant bodies 220 may act as electrode terminals. As an applied
electrical current flows through the compliant bodies 220 and an electrolyte solution
containing metal ions, the metal ions from the electrolyte solution are deposited on the upper
surfaces 220A of the compliant bodies 220. As the outer dielectric layer 108 is non-
conductive, metal ions are not deposited on surfaces of the dielectric layer 108 exposed to the
electrolyte solution. The achieved heights of the solderable conductive elements 240 are
dependent upon the amount of time the electroplating process is carried out. The upper
surfaces 240A of the resulting solderable conductive elements 240 may be made to extend
above the upper surface 108A of the outer dielectric layer 108 by continuing the
electroplating process after the heights of the solderable conductive elements 240 have
exceeded a thickness of the outer dielectric 108.

Alternately, the solderable conductive elements 240 may be formed using a sputter
deposition process. A masking layer having openings (i.e., holes) extending therethrough
may be formed on the upper surface 108A of the outer dielectric layer 108. Each of the holes

corresponds to a different one of the holes 230 in the outer dielectric layer 108, and exposes
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the upper surface 220A of a different one of the compliant bodies 220. Metal is then
sputtered from a side of the masking layer opposite the outer dielectric layer 108. The
sputtered metal travels through the holes in the masking layer, through the corresponding
holes 230 in the outer dielectric layer 108, and is deposited on the upper surfaces 220A of the
compliant bodies 220. The masking layer prevents the sputtered metal form being deposited
on the upper surface 108A of the outer dielectric layer 108. The achieved heights of the
solderable conductive elements 240 are dependent upon the amount of time the sputtering
process is carried out. The upper surfaces 240A of the resulting solderable conductive
elements 240 may be made to extend above the upper surface 108A of the outer dielectric
layer 108 by continuing the sputtering process after the heights of the solderable conductive
elements 240 have exceeded a thickness of the outer dielectric 108. Following the
completion of the sputtering process, the masking layer may be removed.

An ink jet printing process used to form the solderable conductive elements 240 may
involve a paste containing metallic and non-metallic components (e.g., a solder paste). The
paste may be forced through multiple needles, each corresponding to, and directed into, a
different one of the holes 230 in the outer dielectric layer 108. Small quantities (i.e., “dots™)
of the paste forced through each of the needles may be deposited on the upper surface 220A
of a compliant body 220. After one or more dots of the paste are deposited on the upper
surfaces 220A of the compliant bodies 220, the semiconductor device 100 may be heated to
drive off the non-metallic components of the dots of the paste, and to reflow the dots of the
paste to form a continuous metallic layer. The above described sequence of depositing one or
more dots of the paste and heating the semiconductor device 100 may be continued until the
desired heights of the solderable conductor elements 240 are achieved. Should the desired
heights of the solderable conductor elements 240 exceed a thickness of the outer dielectric

layer 108, the surface tension of the molten metallic components substantially keeps the
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portions of the solderable conductor elements 240 extending above the upper surface 108A of
the outer dielectric layer 108 within a boundary defined by the side walls 230A of the holes
230 in the outer dielectric layer 108.

In a stencil printing operation used to form the solderable conductive elements 240,
the solderable conductive elements 240 may be stencil printed simultaneously. The desired
heights of the solderable conductive elements 240 may be achieved in a single stencil printing
operation. Alternately, multiple stencil printing operations may be carried out sequentially,
wherein the solderable conductive elements 240 are formed by layering. Where layering is
used, the desired heights of the solderable conductive elements 240 are the sums of the
heights of the separate stencil printed layers.

The structures shown in Figure 2E are one embodiment of the compliant bumps 104
of Figure 1. When a body applies a force between the upper surface 240A of one or more of
the solderable conductor elements 240 and the substrate 102, the applied force is substantially
transmitted to the corresponding compliant bodies 220. In response to the applied force, the
compliant bodies 220 deform, providing stress relief to the corresponding 1/0 pads 200.
When the magnitude of the applied force is below a certain level (e.g., a threshold level), the
compliant bodies 220 deform in a substantially elastic manner under the applied force. A
force is generated within the compliant bodies 220 that opposes the applied force, and
maintains physical contact between the one or more solderable conductor elements 240 and
the body applying the applied force to the upper surface 240A of the one or more solderable
conductor elements 240. When the applied force is removed, the compliant bodies 220
substantially recover to their original sizes and shapes. The compliant bodies 220 thus have a
suitable measure of elasticity.

The compliant dielectric layer 106 also has a suitable measure of elasticity, and

provides stress relief for the outer dielectric layer 108, and for the upper surface 102A of the
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substrate 102. When a force is applied to the upper surface 108A of the outer dielectric layer
108, the applied force is substantially transmitted to the compliant dielectric layer 106. In
response to the applied force, the compliant dielectric layer 106 deforms, allowing the outer
dielectric layer 108 to move in relation to the upper surface 102A of the substrate 102, and
reducing the amount of stress generated within the outer dielectric layer 108. When the
magnitude of the applied force is below a certain level (e.g., a threshold level), the compliant
dielectric layer 106 deforms under the applied force, and the outer dielectric layer 108 bends
under the applied force without breaking. When the applied force is removed, the outer
dielectric layer 108 returns to its original position, and the compliant dielectric layer 106
substantially recovers to its original size and shape.

The outer dielectric layer 108 provides mechanical protection for the upper surface
102A of the substrate 102, and for the compliant dielectric layer 106. The outer dielectric
layer 108 acts as a barrier to migration of contaminants from an ambient surrounding the
semiconductor device 100 to the compliant dielectric layer 106, and to the upper surface
102A of the substrate 102. Further, the outer dielectric layer 108 may be resistant to solvents,
and may provide protection for the compliant dielectric layer 106, and the upper surface
102A of the substrate 102, during operations where the semiconductor device 100 is exposed
to solvents. Still further, the outer dielectric layer 108 may act as a barrier to migration of
contaminants from the compliant dielectric layer 106 to the ambient. At edges of the
semiconductor device 100, the outer dielectric layer 108 preferably covers the compliant
dielectric layer 106 layer completely.

When the force is applied to the upper surface 108A of the outer dielectric layer 108,
the outer dielectric layer 108 deforms less than the compliant dielectric layer 106, and serves
to distribute the applied force over a greater area of the compliant dielectric layer 106.

Components of forces applied to the compliant bumps 104 and transferred to the outer
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dielectric layer 108 are similarly distributed by the outer dielectric layer 108 over a relatively
wide area, improving the reliabilities of the compliant bumps 104. The outer dielectric
layer 108 provides puncture, cut, tear, and abrasion resistance for the compliant dielectric
layer 106.

In the embodiment of Figures 2B-2E, the side walls 210A of the holes 210, and the
side walls 230A of the holes 230, are contained within the outer boundaries of the
corresponding I/0 pads 200, as defined by the sides surfaces 200C of the I/O pads 200. (see
Figure 2B.) In other embodiments, the side walls 210A and 230A may not be contained
within the outer boundaries of the corresponding I/0 pads 200. In such embodiments, the
underside surfaces 220B of the compliant bodies 220 may be in direct contact with the upper
surfaces 200A of the corresponding I/O pads 200, the sides surfaces 200C of the
corresponding I/O pads 200, and portions of the upper surface 102A of the substrate 200
surrounding the corresponding I/0O pads 200. This arrangement may be beneficial in that the
cross sectional areas of the compliant bodies 220 and the solderable conductor elements 240
are increased, and the electrical conductivities of the complaint bodies 220 and the solderable
conductor elements 240 may be increased as a result. The increased cross sectional areas of
the compliant bodies 220 may also increase dimensions of regions within the complaint
bodies 220 in which thermo-mechanically induced stresses are elastically dissipated.

Figures 3A-3F will now be used to describe a second embodiment of the method for
fabricating the semiconductor device 100 of Figure 1. Figure 3A is a cross-sectional view of
a portion of the substrate 102 of Figure 1, wherein the multiple I/O pads 200 described above
have been formed on the upper surface 102A of the substrate 102.

Figure 3B is the cross-sectional view of the portion of the substrate 102 of Figure 3A,
wherein electrically conductive metal coating elements 300 have been formed over the upper

surface 200A and the side surfaces 200C of the I/O pads 200, and over a portion of the upper
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surface 102A of the substrate 102 surrounding each of the I/O pads 200. Each of the
conductive metal coating elements 300 has an upper surface 300A, and an opposed underside
surface 300B. In the embodiment of Figure 3B, the underside surface 300B of each of the
conductive metal coating elements 300 is in direct contact with the upper surface 200A and
the side surfaces 200C of a corresponding one of the I/O pads 200, and also with a portion of
the upper surface 102A of the substrate 102 surrounding the corresponding one of the 1/O
pads 200. Accordingly, an outer boundary of each of the conductive metal coating elements
300 extends beyond an outer boundary of the corresponding 1/0 pad 200, defined by the sides
surfaces 200C of the corresponding I/0 pad 200.

The conductive metal coating elements 300 may serve as adhesion layers, wherein a
material subsequently formed on the conductive metal coating elements 300 adheres better to
the conductive metal coating elements 300 than to the I/O pads 200. Alternately, or in
addition, the conductive metal coating elements 300 may serve as barrier layers to reduce
oxidation of the I/O pads 200. Further, the conductive metal coating elements 300 may also
serve as electrodes for a subsequent electroplating operation.

The conductive metal coating elements 300 may be formed by, for example, forming
layers of one or more electrically conductive metals over the I/0O pads 200 and the upper
surface 102A of the substrate 102 surrounding the I/O pads 200 (e.g., via electroplating or
evaporation), and patterning the one or more layers (e.g., via photolithography). For
example, the conductive metal coating elements 300 may be formed by forming layers of
chromium, copper, and gold over the I/O pads 200 in that order (i.e., chrome/copper/gold
layers). Alternately, the conductive metal coating elements 300 may include
chrome/silver/gold layers, or titanium/tungsten/gold layers. For example, the I/O pads 200
may be formed from aluminum, and the conductive metal coating elements 300 may be

formed, for example, by forming a layer of chromium about 0.15 micron in thickness (i.e., an
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approximate 0.15 um chromium layer) over the I/O pads 200, followed by a 50/50 chromium
copper layer approximately 0.15 um in thickness, followed by an approximate 1 um copper
layer, followed by an approximate 0.15 um gold layer.

Figure 3C is the cross-sectional view of the portion of the substrate 102 of Figure 3B,
wherein the compliant dielectric layer 106 described above has been formed over the
conductive metal coating elements 300 and the portion of the upper surface 102A of the
semiconductor substrate 102 surrounding the conductive metal coating elements 300. In the
embodiment of Figure 3C, the underside surface 106B of the compliant dielectric layer 106 is
in direct contact with the upper surfaces 300A of the conductive metal coating elements 300,
and the portion of the upper surface 102A of the semiconductor substrate 102 surrounding the
conductive metal coating elements 300.

In Figure 3C, the holes 210 described above have been formed in the compliant
dielectric layer 106. In Figure 3C, the holes 210 are formed over the conductive metal
coating elements 300 to expose portions of the upper surfaces 300A of the conductive metal
coating elements 300. Each of the holes 210 extends between the upper surface 106A of the
compliant dielectric layer 106 and the underside surface 106B (i.e., between the upper surface
106A of the compliant dielectric layer 106 and the upper surface 300A of a corresponding
conductive metal coating element 300).

In the embodiment of Figure 3C, the side walls 210A of the holes 210 are contained
within the outer boundaries of the corresponding conductive metal coating elements 300.
(See Figure 3B.) Further, the side walls 210A of the holes 210 are substantially vertical such
that dimensions of openings in the upper surface 106A and the underside surface 106B of the
compliant dielectric layer 106, corresponding to the holes 210, have substantially the same
dimensions. In other embodiments, the side walls 210A of the holes 210 may not be

substantially vertical, and may not be contained within the outer boundaries of the
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corresponding conductive metal coating elements 300.

Figure 3D is the cross-sectional view of the portion of the substrate 102 of Figure 3C,
wherein the electrically conductive, compliant bodies 220 described above have been formed
in the holes 210. In the embodiment of Figure 3D, the compliant bodies 220 substantially fill
the corresponding holes 210, the underside surfaces 220B of the compliant bodies 220 are in
direct contact with the upper surfaces 300A of the corresponding conductive metal coating
elements 300, and the upper surfaces 220A of the compliant bodies 220 are substantially
flush with the upper surface 106A of the compliant dielectric layer 106.

Formed within a corresponding one of the holes 210, each of the compliant bodies
220 is contained within the corresponding one of the holes 210. (See Figures 3C and 3D.)
As described above, the side walls 210A of the holes 210 are contained within the outer
boundaries of the corresponding conductive metal coating elements 300. (See Figure 3B.)
Accordingly, each of the compliant bodies 220 is contained within an outer boundary of the
corresponding conductive metal coating element 300 such that the compliant bodies 220 do
not contact any portion of the upper surface 102A of the substrate 102 surrounding the
conductive metal coating elements 300. In other embodiments, the side walls 210A of the
holes 210 may not be contained within the outer boundaries of the corresponding conductive
metal coating elements 300, and the compliant bodies 220 may contact a portion of the upper
surface 102A of the substrate 102 surrounding the conductive metal coating elements 300.

Figure 3E is the cross-sectional view of the portion of the substrate 102 of Figure 3D,
wherein the outer dielectric layer 108 described above has been formed over the upper
surface 106A of the compliant dielectric layer 106. In the embodiment of Figure 3E, the
underside surface 108B of the outer dielectric layer 108 is in direct, and substantially
continuous, contact with the upper surface 106A of the compliant dielectric layer 106.

In Figure 3E, the holes 230 described above have been formed in the outer dielectric
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layer 108 over the compliant bodies 220 to expose the upper surfaces 220A of the compliant
bodies 220. Each of the holes 230 extends between the upper surface 108A of the outer
dielectric layer 108 and the underside surface 108B. In the embodiment of Figure 3E, the
side walls 230A of the holes 230 are contained within the outer boundaries of the
corresponding conductive metal coating elements 300. (See Figure 3B.) Further, the side
walls 230A of the holes 230 are substantially vertical such that dimensions of openings in the
upper surface 108A and the underside surface 108B of the outer dielectric layer 108,
corresponding to the holes 230, have substantially the same dimensions. In other
embodiments, the side walls 230A of the holes 230 may not be substantially vertical, and
may not be contained within the outer boundaries of the corresponding conductive metal
coating elements 300.

Figure 3F is the cross-sectional view of the portion of the substrate 102 of Figure 3E,
wherein the electrically conductive, solderable conductor elements 240 described above have
been formed in the holes 230. In the embodiment of Figure 3F, the solderable conductor
elements 240 substantially fill the corresponding holes 230, the underside surfaces 240B of
the solderable conductor elements 240 are in direct contact with the upper surfaces 220A of
the corresponding compliant bodies 220, and the upper surfaces 240A of the solderable
conductor elements 240 extend above the upper surface 108A of the outer dielectric layer
108. It is noted that in other embodiments, the upper surfaces 240A of the solderable
conductor elements 240 may be even with, or below, the upper surface 108A of the outer
dielectric layer 108.

Formed within a corresponding one of the holes 230, each of the solderable conductor
elements 240 is contained within the corresponding one of the holes 230. In the
embodiments of Figures 3E-3F, the side walls 230A of the holes 230 are contained within the

outer boundaries of the corresponding conductive metal coating elements 300. (See Figure



10

20

25

WO 03/023855 PCT/US02/25427

3B.) Accordingly, each of the solderable conductor elements 240 is contained within an
outer boundary of the corresponding one of the conductive metal coating elements 300.

The structures shown in Figure 3F are a second embodiment of the compliant bumps
104 of Figure 1. As described above, when a body applies a force between the upper surface
240A of one or more of the solderable conductor elements 240 and the substrate 102, the
applied force is substantially transmitted to the corresponding compliant bodies 220 (see
Figures 3C and 3D). In response to the applied force, the compliant bodies 220 defor\m,
providing stress relief to the corresponding I/O pads 200. When the magnitude of the applied
force is below a certain level (e.g., a threshold level), the compliant bodies 220 deform in a
substantially elastic manner under the applied force. A force is generated within the
compliant bodies 220 that opposes the applied force, and maintains physical contact between
the one or more solderable conductor elements 240 and the body applying the applied force
to the upper surface 240A of the one or more solderable conductor elements 240. When the
applied force is removed, the compliant bodies 220 substantially recover to their original
sizes and shapes.

Figures 4A-4F will now be used to describe a third embodiment of the method for
fabricating the semiconductor device 100 of Figure 1. Figure 4A is a cross-sectional view of
a portion of the substrate 102 of Figure 1, wherein the multiple I/O pads 200 described above
have been formed on the upper surface 102A of the substrate 102.

Figure 4B is the cross-sectional view of the portion of the substrate 102 of Figure 4A,
wherein the compliant dielectric layer 106 described above has been formed over the upper
surface 102A of the semiconductor substrate 102. In the embodiment of Figure 4B, the
underside surface 106B of the compliant dielectric layer 106 is in direct, and substantially
continuous, contact with the upper surface 102A of the semiconductor substrate 102. The

holes 210 described above have been formed in the compliant dielectric layer 106 over the
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1/0 pads 200 to expose the upper surfaces 200A of the I/O pads 200.

In the embodiment of Figure 4B, the side walls 210A of the holes 210 are contained
within the outer boundaries of the corresponding /0 pads 200, as defined by the sides
surfaces 200C of the corresponding I/O pads 200. Further, the side walls 210A of the holes
210 are substantially vertical such that dimensions of openings in the upper surface 106A and
the underside surface 106B of the compliant dielectric layer 106, corresponding to the holes
210, have substantially the same dimensions. In other embodiments, the side walls 210A of
the holes 210 may not be substantially vertical, and may not be contained within the outer
boundaries of the corresponding 1/O pads 200.

Figure 4C is the cross-sectional view of the portion of the substrate 102 of Figure 4B,
wherein the compliant bodies 220 described above have been formed in the holes 210. In the
embodiment of Figure 2C, the compliant bodies 220 substantially fill the corresponding holes
210, the underside surfaces 220B of the compliant bodies 220 are in direct contact with the
upper surfaces 200A of the corresponding I/O pads 200, and the upper surfaces 220A of the
compliant bodies 220 are substantially flush with the upper surface 106A of the compliant
dielectric layer 106.

Formed within a corresponding one of the holes 210, each of the compliant bodies
220 is contained within the corresponding one of the holes 210. In the embodiment of Figure
4C, the side walls 210A of the holes 210 are contained within the outer boundaries of the
corresponding 1/O pads 200, as defined by the side surfaces 200C of the corresponding [/O
pads 200. (See Figure 4B.) Accordingly, each of the compliant bodies 220 is contained
within an outer boundary of the corresponding one of the /0O pads 200 such that the
compliant bodies 220 do not contact any portion of the upper surface 102A of the substrate
102 surrounding the conductive metal coating elements 300. In other embodiments, the side

walls 210A of the holes 210 may not be contained within the outer boundaries of the
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corresponding 1/O pads 200, and the compliant bodies 220 may contact a portion of the upper
surface 102A of the substrate 102 surrounding the conductive metal coating elements 300.

Figure 4D is the cross-sectional view of the portion of the substrate 102 of Figure 4C,
wherein electrically conductive metal coating elements 400 have been formed over the upper
surfaces 220A of the compliant bodies 220. Each of the conductive metal coating elements
400 has an upper surface 400A, and an opposed underside surface 400B. In the embodiment
of Figure 4D, the underside surface 400B of each of the conductive metal coating elements
400 is in direct contact with the upper surface 220A of a corresponding one of the compliant
bodies 220. Further, an outer boundary of each of the conductive metal coating elements 400
does not extend beyond an outer boundary of the corresponding I/0O pad 200, defined by the
sides surfaces 200C of the corresponding I/0 pad 200.

The conductive metal coating elements 400 may serve as adhesion layers, wherein a
material subsequently formed on the conductive metal coating elements 400 adheres better to
the conductive metal coating elements 400 than to the corresponding compliant bodies 220.
Alternately, or in addition, the conductive metal coating elements 400 may serve as barrier
layers to prevent chemical reactions between the subsequently formed layer and the
compliant bodies 220. Further, the conductive metal coating elements 400 may also serve as
electrodes for a subsequent electroplating operation. The conductive metal coating elements
400 may be formed from the same materials as the conductive metal coating elements 300
described above, and may be formed using the same methods used to form the conductive
metal coating elements 300.

Sufficient amounts of materials used to form the conductive metal coating elements
400 may be deposited on the upper surfaces 220A of the complaint bodies 220 to achieve
desired thicknesses of the conductive metal coating elements 400. For example, if the

conductive metal coating elements 400 are formed via electroplating (using electrodes, or
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electroless), the electroplating operation may be conducted for sufficient time that enough
material is built up on the upper surfaces 220A of the complaint bodies 220 to achieve the
desired thicknesses of the conductive metal coating elements 400.

For example, in electroplating processes used to form the conductive metal coating
elements 400, the compliant bodies 220 may act as electrode terminals. As an applied
electrical current flows through the compliant bodies 220 and an electrolyte solution
containing metal ions, metal ions from the eleétrolyte solution are deposited on the upper
surfaces 220A of the compliant bodies 220. As the compliant dielectric layer 106 is non-
conductive, metal ions will not be deposited on surfaces of the compliant dielectric layer 106
exposed to the electrolyte solution. The achieved thicknesses of the conductive metal coating
elements 400 are dependent upon the amounts of time the electroplating processes are carried
out.

Alternately, the conductive metal coating elements 400 may be formed using sputter
deposition processes. A masking layer having openings (i.e., holes) extending therethrough
may be formed on the upper surface 106A of the complaint dielectric layer 106. Each of the
holes exposes the upper surface 220A of a different one of the compliant bodies 220. Metal
is then sputtered from a side of the masking layer opposite the complaint dielectric layer 106.
Sputtered metal travels through the holes in the masking layer is deposited on the upper
surfaces 220A of the compliant bodies 220. The masking layer prevents the sputtered metal
from depositing on the upper surface 106A of the complaint dielectric layer 106. The
achieved thicknesses of the conductive metal coating elements 400 are dependent upon the
amounts of time the sputtering processes are carried out. Following the completion of the
sputtering process, the masking layer may be removed.

In a stencil printing operation used to form the conductive metal coating elements

400, the conductive metal coating elements 400 may be stencil printed simultaneously. The

-36-



10

15

20

25

WO 03/023855 PCT/US02/25427

desired heights of the conductive metal coating elements 400 may be achieved in a single
stencil printing operation. Alternately, multiple stencil printing operations may be carried out
sequentially, wherein the conductive metal coating elements 400 are formed by layering.
Where layering is used, the desired thicknesses of the conductive metal coating elements 400
are the sums of the heights of the separate stencil printed layers.

Figure 4E is the cross-sectional view of the portion of the substrate 102 of Figure 4D,
wherein the outer dielectric layer 108 described above has been formed over the upper
surface 106A of the compliant dielectric layer 106. In the embodiment of Figure 4E, the
underside surface 108B of the outer dielectric layer 108 is in direct, and substantially
continuous, contact with the upper surface 106A of the compliant dielectric layer 106.

In Figure 4E, the holes 230 described above have been formed in the outer dielectric
layer 108 over the conductive metal coating elements 400 to expose the upper surfaces 400A
of the conductive metal coating elements 400. In the embodiment of Figure 4E, the side
walls 230A of the holes 230 are contained within the outer boundaries of the corresponding
conductive metal coating elements 400. (See Figure 4D.) Further, the side walls 230A of the
holes 230 are substantially vertical such that dimensions of openings in the upper surface
108A and the underside surface 108B of the outer dielectric layer 108, corresponding to the
holes 230, have substantialfy the same dimensions. It is noted that in other embodiments, the
side walls 230A of the holes 230 may not be substantially vertical.

Figure 4F is the cross-sectional view of the portion of the substrate 102 of Figure 4E,
wherein the elect_rically conductive, solderable congluctor elements 240 described above have
been formed in the holes 230. In the embodiment of Figure 4F, the solderable conductor
elements 240 substantially fill the corresponding holes 230, the underside surfaces 240B of
the solderable conductor elements 240 are in direct contact with the upper surfaces 400A of

the corresponding conductive metal coating elements 400, and the upper surfaces 240A of the
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solderable conductor elements 240 extend above the upper surface 108A of the outer
dielectric layer 108. It is noted that in other embodiments, the upper surfaces 240A of the
solderable conductor elements 240 may be even with, or below, the upper surface 108A of
the outer dielectric layer 108.

Formed within a corresponding one of the holes 230, each of the solderable conductor
elements 240 is contained within the corresponding one of the holes 230. In the
embodiments of Figures 4E-4F, the side walls 230A of the holes 230 are contained within the
outer boundaries of the corresponding conductive metal coating elements 400. (See Figure
4D.) Accordingly, each of the solderable conductor elements 240 is contained within an
outer boundary of the corresponding one of the conductive metal coating elements 400.

The structures shown in Figure 4F are a third embodiment of the compliant bumps
104 of Figure 1. As described above, when a body applies a force between the upper surface
240A of one or more of the solderable conductor elements 240 and the substrate 102, the
applied force is substantially transmitted to the corresponding compliant bodies 220 (see
Figure 4C). In response to the applied force, the compliant bodies 220 deform, providing
stress relief to the corresponding I/O pads 200. When the magnitude of the applied force is
below a certain level (e.g., a threshold level), the compliant bodies 220 deform in a
substantially elastic manner under the applied force. A force is generated within the
compliant bodies 220 that opposes the applied force, and maintains physical contact between
the one or more solderable conductor elements 240 and the body applying the applied force
to the upper surface 240A of the one or more solderable conductor elements 240. When the
applied force is removed, the compliant bodies 220 substantially recover to their original
sizes and shapes.

Figures SA-5G will now be used to describe a fourth embodiment of the method for

fabricating the semiconductor device 100 of Figure 1. Figure 5A is a cross-sectional view of



15

20

25

WO 03/023855 PCT/US02/25427

a portion of the substrate 102 of Figure 1, wherein the multiple I/O pads 200 described above
have been formed on the upper surface 102A of the substrate 102.

Figure 5B is the cross-sectional view of the portion of the substrate 102 of Figure SA,
wherein the electrically conductive metal coating elements 300 described above have been
formed over the upper surface 200A and the side surfaces 200C of the I/O pads 200, and over
a portion of the upper surface 102A of the substrate 102 surrounding each of the I/0 pads
200. In the embodiment of Figure 5B, the underside surface 300B of each of the conductive
metal coating elements 300 is in direct contact with the upper surface 200A and the side
surfaces 200C of a corresponding one of the I/O pads 200, and also with a portion of the
upper surface 102A of the substrate 102 surrounding the corresponding one of the 1/0 pads
200.

In the embodiment of Figure 5B, the outer boundary of each of the conductive metal
coating elements 300 extends beyond the outer boundary of the corresponding I/0O pad 200,
defined by the sides surfaces 200C of the corresponding I/O pad 200. The conductive metal
coating elements 300 may serve adhesion layers, wherein a material subsequently formed on
the conductive metal coating elements 300 adheres better to the conductive metal coating
elements 300 than to the I/O pads 200. Alternately, or in addition, the conductive metal
coating elements 300 may serve as barrier layers to reduce oxidation of the I/O pads 200.

Figure 5C is the cross-sectional view of the portion of the substrate 102 of Figure 5B,
wherein the compliant dielectric layer 106 described above has been formed over the
conductive metal coating elements 300 and the portion of the upper surface 102A of the
semiconductor substrate 102 surrounding the conductive metal coating elements 300. In the
embodiment of Figure SC, the underside surface 106B of the compliant dielectric layer 106 is
in direct contact with the upper surfaces 300A of the conductive metal coating elements 300,

and the portion of the upper surface 102A of the semiconductor substrate 102 surrounding the
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conductive metal coating elements 300.

In Figure 5C, the holes 210 described above have been formed in the compliant
dielectric layer 106. In Figure 5C, the holes 210 are formed over the conductive metal
coating elements 300 to expose portions of the upper surfaces 300A of the conductive metal
coating elements 300. Each of the holes 210 extends between the upper surface 106A of the
compliant dielectric layer 106 and the underside surface 106B (i.e., between the upper surface
106A of the compliant dielectric layer 106 and the upper surface 300A of a corresponding
conductive metal coating element 300).

In the embodiment of Figure 5C, the side walls 210A of the holes 210 are contained
within the outer boundaries of the corresponding conductive metal coating elements 300.
(See Figure 5B.) Further, the side walls 210A of the holes 210 are substantially vertical such
that dimensions of openings in the upper surface 106A and the underside surface 106B of the
compliant dielectric layer 106, corresponding to the holes 210, have substantially the same
dimensions. It is noted that in other embodiments, the side walls 210A of the holes 210 may
not be substantially vertical.

Figure 5D is the cross-sectional view of the portion of the substrate 102 of Figure 5C,
wherein the electrically conductive, compliant bodies 220 described above have been formed
in the holes 210. In the embodiment of Figure 5D, the compliant bodies 220 substantially fill
the corresponding holes 210, the underside surfaces 220B of the compliant bodies 220 are in
direct contact with the upper surfaces 300A of the corresponding conductive metal coating
elements 300, and the upper surfaces 220A of the compliant bodies 220 are substantially
flush with the upper surface 106A of the compliant dielectric layer 106.

Formed within a corresponding one of the holes 210, each of the compliant bodies
220 is contained within the corresponding one of the holes 210 (see Figure 5C). As described

above, in the embodiment of Figure 5C, the side walls 210A of the holes 210 are contained
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within the outer boundaries of the corresponding conductive metal coating elements 300 (see
Figure 5B). Accordingly, in the embodiment of Figure 5D, each of the compliant bodies 220
is contained within an outer boundary of the corresponding conductive metal coating element
300 such that the compliant bodies 220 do not contact any portion of the upper surface 102A
of the substrate 102 surrounding the conductive metal coating elements 300. In other
embodiments, the side walls 210A of the holes 210 may not be contained within the outer
boundaries of the corresponding conductive metal coating elements 300, and the compliant
bodies 220 may contact a portion of the upper surface 102A of the substrate 102 surrounding
the conductive metal coating elements 300.

Figure SE is the cross-sectional view of the portion of the substrate 102 of Figure 5D,
wherein the electrically conductive metal coating elements 400 described above have been
formed over the upper surfaces 220A of the compliant bodies 220. In the embodiment of
Figure SE, the underside surface of each of the conductive metal coating elements 400 is in
direct contact with the upper surface 220A of a corresponding one of the compliant bodies
220, and an outer boundary of each of the conductive metal coating elements 400 does not
extend beyond an outer boundary of the corresponding I/O pad 200, defined by the sides
surfaces 200C of the corresponding I/0 pad 200. (See Figure 5A).

The conductive metal coating elements 400 may serve as adhesion layers, wherein a
material subsequently formed on the conductive metal coating elements 400 adheres better to
the conductive metal coating elements 400 than to the corresponding compliant bodies 220.
Alternately, or in addition, the conductive metal coating elements 400 may serve as barrier
layers to prevent chemical reactions between the subsequently formed layer and the
compliant bodies 220. The conductive metal coating elements 400 may be formed from the
same materials as the conductive metal coating elements 300 described above, and may be

formed using the same methods used to form the conductive metal coating elements 300.
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Figure SF is the cross-sectional view of the portion of the substrate 102 of Figure SE,
wherein the outer dielectric layer 108 described above has been formed over the upper
surface 106A of the compliant dielectric layer 106. In the embodiment of Figure SF, the
underside surface 108B of the outer dielectric layer 108 is in direct, and substantially
continuous, contact with the upper surface 106A of the compliant dielectric layer 106.

In Figure 5F, the holes 230 described above have been formed in the outer dielectric
layer 108 over the conductive metal coating elements 400 to expose the upper surfaces 400A
of the conductive metal coating elements 400. In the embodiment of Figure SF, the side
walls 230A of the holes 230 are contained within the outer boundaries of the corresponding
conductive metal coating elements 400 (see Figure SE). Further, the side walls 230A of the
holes 230 are substantially vertical such that dimensions of openings in the upper surface
108A and the underside surface 108B of the outer dielectric layer 108, corresponding to the
holes 230, have substantially the same dimensions. It is noted that in other embodiments, the
side walls 230A of the holes 230 may not be substantially vertical.

Figure 5G is the cross-sectional view of the portion of the substrate 102 of Figure 5F,
wherein the solderable conductor elements 240 described above have been formed in the
holes 230. In the embodiment of Figure 5G, the solderable conductor elements 240
substantially fill the corresponding holes 230; the underside surfaces 240B of the solderable
conductor elements 240 are in direct contact with the upper surfaces 400A of the
corresponding conductive metal coating elements 400, and the upper surfaces 240A of the
solderable conductor elements 240 extend above the upper surface 108A of the outer
dielectric layer 108. It is noted that in other embodiments, the upper surfaces 240A of the
solderable conductor elements 240 may be even with, or below, the upper surface 108A of

the outer dielectric layer 108.
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Formed within a corresponding one of the holes 230, each of the solderable conductor
elements 240 is contained within the corresponding one of the holes 230. In the embodiment
of Figure 5F, the side walls 230A of the holes 230 are contained within the outer boundaries
of the corresponding conductive metal coating elements 400 (see Figure SE). Accordingly, in
the embodiment of Figure 5G, each of the solderable conductor elements 240 is contained
within an outer boundary of the corresponding one of the conductive metal coating elements
400.

The structures shown in Figure 5G are a fourth embodiment of the compliant bumps
104 of Figure 1. As described above, when a body applies a force between the upper surface
240A of one or more of the solderable conductor elements 240 and the substrate 102, the
applied force is substantially transmitted to the corresponding compliant bodies 220 (see
Figure 5D). In response to the applied force, the compliant bodies 220 deform, providing
stress relief to the corresponding 1/0 pads 200. When the magnitude of the applied force is
below a certain level (e.g., a threshold level), the compliant bodies 220 deform in a
substantially elastic manner under the applied force. A force is generated within the
compliant bodies 220 that opposes the applied force, and maintains physical contact between
the one or more solderable conductor elements 240 and the body applying the applied force
to the upper surface 240A of the one or more solderable conductor elements 240. When the
applied force is removed, the compliant bodies 220 substantially recover to their original
sizes and shapes.

Figures 6A-6D will now be used to describe one embodiment of a method for
coupling the semiconductor device 100 of Figure 1 to a first apparatus to form a second
apparatus. Figure 6A is a cross-sectional view of a portion of an apparatus 600, wherein the
apparatus 600 includes a substrate 602 and multiple bonding pads 604 arranged upon a

surface 602A of the substrate 602. For example, the bonding pads 604 may be formed by
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patterning a layer of a metal (e.g., aluminum or copper) formed on the surface 602A of the
substrate 602. Each of the bonding pads 604 has two major surfaces: an upper surface 604A,
and an opposed underside surface 604B in contact with the surface 602A of the substrate 602.

Referring back to Figure 1, the arrangement of the bonding pads 604 on the upper
surface 602A of the substrate 602 corresponds to (i.e., is a mirror image of) the arrangement
of the I/O pads 200 on the upper surface 102A of the substrate 102 of the semiconductor
device 100.

The apparatus 600 in Figure 6A may be, for example, an interconnecting apparatus
such as a printed circuit board, or a grid array package substrate. In this situation, the
substrate 602 may be substantially formed from, for example, a plastic material (e.g.,
fiberglass epoxy laminate, polyethersulfone, or polyimide), or a ceramic material (e.g.,
aluminum oxide, alumina, Al;O3, or aluminum nitride, AIN). The apparatus 600 may also be
part of a multichip module, or a glass liquid crystal display.

Figure 6B is the cross-sectional view of the portion of the apparatus 600 of Figure 6A,
wherein solder coating layers 610 have been formed on the upper surfaces 604A of the
bonding pads 604 of the apparatus 600. Each of the solder coating layers 610 has an upper
surface 610A, and an opposed underside surface 610B in direct contact with the upper
surface 604A of a corresponding one of the bonding pads 604. For example, the solder
coating layers 610 may be formed on the upper surfaces 604A of the bonding pads 604 by
stencil printing solder paste onto the upper surfaces 604A of the bonding pads 604.
Alternately, the solder coating layers 610 may be formed on the upper surfaces 604A of the
bonding pads 604 by depositing several different layers of constituent metals of a solder alloy
on the upper surfaces 604A of the bonding pads 604. Following deposition of the metal

layers, the substrate 602 and the bonding pads 604 may be heated to melt the metal layers.
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The molten metals may mix together to form the solder alloy, and the surface tension of the
solder alloy may cause the molten solder alloy to form the solder coating layers 610.

Figure 6C is a cross-sectional view of a portion of one embodiment of the
semiconductor device 100 of Figure 1 and the portion of the apparatus 600 of Figure 6B,
wherein the portion of the semiconductor device 100 has been inverted and positioned over
the portion of the apparatus 600. With the portions of the semiconductor device 100 and the
apparatus 600 oriented with respect to one another as shown in Figure 6C, the solderable
conductor elements 240 of the compliant bumps 104 of the semiconductor device 100 are
positioned directly over the solder coating layers 610 covering corresponding bonding pads
604 of the apparatus 600. In general terms, the semiconductor device 100 and the apparatus
600 are oriented with respect to one another such that the upper surfaces 240A of the
solderable conductor elements 240 of the compliant bumps 104 of the semiconductor device
100 are positioned adjacent to the upper surfaces 610A of the solder coating layers 610
covering corresponding bonding pads 604 of the apparatus 600.

As indicated in Figure 6C, once oriented with respect to one another as described
above, the semiconductor device 100 and the apparatus 600 are brought together such that the
upper surfaces 240A of the solderable conductor elements 240 of the compliant bumps 104 of
the semiconductor device 100 contact the upper surfaces 610A of the solder coating layers
610 covering corresponding bonding pads 604 of the apparatus 600. Sufficient heat energy is
applied to the substrate 102 of the semiconductor device 100 and/or the substrate 602 of the
apparatus 600 to melt (i.e., “reflow”) the solder of the solder coating layers 610. When the
solder of the solder coating layers 610 cools, the solder mechanically and electrically couples
the solderable conductor elements 240 of the compliant bumps 104 of the semiconductor
device 100 to the corresponding bonding pads 604 of the apparatus 600.

Figure 6D is a cross-sectional view of the portions of the semiconductor device 100
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and the apparatus 600 of Figure 6B following the coupling operation of Figure 6C, wherein
the portions of the semiconductor device 100 and the apparatus 600 have been joined to form
an apparatus 620. In the apparatus 620, the I/O pads 200 of the semiconductor device 100 are
electrically coupled to the corresponding bonding pads 604 of the apparatus 600 via the
compliant bumps 104 and the solder coating layer 610 connections, wherein the compliant
bumps 104 include the compliant bodies 220 and the solderable conductor elements 240.

The presence of the compliant bodies 220 in the compliant bumps 104 of the
semiconductor device 100 reduces mechanical stresses created in the solder coating layer 610
connections due to differences in the coefficients of thermal expansion (CTEs) of the
substrate 102 of the semiconductor device 100 and the substrate 602 of the apparatus 600. As
described above, such mechanical stresses are created during solder reflow operations (e.g.,
the solder reflow operation depicted in Figure 6C and described above), and during thermal
cycling resulting from on-off operation of the semiconductor device 100 following
attachment of the semiconductor device 100 to the substrate 602 of the apparatus 600. As a
result of the reduced mechanical stresses in the solder coating layer 610 connections, the
solder coating layer 610 connections may not fatigue and fail as rapidly as typical solder
coating layer connections. In this situation, the reliabilities of the solder coating layer 610
connections are expectedly increased over typical solder coating layer connections.

The particular embodiments disclosed above are illustrative only, as the invention
may be modified and practiced in different but equivalent manners apparent to those skilled
in the art having the benefit of the teachings herein. Furthermore, no limitations are intended
to the details of construction or design herein shown, other than as described in the claims
below. It is therefore evident that the particular embodiments disclosed above may be altered
or modified and all such variations are considered within the scope and spirit of the invention.

Accordingly, the protection sought herein is as set forth in the claims below.
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CLAIMS

WHAT IS CLAIMED IS:

1. A semiconductor device, comprising:

a plurality of input/output (I/O) pads arranged on a surface of a semiconductor

5 substrate;

an outer dielectric layer having a plurality of openings extending therethrough;
a compliant dielectric layer positioned between the outer dielectric layer and the
surface of the semiconductor substrate, and having a plurality of openings

extending therethrough;

10 a plurality of electrically conductive, compliant bumps, wherein each of the compliant
bumps is formed upon, and corresponds to, a different one of the I/O pads, and
wherein each of the compliant bumps extends through a different one of the
openings in the compliant dielectric layer and the outer dielectric layer, and

wherein each of the compliant bumps comprises:

15 an electrically conductive, solderable conductor element, wherein the
solderable conductor element is solder wettable; and

an electrically conductive, compliant body positioned between the solderable

conductor element and a corresponding one of the I/O pads, wherein

the compliant body electrically couples the solderable conductor

20 element to the corresponding one of the I/O pads.

2. The semiconductor device as recited in claim 1, wherein the semiconductor device is

a chip scale package (CSP).
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3. The semiconductor device as recited in claim 1, wherein the solderable conductor
element of each of the compliant bumps comprises at least one metal selected from the group
consisting of: lead, tin, cadmium, indium, bismuth, gallium, copper, silver, platinum,

palladium, nickel, and gold.

4, The semiconductor device as recited in claim 1, wherein the solderable conductor
element of each of the compliant bumps comprises an alloy including at least two metals

selected from the group consisting of: lead, tin, cadmium, indium, bismuth, and gallium.

5. The semiconductor device as recited in claim 1, wherein the compliant body of each
of the compliant bumps forms a flexible, electrically conductive path between the solderable

conductor element and the electrical conductor.

6. The semiconductor device as recited in claim 1, wherein a shape of each of the
complaint bumps changes from an original shape to an altered shape when the compliant
bump is subjected to a force exerted between the solderable conductor element and the
electrical conductor, and wherein the shape of each of the compliant bumps substantially

reverts to the original shape when the force is removed.

7. The semiconductor device as recited in claim 1, wherein the compliant body of each

of the compliant bumps comprises a polymer based material.

8. The semiconductor device as recited in claim 7, wherein the polymer based material

comprises epoxy, silicone, polyimide, acrylate polymers, or acrylate copolymers.
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9. The semiconductor device as recited in claim 7, wherein the compliant body of each
of the compliant bumps further comprises at least one filler material selected from the group
consisting of: silver, gold, and palladium, wherein the at least one filler material is used to

increase the electrical conductivity of the compliant body.

10. The semiconductor device as recited in claim 1, wherein the compliant body of each

of the compliant bumps has a volume resistivity of less than or equal to about 0.001 ohm-cm.

11.  The semiconductor device as recited in claim 1, wherein the compliant body or each
of the compliant bumps has a volume resistivity of less than or equal to approximately 0.0001

ohm-cm.

12.  The semiconductor device as recited in claim 1, wherein the compliant body of each

of the compliant bumps has a Young's modulus of less than or equal to about 8,000 MPa.

13.  The semiconductor device as recited in claim 1, wherein the compliant body of each
of the compliant bumps has a Young's modulus of less than or equal to approximately 1,000

MPa.
14.  The semiconductor device as recited in claim 1, wherein each of the I/O pads is used
to convey electrical power or an electrical signal to or from the semiconductor device, and

wherein the compliant bumps form electrical terminals of the semiconductor device.

15.  The semiconductor device as recited in claim 1, wherein the compliant body of a

given one of the compliant bumps is in direct contact with the corresponding one of the /O
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pads and the solderable conductor element of the given one of the compliant bumps.

16.  The semiconductor device as recited in claim 1, wherein the openings in the
compliant dielectric layer and the outer dielectric layer correspond to positions of the I/O

pads on the surface of the semiconductor substrate.

17.  The semiconductor device as recited in claim 1, wherein the compliant dielectric layer
provides stress relief for the outer dielectric layer and the surface of the semiconductor

substrate.

18.  The semiconductor device as recited in claim 1, wherein when a force is applied to a
surface of the outer dielectric layer opposite the compliant dielectric layer, the force is
substantially transmitted to the compliant dielectric layer, and wherein in response to the
force, the compliant dielectric layer deforms, allowing the outer dielectric layer to move in

relation to the surface of the semiconductor substrate.

19.  The semiconductor device as recited in claim 1, wherein the compliant dielectric layer

comprises a polymer based material.

20.  The semiconductor device as recited in claim 19, wherein the polymer based material

comprises epoxy, silicone, polyimide, acrylate polymers, or acrylate copolymers.

21.  The semiconductor device as recited in claim 1, wherein the compliant dielectric layer

has a volume resistivity of greater than or equal to about 1.0 x 10'® ohm-cm.

-50-



10

15

20

25

WO 03/023855 PCT/US02/25427

22.  The semiconductor device as recited in claim 1, wherein the compliant dielectric layer

has a volume resistivity of greater than or equal to approximately 1.0 x 10" ohm-cm.

23.  The semiconductor device as recited in claim I, wherein the compliant dielectric layer

has a Young's modulus of less than or equal to about 8,000 Mpa.

24.  The semiconductor device as recited in claim 1, wherein the compliant dielectric layer

has a Young's modulus of less than or equal to approximately 1,000 MPa.

25.  The semiconductor device as recited in claim 1, wherein the outer dielectric layer
provides mechanical protection for the compliant dielectric layer and the surface of the

semiconductor substrate.

26.  The semiconductor device as recited in claim 1, wherein when a force is applied to a
surface of the outer dielectric layer opposite the compliant dielectric layer, the outer dielectric
layer deforms to a lesser extent than the compliant dielectric layer, and serves to distribute the

force over a relatively wide area of the compliant dielectric layer.

27.  The semiconductor device as recited in claim 1, wherein the outer dielectric layer

comprises a polymer based material.

28.  The semiconductor device as recited in claim 27, wherein the polymer based material

comprises epoxy, silicone, polyimide, acrylate polymers, or acrylate copolymers.
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29.  The semiconductor device as recited in claim 1, wherein the outer dielectric layer

comprises an inorganic dielectric material.

30.  The semiconductor device as recited in claim 29, wherein the inorganic dielectric
material is selected from the group consisting of: silicon dioxide (SiO;) and silicon nitride

(SisNa).

31.  The semiconductor device as recited in claim 1, wherein the outer dielectric layer has

a volume resistivity of greater than or equal to about 1.0 x 10" ohm-cm.

32.  The semiconductor device as recited in claim 1, wherein the outer dielectric layer has

a volume resistivity of greater than or equal to approximately 1.0 x 10"* ohm-cm.

33.  The semiconductor device as recited in claim 1, wherein the outer dielectric layer has
a Young’s modulus which is greater than a Young's modulus of the compliant dielectric

layer.

34.  The semiconductor device as recited in claim 1, wherein the outer dielectric layer has
a Young’s modulus which is at least twice a Young's modulus of the compliant dielectric

layer.

35. A method for forming a semiconductor device, comprising:
forming a compliant dielectric layer over a surface of a semiconductor substrate,
wherein a plurality of input/output (I/O) pads are arranged upon the surface of

the semiconductor substrate, and wherein the compliant dielectric layer has a
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plurality of openings extending therethrough, and wherein each of the
openings exposes a different one of the /O pads;

forming an electrically conductive, compliant body in each of the openings of the
compliant dielectric layer such that each of the compliant bodies is electrically
coupled to the I/O pad exposed by the corresponding opening;

forming an outer dielectric layer over the compliant dielectric layer, wherein the outer
dielectric layer has a plurality of openings extending therethrough, and
wherein each of the openings exposes a different one of the compliant bodies;
and

forming an electrically conductive, solderable conductor element in each of the
openings of the outer dielectric layer such that each of the solderable
conductor elements is electrically coupled to the compliant body exposed by
the corresponding opening, and wherein each of the solderable conductor

elements is solder wettable.

36.  The method as recited in claim 35, wherein the forming of the electrically conductive,
compliant body in each of the openings of the compliant dielectric layer comprises:

forming an electrically conductive, compliant body in each of the openings of the

compliant dielectric layer such that an underside surface of each of the

compliant bodies is in direct contact with an upper surface of the I/O pad

exposed by the corresponding opening, and is thereby electrically coupled to

the I/0 pad exposed by the corresponding opening.

37 The method as recited in claim 35, wherein the forming of the electrically conductive,

solderable conductor element in each of the openings of the outer dielectric layer comprises:
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forming an electrically conductive, solderable conductor element in each of the
openings of the outer dielectric layer such that an underside surface of each of
the solderable conductor elements is in direct contact with an upper surface of
the compliant body exposed by the corresponding opening, and is thereby
electrically coupled to the compliant body exposed by the corresponding
opening, and wherein each of the solderable conductor elements comprises at
least one metal selected from the group consisting of: lead, tin, cadmium,
indium, bismuth, gallium, copper, silver, platinum, palladium, nickel, and

gold.

38. A method for forming a semiconductor device, comprising:

forming an electrically conductive metal coating element over each of a plurality of
input/output (I/O) pads arranged on a surface of a semiconductor substrate,
wherein outer boundaries of the conductive metal coating elements extend
beyond outer boundaries of the corresponding I/0O pads, and wherein the
conductive metal coating elements function as adhesion layers, barrier layers,
or both adhesion layers and barrier layers;

forming a compliant dielectric layer over the surface of the semiconductor substrate,
wherein the compliant dielectric layer has a plurality of openings extending
therethrough, and wherein each of the openings exposes a different one of the
conductive metal coating elements;

forming an electrically conductive, compliant body in each of the openings of the
compliant dielectric layer such that each of the compliant bodies is electrically
coupled to the conductive metal coating element exposed by the corresponding

opening;
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forming an outer dielectric layer over the compliant dielectric layer, wherein the outer
dielectric layer has a plurality of openings extending therethrough, and
wherein each of the openings exposes a different one of the compliant bodies;
and

forming an electrically conductive, solderable conductor element in each of the
openings of the outer dielectric layer such that each of the solderable
conductor elements is electrically coupled to the compliant body exposed by
the corresponding opening, and wherein each of the solderable conductor

elements is solder wettable.

39.  The method as recited in claim 38, wherein the forming of the electrically conductive
metal coating element over each of the plurality of input/output (I/O) pads comprises:
forming an electrically conductive metal coating element over each of a plurality of

input/output (I/O) pads arranged on a surface of a semiconductor substrate,
wherein outer boundaries of the conductive metal coating elements extend
beyond outer boundaries of the corresponding 1/0 pads, and wherein the
conductive metal coating elements function as adhesion layers, barrier layers,
or both adhesion layers and barrier layers, and wherein each of the conductive
metal coating elements comprises at least one layer of a metal selected from

the group consisting of: chrome, copper, gold, silver, titanium, and tungsten.

40.  The method as recited in claim 38, wherein the forming of the electrically conductive,
solderable conductor element in each of the openings of the outer dielectric layer comprises:
forming an electrically conductive, solderable conductor element in each of the

openings of the outer dielectric layer such that each of the solderable
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conductor elements is electrically coupled to the compliant body exposed by
the corresponding opening, and wherein each of the solderable conductor
elements is solder wettable, and wherein each of the solderable conductor
elements comprises at least one metal selected from the group consisting of:
5 lead, tin, cadmium, indium, bismuth, gallium, copper, silver, platinum,

palladium, nickel, and gold.

41. A method for forming a semiconductor device, comprising:
forming a compliant dielectric layer over a surface of a semiconductor substrate,
10 wherein the compliant dielectric layer has a plurality of openings extending
therethrough, and wherein each of the openings exposes a different one of a
plurality of input/output (I/O) pads arranged on the surface of the
semiconductor substrate;
forming an electrically conductive, compliant body in each of the openings of the
15 compliant dielectric layer such that each of the compliant bodies is electrically
coupled to the first conductive metal coating element exposed by the
corresponding opening;
forming an electrically conductive metal coating element over each of the compliant
bodies, wherein the conductive metal coating elements substantially cover the
20 complaint bodies and function as adhesion layers, barrier layers, or both
adhesion layers and barrier layers;
forming an outer dielectric layer over the compliant dielectric layer, wherein the outer
dielectric layer has a plurality of openings extending therethrough, and
wherein each of the openings exposes a different one of the conductive metal

25 coating elements; and
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forming an electrically conductive, solderable conductor element in each of the
openings of the outer dielectric layer such that each of the solderable
conductor elements is electrically coupled to the conductive metal coating
element exposed by the corresponding opening, and wherein each of the

solderable conductor elements is solder wettable.

42.  The method as recited in claim 41, wherein the forming of the electrically conductive
metal coating element over each of the compliant bodies comprises:
forming an electrically conductive metal coating element over each of the compliant
bodies, wherein the conductive metal coating elements substantially cover the
complaint bodies and function as adhesion layers, barrier layers, or both
adhesion layers and barrier layers, and wherein each of the conductive metal
coating elements comprises at least one layer of a metal selected from the

group consisting of: chrome, copper, gold, silver, titanium, and tungsten.

43,  The method as recited in claim 41, wherein the forming of the electrically conductive,
solderable conductor element in each of the openings of the outer dielectric layer comprises:

forming an electrically conductive, solderable conductor element in each of the

openings of the outer dielectric layer such that each of the solderable

conductor elements is electrically coupled to the conductive metal coating

element exposed by the corresponding opening, and wherein each of the

solderable conductor elements is solder wettable, and wherein each of the

solderable conductor elements comprises at least one metal selected from the

group consisting of: lead, tin, cadmium, indium, bismuth, gallium, copper,

silver, platinum, palladium, nickel, and gold.
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44. A method for forming a semiconductor device, comprising:
forming a first electrically conductive metal coating element over each of a plurality
of input/output (I/O) pads arranged on a surface of a semiconductor substrate,
5 wherein outer boundaries of the conductive metal coating elements extend
beyond outer boundaries of the corresponding I/0 pads, and wherein the
conductive metal coating elements function as adhesion layers, barrier layers,
or both adhesion layers and barrier layers;
forming a compliant dielectric layer over the surface of the semiconductor substrate,
10 wherein the compliant dielectric layer has a plurality of openings extending
therethrough, and wherein each of the openings exposes a different one of the
first conductive metal coating elements;
forming an electrically conductive, compliant body in each of the openings of the
compliant dielectric layer such that each of the compliant bodies is electrically
15 coupled to the first conductive metal coating element exposed by the
corresponding opening;
forming a second electrically conductive metal coating element over each of the
compliant bodies, wherein the second conductive metal coating elements
substantially cover the complaint bodies and function as adhesion layers,
20 barrier layers, or both adhesion layers and barrier layers;
forming an outer dielectric layer over the compliant dielectric layer, wherein the outer
dielectric layer has a plurality of openings extending therethrough, and
wherein each of the openings exposes a different one of the second conductive

metal coating elements; and
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forming an electrically conductive, solderable conductor element in each of the
openings of the outer dielectric layer such that each of the solderable
conductor elements is electrically coupled to the second conductive metal
coating element exposed by the corresponding opening, and wherein each of

the solderable conductor elements is solder wettable.

45.  The method as recited in claim 44, wherein the forming of the first electrically

conductive metal coating element over each of the plurality of input/output (I/O) pads

comprises:

forming a first electrically conductive metal coating element over each of a plurality

of input/output (I/O) pads arranged on a surface of a semiconductor substrate,
wherein outer boundaries of the conductive metal coating elements extend
beyond outer boundaries of the corresponding /O pads, and wherein the first
conductive metal coating elements function as adhesion layers, barrier layers,
or both adhesion layers and barrier layers, and wherein each of the first
conductive metal coating elements comprises at least one layer of a metal
selected from the group consisting of: chrome, copper, gold, silver, titanium,

and tungsten.

46.  The method as recited in claim 44, wherein the forming of the second electrically
conductive metal coating element over each of the compliant bodies comprises:
forming a second electrically conductive metal coating element over each of the
compliant bodies, wherein the second conductive metal coating elements
substantially cover the complaint bodies and function as adhesion layers,

barrier layers, or both adhesion layers and barrier layers, and wherein each of
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the second conductive metal coating elements comprises at least one layer of a
metal selected from the group consisting of: chrome, copper, gold, silver,

titanium, and tungsten.

47  The method as recited in claim 44, wherein the forming of the electrically conductive,
solderable conductor element in each of the openings of the outer dielectric layer comprises:

forming an electrically conductive, solderable conductor element in each of the

openings of the outer dielectric layer such that each of the solderable

conductor elements is electrically coupled to the second conductive metal

coating element exposed by the corresponding opening, and wherein each of

the solderable conductor elements is solder wettable, and wherein each of the

solderable conductor elements comprises at least one metal selected from the

group consisting of: lead, tin, cadmium, indium, bismuth, gallium, copper,

silver, platinum, palladium, nickel, and gold.

48.  An apparatus, comprising:

a component comprising a substrate and a plurality of bonding pads arranged upon a
surface of the substrate, wherein the bonding pads are arranged according to a
first pattern;

a semiconductor device, comprising:

a semiconductor substrate and a plurality of input/output (I/O) pads arranged
on a surface of the semiconductor substrate, wherein the I/0 pads are
arranged according to a second pattern, and wherein the second pattern
is substantially the same as the first pattern;

an outer dielectric layer having a plurality of openings extending therethrough;
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a compliant dielectric layer positioned between the outer dielectric layer and
the surface of the semiconductor substrate, and having a plurality of

openings extending therethrough;

a plurality of electrically conductive, compliant bumps, wherein each of the
compliant bumps is formed upon, and corresponds to, a different one
of the I/O pads, and wherein each of the compliant bumps extends
through a different one of the openings in the compliant dielectric layer
and the outer dielectric layer, and wherein each of the compliant

bumps comprises:

an electrically conductive, solderable conductor element, wherein the
solderable conductor element is solder wettable; and
an electrically conductive, compliant body positioned between the
solderable conductor element and a corresponding one of the
I/0 pads, wherein the compliant body electrically couples the
solderable conductor element to the corresponding one of the
1/0 pads; and
wherein the bonding pads of the component are adjacent to, and electrically coupled

to, the I/0O pads of the semiconductor device.

49.  The apparatus as recited in claim 48, wherein the semiconductor device is a chip scale

package (CSP).

50.  The apparatus as recited in claim 48, wherein the substrate of the component

comprises a plastic material.
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51.  The apparatus as recited in claim 48, wherein the substrate of the component

comprises a ceramic material.

52.  The apparatus as recited in claim 48, wherein the second pattern is a mirror image of

the first pattern.

53. A method for forming an apparatus, comprising:
providing a component comprising a substrate, and a plurality of bonding pads
arranged upon a surface of the substrate, wherein the bonding pads are
arranged according to a first pattern;
providing a semiconductor device, comprising:

a semiconductor substrate and a plurality of input/output (I/O) pads arranged
on a surface of the semiconductor substrate, wherein the I/O pads are
arranged according to a second pattern, and wherein the second pattern
is substantially the same as the first pattern;

an outer dielectric layer having a plurality of openings extending therethrough;

a compliant dielectric layer positioned between the outer dielectric layer and
the surface of the semiconductor substrate, and having a plurality of

openings extending therethrough;

a plurality of electrically conductive, compliant bumps, wherein each of the
compliant bumps is formed upon, and corresponds to, a different one
of the 1/O pads, and wherein each of the compliant bumps extends
through a different one of the openings in the compliant dielectric layer
and the outer dielectric layer, and wherein each of the compliant

bumps comprises:
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an electrically conductive, solderable conductor element, wherein the
solderable conductor element is solder wettable; and
an electrically conductive, compliant body positioned between the
solderable conductor element and a corresponding one of the
5 1/O pads, wherein the compliant body electrically couples the
solderable conductor element to the corresponding one of the
/O pads;
forming a solder coating layer on each of the bonding pads of the component;
bringing the 1/0 pads of the semiconductor device into contact with the solder coating
10 layers formed on the bonding pads of the component; and
heating the substrate of the component or the semiconductor substrate of the

semiconductor device until the solder coating layers melt.

54.  The method as recited in claim 53, wherein the providing of the semiconductor device
15  comprises:
providing a semiconductor device, comprising:
a semiconductor substrate and a plurality of input/output (I/O) pads arranged
on a surface of the semiconductor substrate, wherein the I/O pads are
arranged according to a second pattern, and wherein the second pattern

20 is a mirror image of the first pattern.
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