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57 ABSTRACT

A semiconductor device includes a solder bump overlying
and electrically connected to a pad region, and a metal cap
layer formed on at least a portion of the solder bump. The
metal cap layer has a melting temperature greater than the
melting temperature of the solder bump.
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SEMICONDUCTOR DEVICE AND BUMP
FORMATION PROCESS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/301,456, filed Feb. 4, 2010, and
entitled “Fine Pitch Solder Bumps and Process for Making
Same”, which is hereby incorporated in its entirety herein.

TECHNICAL FIELD

[0002] This disclosure relates to semiconductor devices,
and more particularly, to the fabrication of bump structures in
semiconductor devices.

BACKGROUND

[0003] Modern integrated circuits are made up of literally
millions of active and/or passive devices such as transistors
and capacitors. These devices are initially isolated from each
other, but are later interconnected together to form functional
circuits. Typical interconnect structures include lateral inter-
connections, such as metal lines (wirings), and vertical inter-
connections, such as vias and contacts. Interconnections are
increasingly determining the limits of performance and the
density of modern integrated circuits. On top of the intercon-
nect structures, bond pads are formed and exposed on the
surface of the respective chip. Electrical connections are
made through bond pads to connect the chip to a package
substrate or another die. Bond pads can be used for wire
bonding or flip-chip bonding. In a typical bumping process,
interconnect structures are formed on metallization layers,
followed by the formation of under-bump metallurgy (UBM)
and solder balls. Flip-chip packaging utilizes bumps to estab-
lish electrical contact between a chip’s 1/O pads and the
substrate or lead frame of the package. Structurally, a bump
actually contains the bump itself and a so-called under bump
metallurgy (UBM) located between the bump and an I/O pad.
An UBM generally contains an adhesion layer, a barrier layer
and a wetting layer, arranged in that order, on the I/O pad. The
bumps themselves, based on the material used, are classified
as solder bumps, gold bumps, copper pillar bumps and bumps
with mixed metals.

[0004] Usually, a material used for the solder alloy is so-
called Sn—Pb eutectic solder of Sn-38 mass % Pb. Recently
the semiconductor industry has been moving to “lead (Pb)
free” packaging and lead-free device connector technology.
This trend increasingly results in the use of lead free solder
bumps and lead free solder balls to form connections with
integrated circuits and packages. The use of lead free solderis
safer for the environment, safer for workers in the industry
and safer for consumers than lead based solder bumps or
solder balls. However, the quality and reliability of the solder
bumps has not always been as great as desired. For finer
pitches and larger interconnect densities, the risk of shorts
occurring between solder bumps during fabrication and flip-
chip assembly is high.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIGS.1A~1G are cross-sectional views of a portion
of'a semiconductor device at various stages in a bump forma-
tion process in accordance with an embodiment;
[0006] FIGS.2A~2C are cross-sectional views of a portion
of'a semiconductor device at various stages in a bump forma-
tion process in accordance with an embodiment;
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[0007] FIGS.3A~3D are cross-sectional views of a portion
of'a semiconductor device at various stages in a bump forma-
tion process in accordance with an embodiment; and

[0008] FIGS. 4A~4E are cross-sectional views of a portion
of'a semiconductor device at various stages in a bump forma-
tion process in accordance with an embodiment.

DETAILED DESCRIPTION

[0009] This disclosure provides bump formation processes
used in semiconductor devices applied to flip-chip assembly,
wafer-level chip scale package (WLCSP), three-dimensional
integrated circuit (3D-1C) stack, and/or any advanced pack-
age technology fields. Embodiments described herein relate
to methods of forming solder bumps for use with semicon-
ductor devices. In the following description, numerous spe-
cific details are set forth to provide a thorough understanding
of'the disclosure. However, one having an ordinary skill in the
art will recognize that the disclosure can be practiced without
these specific details. In some instances, well-known struc-
tures and processes have not been described in detail to avoid
unnecessarily obscuring the disclosure. Reference through-
out this specification to “one embodiment™” or “an embodi-
ment” means that a particular feature, structure, or character-
istic described in connection with the embodiment is included
in at least one embodiment. Thus, the appearances of the
phrases “in one embodiment” or “in an embodiment” in vari-
ous places throughout this specification are not necessarily all
referring to the same embodiment. Furthermore, the particu-
lar features, structures, or characteristics may be combined in
any suitable manner in one or more embodiments. It should
be appreciated that the following figures are not drawn to
scale; rather, these figures are merely intended for illustration.
[0010] FIGS.1A~1G are cross-sectional views of a portion
of'a semiconductor device at various stages in a bump forma-
tion process in accordance with an exemplary embodiment.

[0011] With reference to FIG. 1A, an exemplary semicon-
ductor substrate 10 used for bump fabrication is employed in
a semiconductor device fabrication, and integrated circuits
may be formed therein and/or thereupon. The semiconductor
substrate 10 is defined to mean any construction comprising
semiconductor materials, including, but is not limited to, bulk
silicon, a semiconductor wafer, a silicon-on-insulator (SOI)
substrate, or a silicon germanium substrate. Other semicon-
ductor materials including group III, group IV, and group V
elements may also be used. The substrate 10 may further
comprise a plurality of isolation features (not shown), such as
shallow trench isolation (STI) features or local oxidation of
silicon (LOCOS) features. The isolation features may define
and isolate the various microelectronic elements (not shown).
Examples of the various microelectronic elements that may
be formed in the substrate 10 include transistors (e.g., metal
oxide semiconductor field effect transistors (MOSFET),
complementary metal oxide semiconductor (CMOS) transis-
tors, bipolar junction transistors (BJT), high voltage transis-
tors, high frequency transistors, p-channel and/or n-channel
field effect transistors (PFETs/NFETs), etc.), resistors,
diodes, capacitors, inductors, fuses, or other suitable ele-
ments. Various processes are performed to form the various
microelectronic elements including deposition, etching,
implantation, photolithography, annealing, or other suitable
processes. The microelectronic elements are interconnected
to form the integrated circuit device, such as a logic device,
memory device (e.g., static random access memory or
SRAM), radio frequency (RF) device, input/output (I/O)
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device, system-on-chip (SoC) device, combinations thereof,
or other suitable types of devices.

[0012] The substrate 10 further includes inter-layer dielec-
tric layers and a metallization structure overlying the inte-
grated circuits. The inter-layer dielectric layers in the metal-
lization structure include low-k dielectric materials,
un-doped silicate glass (USG), silicon nitride, silicon oxyni-
tride, or other commonly used materials. The dielectric con-
stants (k value) of the low-k dielectric materials may be less
than about 3.9, or less than about 2.8. Metal lines in the
metallization structure may be formed of copper or copper
alloys. One skilled in the art will realize the formation details
of the metallization layers.

[0013] FIG. 1A depicts a conductive region 12 and a pas-
sivation layer 14 formed on the substrate 10. The conductive
region 12 is a metallization layer formed over the inter-layer
dielectric layers. The conductive region 12 is a portion of
conductive routes and has an exposed surface treated by a
planarization process, such as chemical mechanical polishing
(CMP), if necessary. Suitable materials for the conductive
region 12 may include, but are not limited to, for example
copper, aluminum, copper alloy, or other mobile conductive
materials, although it may also be formed of, or include, other
materials such as copper, silver, gold, nickel, tungsten, alloys
thereof, and/or multi-layers thereof. In one embodiment, the
conductive region 12 is a pad region 12, which may be used in
the bonding process to connect the integrated circuits in the
respective chip to external features. The passivation layer 14
is formed on the substrate 10, overlying the pad region 12.
Using photolithography and etching processes, the passiva-
tion layer 14 is patterned to form an opening exposing a
portion of the conductive region 12. In one embodiment, the
passivation layer 14 is formed of a non-organic material
selected from un-doped silicate glass (USQG), silicon nitride,
silicon oxynitride, silicon oxide, and combinations thereof. In
another embodiment, the passivation layer 14 is formed of a
polymer layer, such as an epoxy, polyimide, benzocy-
clobutene (BCB), polybenzoxazole (PBO), and the like,
although other relatively soft, often organic, dielectric mate-
rials can also be used.

[0014] FIG. 1A also depicts the formation of an under-
bump-metallurgy (UBM) layer 16 on the passivation layer 14,
electrically connected to the pad region 12. The UBM layer
16 is formed on the passivation layer 14 and the exposed
portion of the conductive region 12. In an embodiment, the
UBM layer 16 includes a diffusion barrier layer and/or a seed
layer. The diffusion barrier layer, also referred to as a glue
layer, is formed to cover the sidewalls and the bottom of the
opening of the passivation layer 14. The diffusion barrier
layer may be formed of titanium, although it may also be
formed of other materials such as titanium nitride, tantalum,
tantalum nitride, or the like. The formation methods include
physical vapor deposition (PVD) or sputtering. The seed
layer may be a copper seed layer formed on the diffusion
barrier layer using PVD or sputtering. The seed layer may be
formed of copper alloys that include silver, chromium, nickel,
tin, gold, or combinations thereof. In one embodiment, the
UBM layer 16 is a Cu/Ti layer. The diffusion barrier layer
may have a thickness about 1000~2000 Angstroms, and the
seed layer may have a thickness equal to about 3000~7000
Angstroms, although their thicknesses may also be greater or
smaller. The dimensions recited throughout the description
are merely examples, and will be scaled with the downscaling
of integrated circuits.
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[0015] FIG. 1A further depicts the formation a mask layer
18 provided on the UBM layer 16 and patterned with an
opening 19 for example, by exposure, development or etch-
ing, so that a portion of the UBM layer 16 is exposed for bump
formation. The mask layer 18 may be a dry film or a photo-
resist film. In an embodiment, the mask layer 18 is a dry film,
and may be formed of an organic material such as Ajinimoto
buildup film (ABF). In alternative embodiments, the mask
layer 18 is formed of a photo resist. The thickness of the mask
layer 18 may be greater than about 5 pum, or even between
about 10 um and about 120 pm.

[0016] Referring to FIG. 1B, a solder material layer 22 is
formed over the UBM layer 16 within the opening 19 of the
mask layer 18. The solder material layer 22 is made of Sn,
SnAg, Sn—Pb, SnAgCu (with Cu weight percentage less
than 0.3%), SnAgZn, SnZn, SnBi—In, Sn—In, Sn—Au,
SnPb, SnCu, SnZnln, or SnAgSh, etc. In one embodiment,
the solder material layer 22 is a lead-free solder material
layer. In some embodiments, an optional metallization layer
20 is deposited in the opening 19 before the formation of the
solder material layer 22. The optional metallization layer 20
has a thickness less than 10 um. In some embodiments, the
optional metallization layer 20 has a thickness about 1~10
um, for example about 4~8 pum, although the thickness may be
greater or smaller. The formation method of the metallization
layer 20 may include electro plating methods. In one embodi-
ment, the optional metallization layer 20 includes a copper
layer, a copper alloy layer, a nickel layer, a nickel alloy layer,
or combinations thereof. In some embodiments, the optional
metallization layer 20 includes gold (Au), silver, palladium
(Pd), indium (In), nickel-palladium-gold (NiPdAu), nickel-
gold (NiAu) or other similar materials or alloy.

[0017] Next, the mask layer 18 is removed as shown in FIG.
1C. In the case the mask layer 18 is a dry film, it may be
removed using an alkaline solution. If the mask layer 18 is
formed of photoresist, it may be removed by a wet stripping
process using acetone, n-methyl pyrrolidone (NMP), dim-
ethyl sulfoxide (DMSO), aminoethoxy ethanol, and the like.
Thus the uncovered portions of the UBM layer 16 are
exposed, and the solder material layer 22 becomes a solder
pillar 224. In an embodiment, the thickness of the solder pillar
22a is greater than 40 um. In other embodiments, the thick-
ness of the solder pillar 22q is about 40~70 pm, although the
thickness may be greater or smaller. Next, as shown in FIG.
1D, uncovered portions of the UBM layer 16 are removed to
expose the underlying passivation layer 14 by etching meth-
ods, such as wet etching, dry etching or the like.

[0018] FIG. 1E depicts a thermally reflow process per-
formed on the solder pillar 224, forming a ball-shaped solder
bump 22b. During thermal cycling, an intermetallic com-
pound (IMC) layer may be formed between the solder bump
22b and the optional metallization layer 20. The optional
metallization layer 20 may be consumed during the IMC
formation.

[0019] With reference to FIG. 1F, a metal cap layer 24 is
formed on at least an exposed potion of the solder bump 225.
In one embodiment, the metal cap layer 24 is formed on the
entire surface of the solder bump 224. In other embodiments,
the metal cap layer 24 extends to cover the surface of the
optional metallization layer 20 and the UBM layer 16. The
metal cap layer 24 is a metal material layer with a melting
temperature greater than the melting temperature of the sol-
der material layer 22. In some embodiments, the metal cap
layer 24 is formed of copper, nickel (Ni), gold (Au), silver
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(Ag), palladium (Pd), indium (In), nickel-palladium-gold
(NiPdAu), nickel-gold (NiAu), other similar materials, or
alloy. In some embodiments, the metal cap layer 24 may
further include many other conductive materials used in semi-
conductor packaging such as indium (In), platinum (Pt),
cobalt (Co), vanadium (V), and their alloys. In one embodi-
ment, the metal cap layer 24 has a thickness about 0.02 pm~5
um, although the thickness may be greater or smaller. The
metal cap layer 24 may be a single-layered structure or a
multi-layered structure. In an embodiment, the metal cap
layer 24 is deposited by electroless or immersion metal depo-
sition process, for example an ENEPIG structure (a stack of
an electroless nickel (Ni)/electroless palladium (Pd)/immer-
sion gold (Au) layers), an ENEP structure (a stack of an
electroless nickel (Ni)/electroless palladium (Pd) layers), and
EN layer (an electroless nickel (Ni) layer), an ENIG structure
(a stack of an electroless nickel (Ni)/immersion gold (Au)
layers), or combinations thereof.

[0020] This completes a bump structure 26 including the
UBM layer 16, the optional metallization layer 20, the solder
bump 225 and the metal cap layer 24. The bump structure 26
of'the embodiments may be various sizes in diameter and may
include so-called “micro-bumps”. For example, the bump
structure may be 65-80 microns in diameter. The pitch
between bump structures may be less than 150 microns, such
as 130-140 microns, and may in the future get even smaller.
For micro-bump applications, the pitch may be 20-50
microns, and the diameter may be between 10-25 microns as
well. The resulting bump structure 26 has a portion that is
covered with the metal cap layer 24 that is harder, and has a
higher melting point, than the solder bump 2256. The metal cap
layer 24 causes the solder bump 225 to act as a spring or act
like an air filled balloon when subsequently pushed against a
substrate, that is, the bump structure 26 can resist deforma-
tion. In some ways, the metal cap layer 24 acts as a hard stop.
The bump structure 26 can maintain a more uniform stand off
height in completed packages, and the shorting and bridging
problems are reduced or eliminated.

[0021] FIG. 1G is a cross-sectional diagram depicting an
embodiment of a package assembly with the bump structure
26. After the formation of the bump structure 26, the substrate
10 may then be sawed and packaged onto a package substrate,
or another die, with solder balls or Cu posts mounted on a pad
on the package substrate or the other die. The structure shown
in FIG. 1F is attached to another substrate 100. The substrate
100 may be a package substrate, board (e.g., a print circuit
board (PCB)), or other suitable substrate. The connection
structure 102 contacts the substrate 100 at various conductive
attachment points, for example, a solder layer 106 on contact
pads 104 and/or conductive traces. The solder layer 106 may
be a eutectic solder material including alloys of tin, lead,
silver, copper, nickel, bismuth, or combinations thereof.
Using an exemplary coupling process including a flux appli-
cation, chip placement, thermally reflowing of melting solder
joints, and cleaning of flux residue, a joint-solder structure
108 is formed between the substrates 10 and 100. The sub-
strate 10, the joint-solder layer 108a, and the other substrate
100 is referred to as a packaging assembly 200, or in the
present embodiment, a flip-chip assembly. In some embodi-
ments, after thermal cycles during package assembly process,
the metal cap layer 24 may react with the solder bump 226
and/or the solder layer 106, resulting in an intermetallic com-
pound (IMC) within the joint-solder structure 108a. Also, the
metal elements in the metal cap layer 24 may diffuse into the
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solder bump 225 and/or the solder layer 106 after thermal
cycles. The metal cap layer 24 may be partially consumed
during the IMC formation. It is discovered that the use of the
metal cap layer 24 on the solder bump 226 maintains a more
uniform stand off height in completed packages, and
improved reliability of the semiconductor device.

[0022] FIGS. 2A~2C are cross-sectional views of a portion
of'a semiconductor device at various stages in a bump forma-
tion process in accordance with embodiments. The explana-
tion of the same or similar portions to the description in FIG.
1A to FIG. 1G will be omitted.

[0023] With reference to FIG. 2A, after the UBM etching
process, the resulting structure as shown in FIG. 1D proceeds
to the formation of the metal cap layer 24. That is, the metal
cap layer 24 is formed on the solder pillar 22a before per-
forming a solder thermally reflow process. In one embodi-
ment, the metal cap layer 24 is formed on the entire surface of
the solder pillar 22a by electroless or immersion metal depo-
sition process. In some embodiments, the metal cap layer 24
extends to cover a portion of the optional metallization layer
20 and the UBM layer 16. This completes a bump structure
28a including the UBM layer 16, the optional metallization
layer 20, the solder pillar 224 and the metal cap layer 24. The
metal cap layer 24 causes the solder pillar 22a to act as a
spring or act like an air filled balloon when subsequently
pushed against a substrate. The metal cap layer 24 acts as a
hard stop to make the bump structure 284 maintain a more
uniform stand offheight in completed packages. The shorting
and bridging problems are therefore reduced or eliminated.

[0024] In an alternative embodiment, the bump structure
28a proceeds to a solder thermally reflow process. With ref-
erence to FIG. 2B, the solder pillar 224 is thermally reflowed
to shape the pillar into a rounded solder bump 22¢. In one
embodiment, the solder bump 22c¢ includes a rounded corner
in a cross-sectional view. Also, the metal elements in the
metal cap layer 24 may diffuse into the solder bump 22¢ after
thermal cycles. This completes another bump structure 285
including the UBM layer 16, the optional metallization layer
20, the rounded solder bump 22¢ and the metal cap layer 24.
The metal cap layer 24 causes the solder bump 22¢ to actas a
spring or act like an air filled balloon when subsequently
pushed against a substrate. The metal cap layer 24 acts as a
hard stop to make the bump structure 285 maintain a more
uniform stand offheight in completed packages. The shorting
and bridging problems are therefore reduced or eliminated.

[0025] FIG. 2C is a cross-sectional diagram depicting an
embodiment of a package assembly with the bump structure
28b. After the formation of the bump structure 284 or 285, the
substrate 10 may then be sawed and packaged to another
substrate 100 through the connection structure 102 including
a solder layer 106 on contact pads 104 and/or conductive
traces. Using an exemplary coupling process, a joint-solder
structure 1085 is formed between the substrates 10 and 100.
The substrate 10, the joint-solder layer 1085, and the other
substrate 100 is referred to as a packaging assembly 300. In
the case of forming the bump structure 28a on the substrate
10, the solder pillar 224 is thermally reflowed to shape the
pillar into a rounded solder bump 22¢ during the coupling
process, and thereby the bump structure 28 becomes the bump
structure 285 in the packaging assembly 300. Also, the metal
elements in the metal cap layer 24 may diffuse into the solder
bump 22¢ and/or the solder layer 106 after thermal cycles. It
is discovered that the use of the metal cap layer 24 of the bump
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structure 28a or 2856 maintains a more uniform stand off
height in completed packages, and improved reliability of the
semiconductor device.

[0026] FIGS.3A~3D are cross-sectional views of a portion
of'a semiconductor device at various stages in a bump forma-
tion process in accordance with an embodiment. The expla-
nation of the same or similar portions to the description in
FIG. 1A to FIG. 1G will be omitted.

[0027] With reference to FIG. 3 A, after removing the mask
layer, the resulting structure as shown in FIG. 1C proceeds to
the formation of the metal cap layer 24. That is, the metal cap
layer 24 is formed on the solder pillar 22a and the uncovered
portions of the UBM layer 16 before performing an UBM
etching process. In one embodiment, the metal cap layer 24 is
formed on the entire surface of the solder pillar 22a by electro
plating, electroless plating, or chemical vapor deposition
(CVD) methods.

[0028] Next, as shown in FIG. 3B, an etching process, such
as wet etching, dry etching or the like, is performed in order
to remove the UBM layer 16 outside the solder pillar 224 till
the passivation layer 14 is exposed. The metal cap layer 24
and the UBM layer 16 outside the solder pillar 22a are
removed in the etching process, and a portion of the metal cap
layer 24 on the surface of the solder pillar 224 is also removed.
In one embodiment, a portion of the metal cap layer 24 on the
top of the solder pillar 22a is removed to expose the top
surface 22¢ of the solder pillar 22a. In some embodiments, a
portion of the metal cap layer 24 adjacent to the upper side-
wall of the solder pillar 22¢ is removed to expose the upper
sidewall surface 22su of the solder pillar 22a. The metal cap
layer 24 remains on the lower sidewall surface 22s; of the
solder pillar 22a.

[0029] FIG. 3C depicts a thermally reflow process per-
formed on the solder pillar 224, forming a surface-rounded
solder bump 22d. During thermal cycling, the metal elements
of the metal cap layer 24 may diffuse into the solder bump
22d, and an intermetallic compound (IMC) layer may be
formed between the solder bump 224 and the metal cap layer
24. This completes a bump structure 30 including the UBM
layer 16, the optional metallization layer 20, the solder bump
22d and the metal cap layer 24. The metal cap layer 24
remains on the lower sidewall surface 22s, of the solder bump
22d. The metal cap layer 24 causes the solder bump 224 to act
as a spring or act like an air filled balloon when subsequently
pushed against a substrate. The metal cap layer 24 acts as a
hard stop to make the bump structure 28a¢ maintain a more
uniform stand offheight in completed packages. The shorting
and bridging problems are therefore reduced or eliminated.
[0030] FIG. 3D is a cross-sectional diagram depicting an
embodiment of a package assembly with the bump structure
30. After the formation of the bump structure 30, the substrate
10 may then be sawed and packaged to another substrate 100
through the connection structure 102 including a solder layer
106 on contact pads 104 and/or conductive traces. Using an
exemplary coupling process, a joint-solder structure 108¢ is
formed between the substrates 10 and 100. The substrate 10,
the joint-solder layer 108¢, and the other substrate 100 is
referred to as a packaging assembly 400. It is discovered that
the use of the metal cap layer 24 of the bump structure 30
maintains a more uniform stand off height in completed pack-
ages, and improved reliability of the semiconductor device.
[0031] FIGS. 4A~4E are cross-sectional views of a portion
of'a semiconductor device at various stages in a bump forma-
tion process in accordance with an embodiment. The expla-

Aug. 4, 2011

nation of the same or similar portions to the description in
FIG. 1A to FIG. 1G will be omitted.

[0032] Withreference to FIG. 4A, after the formation ofthe
solder material layer 22 in the opening 18 of the mask layer
18, the mask layer 18 is partially removed to expose a portion
of the solder pillar 224, and a portion of the mask layer 18
remains at the lower portions of the solder pillar 224. In one
embodiment, the top surface 22¢ is exposed, and an upper
portion of the sidewall surface 22s, is exposed. For example,
more than 50% (e.g., about 70%~80%) of the sidewall surface
is exposed at this step.

[0033] Next, as shown in FIG. 4B, a metal cap layer 24 is
formed on the exposed surface of the solder pillar 22a by
electro plating or electroless plating methods, followed by
removing the remaining portion of the mask layer 18. That is,
the metal cap layer 24 is formed on the uncovered surface of
the solder pillar 22q, including the top surface 227 and the
upper portion of the sidewall surface 22s,. After completely
removing the mask layer 18, the lower portion of the sidewall
surface 22s, and the UBM layer 16 are exposed.

[0034] Next, as shown in FIG. 4C, an etching process, such
as wet etching, dry etching or the like, is performed in order
to remove the UBM layer 16 outside the solder pillar 224 till
the passivation layer 14 is exposed. A portion of the metal cap
layer 24 on the surface ofthe solder pillar 224 is also removed
during the UBM etching step. In one embodiment, a portion
of'the metal cap layer 24 on the top of the solder pillar 22a is
removed to expose the top surface 22¢. In some embodiments,
a portion of the metal cap layer 24 on to the top of the upper
portion sidewall of the solder pillar 22a is removed to expose
the top sidewall surface 22s,,. The metal cap layer 24 remains
on the middle sidewall surface 22sm of the solder pillar 22a.
[0035] FIG. 4D depicts a thermally reflow process per-
formed on the solder pillar 224, forming an ovoid-shaped
solder bump 22e. Because the metal cap layer 24 has a higher
melting point than the solder material, the bump shape is
laterally spread at the bottom portion 22¢, that is outside the
metal cap layer 24. The bottom portion 22e, provides several
advantages, e.g., providing an additional stress relief feature,
further promoting adhesion of the solder bump with the
underlying materials, as well as providing a mechanical stress
relief. During thermal cycling, the metal elements of the
metal cap layer 24 may diffuse into the solder bump 22e, and
an intermetallic compound (IMC) layer may be formed
between the solder bump 22¢ and the metal cap layer 24.
[0036] This completes a bump structure 32 including the
UBM layer 16, the optional metallization layer 20, the solder
bump 22e and the metal cap layer 24. The metal cap layer 24
causes the solder bump 22¢ to act as a spring or act like an air
filled balloon when subsequently pushed against a substrate.
The metal cap layer 24 acts as a hard stop to make the bump
structure 28a maintain a more uniform stand off height in
completed packages. The shorting and bridging problems are
therefore reduced or eliminated.

[0037] FIG. 4E is a cross-sectional diagram depicting an
embodiment of a package assembly with the bump structure
32. After the formation of the bump structure 32, the substrate
10 may then be sawed and packaged to another substrate 100
through the connection structure 102 including a solder layer
106 on contact pads 104 and/or conductive traces. Using an
exemplary coupling process, a joint-solder structure 108 is
formed between the substrates 10 and 100. The substrate 10,
the joint-solder layer 1084, and the other substrate 100 is
referred to as a packaging assembly 500. It is discovered that
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the use of the metal cap layer 24 of the bump structure 32
maintains a more uniform stand off height in completed pack-
ages, and improved reliability of the semiconductor device.
[0038] Inthe preceding detailed description, the disclosure
is described with reference to specific exemplary embodi-
ments thereof. It will, however, be evident that various modi-
fications, structures, processes, and changes may be made
thereto without departing from the broader spirit and scope of
the disclosure. The specification and drawings are, accord-
ingly, to be regarded as illustrative and not restrictive. It is
understood that the disclosure is capable of using various
other combinations and environments and is capable of
changes or modifications within the scope of inventive con-
cepts as expressed herein.

What is claimed is:
1. A semiconductor device, comprising:
a semiconductor substrate;
a pad region on the semiconductor substrate;
a solder bump overlying and electrically connected to the
pad region; and
ametal cap layer formed on at least a portion of the solder
bump;
wherein the metal cap layer has a melting temperature
greater than a melting temperature of the solder bump.
2. The semiconductor device of claim 1, wherein the metal
cap layer comprises nickel.
3. The semiconductor device of claim 1, wherein the metal
cap layer comprises palladium.
4. The semiconductor device of claim 1, wherein the metal
cap layer comprises gold.
5. The semiconductor device of claim 1, wherein the metal
cap layer comprises copper.
6. The semiconductor device of claim 1, wherein the solder
bump comprises a lead-free solder material.
7. The semiconductor device of claim 1, wherein the metal
cap layer is formed on the entire surface of the solder bump.
8. The semiconductor device of claim 1, wherein the metal
cap layer is formed on the lower sidewall surface of the solder
bump.
9. The semiconductor device of claim 1, wherein the metal
cap layer is formed on the middle sidewall surface of the
solder bump.
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10. The semiconductor device of claim 9, wherein the
solder bump comprises a bottom portion laterally spreading
outside the metal cap layer.

11. A packaging assembly, comprising:

a semiconductor substrate;

a package substrate; and

a bump structure disposed between and electrically con-

necting the semiconductor substrate and the package
substrate;

wherein the bump structure comprises a solder bump and a

metal cap layer covering at least a portion of the solder
bump, and the metal cap layer has a melting temperature
greater than a melting temperature of the solder bump.

12. The packaging assembly of claim 11, wherein the metal
cap layer comprises at least one of nickel, palladium and gold.

13. The packaging assembly of claim 11, wherein the metal
cap layer comprises copper.

14. The packaging assembly of claim 11, wherein the sol-
der bump comprises a lead-free solder material.

15. The packaging assembly of claim 11, wherein the sol-
der bump comprises a portion laterally spreading outside the
metal cap layer.

16. A method of forming a semiconductor device, compris-
ing:

forming a solder material layer on a semiconductor sub-

strate;

performing a thermally reflow process on the solder mate-

rial layer; and

forming a metal cap layer on at least a portion of the solder

material layer;

wherein the metal cap layer a melting temperature greater

than a melting temperature of the solder material layer.

17. The method of claim 16, wherein the metal cap layer
comprises at least one of nickel, palladium and gold.

18. The method of claim 16, wherein the metal cap layer is
formed after the thermally reflow process.

19. The method of claim 16, wherein the metal cap layer is
formed before the thermally reflow process.

20. The method of claim 16, wherein the solder material
layer is a solder pillar, and the metal cap layer is formed to
cover at least a portion of the sidewall surface of the solder
pillar.



