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PACKAGE ON PACKAGE DEVICES AND
METHODS OF PACKAGING
SEMICONDUCTOR DIES

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a reissue application of U.S. Pat. No.

9,105,552, This application claims the benefit of U.S. Pro-
visional Application No. 61/553,592, filed on Oct. 31, 2011,
entitled, “Ultra Thin Stacked Packaging Application and
Methods of Forming Same,” which 1s incorporated herein by
reference in 1ts entirety.

BACKGROUND

Semiconductor devices are used 1n a variety of electronic
applications, such as personal computers, cell phones, digi-
tal cameras, and other electronic equipment, as examples.
Semiconductor devices are typically fabricated by sequen-
tially depositing insulating or dielectric layers, conductive
layers, and semiconductive layers of material over a semi-
conductor substrate, and patterning the various material
layers using lithography to form circuit components and
clements thereon.

The semiconductor industry continues to improve the
integration density of various electronic components (e.g.,
transistors, diodes, resistors, capacitors, etc.) by continual
reductions 1 minimum feature size, which allow more
components to be integrated 1into a given area. These smaller
clectronic components also require smaller packages that
utilize less area than packages of the past, 1n some applica-
tions.

Package on package (PoP) technology i1s becoming
increasingly popular for its ability to allow for denser
integration of integrated circuits into a small overall pack-
age. PoP technology 1s employed in many advanced hand-
held devices, such as smart phones. While PoP technology
has allowed for a lower package profile, the total thickness
reduction 1s currently limited by the solder ball joint height
between the top package and bottom package.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present disclo-
sure, and the advantages thereof, reference 1s now made to
the following descriptions taken in conjunction with the
accompanying drawings, i which:

FIGS. 1 through 5 show cross-sectional views of a method
of packaging a first die and forming metal stud bumps on a
top surface thereol at various stages in accordance with an
embodiment of the present disclosure;

FIGS. 6 through 8 illustrate cross-sectional views of an
example of a method of forming the metal stud bumps;

FIG. 9 1s a cross-sectional view of a metal stud bump,
illustrating dimensions of portions of the metal stud bump 1n
accordance with an embodiment:
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FIGS. 10 through 12 are top views of a substrate of a first
packaged die, 1llustrating regions on a substrate where the

metal stud bumps are formed 1n accordance with embodi-
ments;

FIG. 13 shows a more detailed top view of a substrate of
a first packaged die;

FIG. 14 shows a more detailed view of a portion of the
substrate shown in FIG. 13, 1llustrating bump-on-trace pat-
terns that are used to attach a die to the substrate 1n an
embodiment;

FIG. 15 shows a bottom view of a die, illustrating a
pattern of solder bump contacts 1n accordance with an
embodiment;

FIGS. 16 through 19 show cross-sectional views of a
method of packaging at least one second die at various
stages 1n accordance with an embodiment;

FIG. 20 1llustrates a cross-sectional view of attaching the
second packaged die to a first packaged die in accordance
with an embodiment:

FIG. 21 1s a cross-sectional view of a PoP device pack-
aged 1n accordance with methods described herein;

FIG. 22 1s a cross-sectional view of a PoP device 1n
accordance with another embodiment; and

FIG. 23 1s a flow chart 1llustrating a method of packaging
semiconductor dies 1n accordance with an embodiment of
the present disclosure.

Corresponding numerals and symbols 1n the different
figures generally refer to corresponding parts unless other-
wise indicated. The figures are drawn to clearly illustrate the

relevant aspects of the embodiments and are not necessarily
drawn to scale.

DETAILED DESCRIPTION OF ILLUSTRATIV.
EMBODIMENTS

T

The making and using of the embodiments of the present
disclosure are discussed 1n detail below. It should be appre-
ciated, however, that the present disclosure provides many
applicable inventive concepts that can be embodied 1n a
wide variety of specific contexts. The specific embodiments
discussed are merely 1llustrative of specific ways to make
and use the disclosure, and do not limit the scope of the
disclosure.

Embodiments of the present disclosure are related to
packaging of semiconductor devices. Novel packaging
structures and methods of packaging multiple semiconduc-
tor devices 1n PoP packages will be described herein. A first
die 118 1s packaged to form a first packaged die 126, shown
in FIG. 5, and one or more second dies 168a and 168b are
packaged to form a second packaged die 176, as shown in
FIG. 19. The second packaged die 176 1s packaged with the
first packaged die 126, forming a PoP device 180, as shown
in FIGS. 21 and 22, to be described further herein. Note that
for simplification, not all element numbers are included 1n
cach subsequent drawing; rather, the element numbers most
pertinent to the description of each drawing are included in
cach of the drawings.

FIGS. 1 through 5 show cross-sectional views of a method
of packaging the first die 118 and forming metal stud bumps
112 on a top surface thereof at various stages in accordance
with an embodiment of the present disclosure. Referring first
to FIG. 1, a first substrate 100 1s provided. Only one first
substrate 100 1s shown 1n the drawings; however, several
first substrates 100 are processed on a workpiece comprising
a plurality of first substrates 100, and the workpiece 1s later
singulated, after packaging first dies 118 on the first sub-
strates 100.
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The first substrate 100 comprises an mterposer comprised
ol an msulating material or glass in some embodiments. In
other embodiments, the first substrate 100 comprises a
semiconductive material such as a semiconductor water. The
first substrate 100 may include electronic components and
elements formed thereon 1n some embodiments, or alterna-
tively, the first substrate 100 may be free of electronic
components and elements.

Bond pads 102 are formed on the top surface of the first
substrate 100, i a peripheral region (not shown in FIG. 1:
see peripheral region 146 in FIG. 10) of the first substrate
100 1n a top view. Bond pads and/or traces 106 are formed
on the top surface of the first substrate 100 in a central region
(also not shown 1n FIG. 1: see central region 148 1n FIG. 13)
of the first substrate 100 1n a top view. Bond pads 108 are
formed on the bottom surface of the first substrate 100. The
bond pads 108 may be arranged 1n an array or in rows or
columns on the bottom surface of the first substrate 100, not
shown. The bond pads 108 may fully populate the bottom
surface or may be arranged in various patterns, such as
patterns used 1n ball gnd array (BGA) or land grid array
(LGA) package devices, as examples. The bond pads 102,
bond pads and/or traces 106, and bond pads 108 comprise a
conductive material such as Al, Cu, Au, alloys thereot, other
materials, or combinations and/or multiple layers thereot, as
examples. Alternatively, the bond pads 102, bond pads
and/or traces 106, and bond pads 108 may comprise other
materials.

The first substrate 100 includes a plurality of through-
substrate vias (I'SVs) 104 formed therein 1n some embodi-
ments. The TSVs 104 comprise conductive or semiconduc-
tive material that extends completely through the first
substrate 100 may optionally be lined with an insulating
material. The TSVs 104 provide vertical electrical connec-
tions (e.g., y-axis connections i FIG. 1) from a bottom
surface to a top surface of the first substrate 100.

The first substrate 100 includes wiring 110 formed within
one or more insulating material layers. The wiring 110
provides horizontal electrical connections (e.g., Xx-axis con-
nections 1n the view shown 1n FIG. 1) 1n some embodiments,
for example. The wiring 110 may include fan-out regions
that include traces of conductive material for expanding the
footprint of a first die (not shown in FIG. 1: see first die 118
in FIG. 3) to a footprint of the bottom side of the first
substrate 100, e.g., of the bond pads 108. The wiring 110 of
the first substrate 100 may include one or more redistribu-
tion layers (RDLs). The RDLs may comprise one or more
isulating layers and wiring layers. The RDLs may include
inter-level dielectrics (ILDs) (e.g., dielectric 111) with wir-
ing 1n metallization layers disposed or formed therein. The
wiring 110 may comprise one or more vias and/or conduc-
tive lines, for example. The wiring 110 and the TSVs 104
may be formed using one or more subtractive etch processes,
single damascene techniques, and/or dual damascene tech-
niques, as examples. A portion of the wiring 110 may reside
on the top and bottom surfaces of the first substrate 100; e.g.,
portions of the wiring 110 of the first substrate 100 may
comprise bond pads 102, bond pads and/or traces 106, and
bond pads 108 that are coupleable to other elements. Alter-
natively, the bond pads 102, bond pads and/or traces 106,
and bond pads 108 may be formed separately and attached
to portions of the wiring 110, 1n other embodiments.

In accordance with embodiments of the present disclo-
sure, a plurality of metal stud bumps 112 1s attached to the
bond pads 102 on the top surface of the substrate 100, as
shown 1n FIG. 2. The plurality of metal stud bumps 112 may
be attached using a method similar to a wire-bond method,
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¢.g., using a wire bonder (not shown). The metal stud bumps
112 include a bump region 114 and a tail region 116 coupled
to the bump region 114. The bump region 114 comprises a
flattened ball shape, and the tail region 116 comprises a tail
or stud shape.

The plurality of metal stud bumps 112 comprises a
conductive material, such as a metal. In some embodiments,
the plurality of metal stud bumps 112 comprises Cu, Al, Au,
Pt, Pd, and/or combinations thereof, for example. Alterna-
tively, the metal stud bumps 112 may comprise other con-
ductive materials and/or metals. Each of the plurality of
metal stud bumps 112 comprises a height of about 50 to 300
um and a diameter of about 50 to 200 um proximate the first
substrate 100, in some embodiments. Alternatively, plurality
of metal stud bumps 112 may comprise other materials and
dimensions. The formation of the metal stud bumps 112 and
the dimensions thereof will be described further herein with
reference to FIGS. 6 through 8 and FIG. 9, respectively.

Next, a first die 118 1s provided and 1s attached to the first
substrate 100, as shown in FIG. 3. The first die 118 com-
prises an integrated circuit or chip that will be packaged with
a second die 168a and optionally also a third die 168b 1n a
single PoP device 180 (see FI1G. 21). The first die 118 may
include a workpiece that includes a semiconductor substrate
comprising silicon or other semiconductor materials and
may be covered by an insulating layer, for example. The first
die 118 may include one or more components and/or circuits
formed 1n and/or over the workpiece, not shown. The first
die 118 may 1nclude conductive layers and/or semiconductor
clements, e.g., transistors, diodes, capacitors, etc., also not
shown. The first die 118 may comprise logic circuitry,
memory devices, or other types of circuits, as examples. The
first die 118 may include a plurality of contacts (not shown)
formed on a bottom surface thereof.

A plurality of solder bumps 120 1s formed on the bottom
surface of the first die 118, e.g., on the plurality of contacts
on the bottom surface of the first die 118. The solder bumps
120 may comprise microbumps or solder balls, as examples.
The solder bumps on the first die 118 are then attached to the
bond pads and/or traces 106 on the top surface of the first
substrate 100, as shown 1n FIG. 3. A solder reflow process
1s used to reflow the solder of the solder bumps 120 and
attach the first die 118 to the first substrate 100, electrically
and mechanically attaching the solder bumps 120 to the
bond pads or traces 106 of the first substrate 100, for
example. The solder bumps 120 may alternatively be
attached to the first substrate 100 using other methods.

In some embodiments, the first die 118 1s attached to the
first substrate 100 using a flip-chip bond-on-trace (BOT)
attachment technique. Alternatively, other tlip-chip attach-
ment techniques and other types of bond pads 106 may be
used.

An underfill material 122 1s then applied under the first die
118, between the first substrate 100 and the first die 118, as
shown 1n FIG. 4. The underfill material 122 1s applied using,
a dispensing needle along one or more edges of the first die
118, for example, although other methods may also be used
to form the underfill material 122. The undertill material 122
comprises epoxy or a polymer in some embodiments,
although other materials may alternatively be used.

A plurality of solder balls 124 i1s then formed on the
bottom surface of the first substrate 100, as shown 1n FIG.
5. The solder balls 124 are attached to the bond pads 108 on
the bottom of the first substrate 100. The solder balls 124
may be formed using a ball mount process, followed by a
solder retlow process, for example. The solder balls 124 may
alternatively be formed using other methods.
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The first substrate 100 1s then singulated from other first
substrates 100 on the workpiece, forming a first packaged
die 126. The first packaged die 126 1s also referred to herein
as a bottom packaged die, for example. The bottom pack-
aged die 126 comprises a plurality of bond pads 102 on the
top surface 129 thereof, and includes a plurality of solder
balls 124 formed on bond pads 108 on the bottom surface
128 thereol. Each of the plurality of metal stud bumps 112
1s bonded to a bond pad 102 on the top surface 129 of the
bottom packaged die 126. Final tests are then performed on
the first or bottom packaged die 126.

FIGS. 6 through 8 1llustrate cross-sectional views of an
example of a method of forming the metal stud bumps 112
shown 1n FIGS. 2 through 5. The metal stud bumps 112 are
formed using a wire bonder that includes a capillary 132 for
dispensing a metal wire 133, an clectric flame off (EFO)
wand, and a transducer (the wire bonder and some elements
thereol are not shown 1n the figures). A portion 130 of the
wire bonder 1s shown 1 FIG. 6 with a wire 133 disposed
inside a capillary 132. The capillary 132 1s adapted to control
and move the wire during the bonding process. The wire 133
comprises Cu, Al, Au, Pt, Pd, and/or combinations thereof,
for example. Alternatively, the wire 133 may comprise other
conductive materials and/or metals.

An end 134 of the wire 133 protrudes from the tip of the
capillary 132. The EFO wand 1s used to create an electrical
spark 136 proximate the end 134 of the wire 133, which
forms a ball 138 at the end 134 of the wire 133, as shown
in FIG. 7. The ball 138 1s formed using a free air ball (FAB)
technique. The ball 138 1s placed against a bond pad 102 on
the first substrate 100, also shown 1n FIG. 7.

The capillary 132 vibrates the ball 138 1n a horizontal
direction 1n the view shown in FIG. 8, using ultrasonic
vibration or power 140. A force 142 1s applied against the
bond pad 102, and heat 144 1s applied to the first substrate
100, also shown 1n FIG. 8, attaching the ball 138 on the wire
133 to the bond pad 102. The capillary 132 1s then removed,
simultaneously breaking the wire 133 and forming a tail
region 116 having a predetermined length (not shown in
FIG. 8: see FIG. 9), leaving a metal stud bump 112 attached
or bonded to the first substrate 100 on top of the bond pad
102, as shown 1n a cross-sectional view 1n FIG. 9. Alterna-
tively, the metal stud bumps 112 may be formed and bonded
to the first substrate 100 using other methods.

FI1G. 9 also 1llustrates dimensions of portions of the metal
stud bump 112 1n accordance with an embodiment. The
metal stud bump 112 has a bump diameter BD proximate the
first substrate 100, a ball height BH1, a base height BH2 of
the bump region 114, a tail length TL of the tail region 116,
and an overall height OH, as shown. The dimensions BD,
BH1, BH2, TL, and OH vary according to the diameter of
the wire 133, which may range from about 1 to 2 mm in
some embodiments, for example. BD ranges from about 30
to 200 um; TL ranges from about 10 to 200 um; OH ranges
from about 50 to 300 um; and BH1 and BH2 are less than
OH 1n some embodiments, as examples. In one embodiment,
the overall height OH ranges from about 50 to 300 um and
the bump diameter BD proximate the first substrate 100
ranges from about 50 to 200 um. In another embodiment, the
overall height OH comprises about 300 um. In some
embodiments, the ratio of overall height OH to bump
diameter BD 1s greater than about 1 to about 6, as another
example. Alternatively, the wire 133 and the metal stud
bumps 112 may comprise other dimensions.

FIGS. 10 through 12 are top views of a first substrate 100
of a first packaged die 126 that 1llustrate regions on the first
substrate 100 where the novel metal stud bumps 112 are
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formed 1n accordance with embodiments. The first substrate
100 has a peripheral region 146 disposed about a central
region 148, as shown. The peripheral region 146 may
comprise a plurality of bond pads 102 formed therein 1n one
or more rows. As an example, two rows of bond pads 102 are
shown 1n the peripheral region 146 1n FIGS. 10 through 12;
alternatively, other numbers of rows may be used. The
central region 148 includes a plurality of bond pads and/or
traces 106 (not shown 1n FIGS. 10 through 12: see FIG. 13).

In one embodiment, the metal stud bumps 112 are coupled
to each of the bond pads 102 in the peripheral region 146,
as shown i FIG. 10. One of the plurality of metal stud
bumps 112 1s bonded to each of the plurality of bond pads
102 on the bottom packaged die 126, e.g., in the peripheral
region 146.

In other embodiments, one of the plurality of metal stud
bumps 112 1s bonded to only some of the plurality of bond
pads 102 on the bottom packaged die 126. For example,
FIG. 11 shows an embodiment wherein the metal stud
bumps 112 are coupled to each of the bond pads 102 in the
corner regions 150 (e.g., in the peripheral region 146) of the
first substrate 100. One of the plurality of metal stud bumps
112 1s bonded to each of the plurality of bond pads 102 1n
the corner regions 150 of the bottom packaged die 126. At
least 10% of the bond pads 102 on the first substrate 100 1n
the peripheral region 146 have a metal stud bump 112
coupled thereto 1n some embodiments.

In yet another embodiment, the metal stud bumps 112 are
coupled to the bond pads 102 in the corner regions 150, and
also to central edge regions 152, as shown 1n FIG. 12, e.g.,
in the peripheral region 146. One of the plurality of metal
stud bumps 112 1s bonded to each of the plurality of bond
pads in the central edge regions 152 and also in corner
regions 150 of the bottom packaged die 126.

Note that the metal stud bumps 112 are not shown 1n
FIGS. 10 to 12; the bond pads 102 that the metal stud bumps
112 are attached to are visible in the views shown. The
numbers of bond pads 102 in the central edge regions 152
and the corner regions 150 shown are exemplary and may
vary based on the semiconductor device design, for
example.

FIG. 13 shows a more detailed top view of a first substrate
100 of a first packaged die 126. The bond pads and/or traces
106 are shown, which are formed 1n the central region 106
of the first substrate 100. A more detailed view of a portion
of FIG. 13 1s shown 1n FIG. 14, illustrating bump-on-trace
patterns that are used to attach a die to the substrate i an
embodiment, wherein the first die 118 1s packaged using a
BOT packaging technique. Alternatively, the patterns of the
bond pads 106 may comprise patterns typically used for
solder balls, in other embodiments.

FIG. 15 shows a bottom view of a first die 118, illustrating,
a pattern of solder bumps 120 i1n accordance with an
embodiment. The solder bumps 120 may be more densely
populated in perimeter and/or corner regions, and may have
gaps where no solder bumps 120 are formed in certain
portions thereof. The pattern shown 1n FIG. 15 1s merely an
example: many other types of patterns may also be used for
the solder bumps 120, depending on the semiconductor
device design.

FIGS. 16 through 19 show cross-sectional views of a
method of packaging at least one second die 168a at various
stages 1n accordance with an embodiment. A second sub-
strate 160 1s provided, which may comprise a substrate
similar to the first substrate 100 (including, e.g., a dielectric
113 similar to dielectric 111) described herein and which
may comprise similar materials and components. The sec-
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ond substrate 160 may comprise a plurality of second
substrates 160 formed on a strip (not shown), e.g., a strip
including about 4 blocks of 4 rows and 3 columns of second
substrates 160. Alternatively, other numbers of second sub-
strates 160 may be formed on a strip of substrates, i other
arrangements. The second substrate 160 may 1nclude TSVs
164 and wiring 170 similar to the TSVs 104 and wiring 110
described for the first substrate 100. The second substrate
160 includes contact pads 162 on the top surface i a
perimeter region and contacts 166 on the bottom surface.
The contact pads 162 and contacts 166 may comprise similar
materials described for the bond pads 102, bond pads or
traces 106, and bond pads 108 of the first substrate 100, for
example.

A second die 168a 1s provided, as shown 1n FIG. 16. The
second die 168a may comprise a die similar to that described
for the first die 118, for example. At least one second die
168a 15 attached to the top surface of the second substrate
160. The second die 168a includes a plurality of contacts
169a on a top surface thereof 1n a perimeter region. The
second die 168a 1s attached to the top surface of the second
substrate 160 using a glue or adhesive, not shown. The
second die 168a 1s then electrically connected to the second
substrate 160 using wire bonds 172a along two or more
edges of the second die 168a. The second die 168a may be
wire bonded along all four edges to the second substrate 160,
for example. Coupling the second die 168a to the top surface
of the second substrate 160 comprises wire-bonding contacts
169a on a top surtace of the second die 168a to contact pads
162 on the top surface of the second substrate 160 using the
wire bonds 172a.

In some embodiments, one second die 168a 1s coupled to
the second substrate 160, and then a molding compound 173
1s formed over the second die 168a and top surface of the
second substrate 160, not shown 1n the drawings. In other
embodiments, two second dies 168a and 168b are coupled
over the second substrate 160, as shown in FIG. 18. A
plurality of second dies 168a and 168b are stacked vertically
above the second substrate 160, for example.

The second die 168b 1s also referred to herein as a third
die. The third die 168b 1s coupled over the second die 168a,
¢.g., attached to the top surtace of the second die 168a using
a glue or adhesive, as shown 1n FIG. 18. Contacts 169b on
a top surface of the third die 168b are wire bonded using
wire bonds 172b to contact pads 162 on the top surface of
the second substrate 160, also shown 1n FIG. 18. The third
die 168b 1s wire bonded to the second substrate 160 similar
to the wire bonding of the second die 168a to the second
substrate 160 described herein, for example. Two or more
rows of contact pads 162 may be formed on the top surface
of the second substrate 160. The 1nner-most row of contact
pads 162 1s wire bonded to the second die 168a, and the
outer-most row ol contact pads 162 1s wire bonded to the
third die 168b, as shown 1n FIG. 18. A molding compound
173 1s formed over the third die 168b and exposed portions
of the second substrate 160. The molding compound 173
comprises an insulating material that protects the wire bonds
172a and 172b, for example.

In some embodiments, the second dies 168a and 168b are
packaged on the second substrate 160 using a tlip-chip waiter
level packaging (WLP) technique and wire bonding process,
for example. Alternatively, the second dies 168a and 168b
may be packaged on the second substrate 160 using other
types of packaging processes.

In some embodiments, the second substrate 160 may not
include an RDL 1n the wiring 170. All or some of the x-axis
or horizontal electrical connections may be made using wire
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bonds 172a and 172b, in these embodiments. In other
embodiments, the second substrate 160 may include an RDL
in the wiring 170, as another example. All or some of the
x-axis or horizontal electrical connections may be made in
the RDL 1n these embodiments.

After the molding compound 173 1s applied, a plurality of
solder balls 174 1s formed on the bottom surface of the
second substrate 160, ¢.g., the solder balls 174 are coupled
to the contacts 166, as shown 1n FIG. 19, and as described
for the solder balls 124 on the bottom surface of the first
substrate 100, as shown 1n FIG. 5. The second substrate 160
1s then singulated from other second substrates 160 on a
workpiece (e.g., comprising a strip of second substrates 160)
the second substrate 160 was fabricated on, forming a
second packaged die 176. The second packaged die 176 1s
also referred to herein as a top packaged die, for example.
The top packaged die 176 includes the molding compound
173 at the top surface 179 thereot, and includes the solder
balls 174 coupled to the contacts 166 at the bottom surface
178 thereof. Final tests are performed on the second pack-
aged die 176.

FIG. 20 1llustrates a cross-sectional view of attaching the
second packaged die 176 to a first packaged die 126 1n
accordance with an embodiment. The second packaged die
176 1s lowered until the solder balls 174 are coupled to the
metal stud bumps 112, and the solder balls 174 are reflowed,
so that a solder joint 182 1s formed over each of the metal
stud bumps 112, as shown 1n FIG. 21, which 1s a cross-
sectional view of a PoP device 180 packaged 1in accordance
with methods described herein. The solder joints 182 have a
substantially barrel shape in the cross-sectional view. Each
of the plurality of metal stud bumps 112 i1s embedded 1n a
solder joint 182. The plurality of metal stud bumps 112 1s
disposed between the first packaged die 126 and the second
packaged die 176, as shown, for example. The solder joints
182 electrically couple together the bond pads 102 of the
first packaged die 126 and the contacts 166 of the second
packaged die 126, and also mechanically couple together the
first and second packaged dies 126 and 176.

The solder joints 182 are formed 1n some embodiments by
heating the first substrate 100 and the second substrate 160
to reflow a solder material of the plurality of solder balls 174
on the bottom surface 178 of the second substrate 160 and
form the plurality of solder joints 182 between the first
substrate 100 and the second substrate 160. At least some of
the plurality of solder joints 182 include one of the plurality
of metal stud bumps 112. One illustrative process might
include heating the first substrate 100 with the metal stud
bumps 112 formed thereon (on a bottom packaged die 126)
to above the solder melting point, which 1s about +10° C.;
aligning a solder ball 174 (on a top packaged die 176); and
placing 1t on top of the metal stud bump 112 to form a
temporary joint, and following with a process to form a
permanent solder joint 182, for example.

Each of the plurality of solder balls 174 (which become
part of the solder joint 182 after the solder reflow process)
on the top packaged die 176 i1s coupled to a contact 166 on
a bottom surface of the top packaged die 176, and each of
the plurality of metal stud bumps 112 extends partially to a
contact 166 on the top packaged die 176 within the solder
joints 182. The metal stud bumps 112 do not extend fully to
the contacts 166 of the top packaged die 176 1n the embodi-
ment shown 1n FIG. 21.

Alternatively, the metal stud bumps 112 may extend fully
to the contacts 166 of the top package die 176, as shown 1n
FI1G. 22, which 15 a cross-sectional view of a PoP device 180
in accordance with another embodiment. Advantageously,
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because the metal stud bumps 112 comprise a low overall
height OH (see FIG. 9), the first and second packaged dies
126 and 176 may be placed more closely together, decreas-
ing the thickness of the PoP device 180. PoP device 180 total
thicknesses of about 0.5 to about 1.5 mm are achievable
using the novel embodiments of the present disclosure
described herein, for example. Alternatively, the PoP device
180 thicknesses may comprise other dimensions. PoP device
180 thicknesses may be decreased by about 10% or greater
by the use of embodiments of the present disclosure. In some
applications, the PoP device 180 standoil height may be
reduced by about 40% or greater, ¢.g., from about 280 um to
about 150 um, as another example.

FIG. 23 1s a flow chart 190 illustrating a method of
packaging semiconductor devices (1.e., first dies 118, second
dies 168a, and optionally also third dies 168b) 1n accordance
with an embodiment of the present disclosure. In step 191,
a first die 118 1s coupled to a top surface of a first substrate
100. In step 192, a plurality of metal stud bumps 112 1s
coupled to the top surface of the first substrate 100. In step
193, a second die 168a 1s coupled to a top surface of a second
substrate 160. In step 194, a plurality of solder balls 174 1s
formed on a bottom surface of the second substrate 160. In
step 195, a molding compound 173 1s formed over the
second die 168a (and also over the third die 168b, 1t
included) on the top surface of the second substrate 160. In
step 196, cach of the plurality of metal stud bumps 112 on
the top surface of the first substrate 100 1s coupled to one of
the plurality of solder balls 174 on the bottom surface of the
second substrate 160.

In some embodiments, the second dies 168a and 168b
comprise memory devices such as random access memories
(RAM) or other types of memory devices, and the first die
118 comprises a logic device. Alternatively, the second dies
168a and 168b and the first die 118 may comprise other
functional circuitry. A different method may be used to
attach the second dies 168a and 168b to the second substrate
160 than 1s used to attach the first die 118 to the first
substrate 100, as shown 1n the drawings. Alternatively, the
same method may be used to attach the first die 118 to the
first substrate 100 that 1s used to attach the second dies 168a
and 168b to the second substrate 160.

In some embodiments, the second dies 168a and 168b are
packaged using a tlip-chip WLP technique and wire bond-
ing, and the first die 118 1s packaged using a flip-chip and
BOT technique, as an example. Alternatively, the second
dies 168a and 168b and the first die 118 may be packaged
using other methods or techniques.

Embodiments of the present disclosure include methods
of packaging multiple semiconductor devices (e.g., first dies
118, second dies 168a, and optionally also third dies 168b)
in a single PoP device 180 using metal stud bumps 112 1n the
clectrical connections (e.g., the solder joints 182) between
the first packaged dies 126 and the second packaged dies
176. Embodiments of the present disclosure also include
PoP devices 180 that include the novel metal stud bumps 112
described herein.

Advantages of embodiments of the disclosure include
providing novel metal stud bumps 112 that reduce the
distance between first and second packaged dies 126 and
176 1n PoP devices 180, and thus also reduce the overall
thickness of the PoP devices 180 that include the metal stud
bumps 112. The metal stud bump 112 overall height OH and
width (diameter) 1s very small, thus reducing the amount of
solder that 1s required to be used for the solder balls 174. The
small OH of the metal stud bumps 112 forms a low profile
of solder around the metal stud bumps 112 after the solder
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reflow process of the solder balls 174, reducing the standoil
height between the first and second packaged dies 126 and
176, thus also reducing the PoP device 180 thickness. The
innovative structures described herein advantageously pro-
duce ultra-thin stacked packages and packaging techniques
for semiconductor devices.

Furthermore, because the diameter, e.g., the bump diam-
cter BD, of the bump portion 114 of the metal stud bumps
112 1s very small, the pitch of the contacts 166 on the bottom
surface of the top packaged die 176 and the pitch of the bond
pads 102 on the top surface of the bottom packaged die 126
may be reduced, resulting in a smaller width 1n a top view
for the packaged dies 126 and 176 and also the PoP device
180. PoP devices 180 having a body size with a width of
about 14 mmx14 mm or less 1n a top view are achievable
using embodiments of the present disclosure, for example.

The metal stud bumps 112 described herein may be
produced with low costs, providing a cost savings in the
packaging process. The presence of the metal stud bumps
112 1n the solder joints 182 facilitate 1n the prevention of
bridging of adjacent solder joints 182 in some embodiments,
reducing or preventing shorts and improving device yields.
The novel PoP structures and designs described herein are
casily implementable in semiconductor device packaging
process flows. Embodiments of the present disclosure are
particularly advantageous for use in end applications that
require low profile packages, such as handheld products, for
example.

In embodiments wherein one of the plurality of metal stud
bumps 112 1s bonded to only some of the plurality of bond
pads 102 on the bottom packaged die 126, the other bond
pads 102 not having a metal stud bump 112 coupled thereto
are bonded to contacts 166 on the top packaged die 176
using solder balls 174. The solder joints 182 for these bond
pads 102 that do not include a metal stud bump 112 comprise
only solder. Advantageously, the metal stud bumps 112 are
either placed in the entire perimeter of the PoP device 180
in corner regions 150 or i both comer and central edge
regions 150 and 152, so that the PoP device 180 1s more
robust. The metal stud bumps 112 also provide consistent
spacing between the packaged dies 126 and 176 across the
surfaces of the packaged dies 126 and 176, e.g., in a vertical
direction 1n the cross-sectional views shown in FIGS. 21 and
22.

In accordance with one embodiment of the present dis-
closure, a PoP device includes a first packaged die and a
second packaged die coupled to the first packaged die. A
plurality of metal stud bumps 1s disposed between the first
packaged die and the second packaged die. Each of the
plurality of metal stud bumps 1includes a bump region and a
tail region coupled to the bump region. Each of the plurality
of metal stud bumps 1s embedded 1n a solder joint.

In accordance with another embodiment, a PoP device
includes a bottom packaged die comprising a plurality of
metal stud bumps disposed on a top surface thereof. Each of
the plurality of metal stud bumps includes a bump region
and a tail region coupled to the bump region. The PoP device
also includes a top packaged die coupled to the bottom
packaged die. The top packaged die includes a plurality of
contacts formed on a bottom surface thereof. Each of the
plurality of metal stud bumps on the bottom packaged die 1s
embedded 1n a solder joint coupled to one of the plurality of
contacts on the top packaged die.

In accordance with yet another embodiment, a method of
packaging semiconductor dies includes coupling a first die
to a top surface of a first substrate, and coupling a plurality
of metal stud bumps to the top surface of the first substrate.
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Each of the plurality of metal stud bumps includes a bump
region and a tail region coupled to the bump region. A
second die 1s coupled to a top surface of a second substrate,
and a plurality of solder balls 1s formed on a bottom surface
of the second substrate. A molding compound 1s formed over
the second die on the top surface of the second substrate. The
method 1includes coupling each of the plurality of metal stud
bumps on the top surface of the first substrate to one of the
plurality of solder balls on the bottom surface of the second
substrate.

Although embodiments of the present disclosure and their
advantages have been described in detail, 1t should be
understood that various changes, substitutions and altera-
tions can be made herein without departing from the spirit
and scope of the disclosure as defined by the appended
claims. For example, 1t will be readily understood by those
skilled in the art that many of the {features, functions,
processes, and materials described herein may be varied
while remaining within the scope of the present disclosure.
Moreover, the scope of the present application 1s not
intended to be limited to the particular embodiments of the
process, machine, manufacture, composition of matter,
means, methods and steps described 1n the specification. As
one of ordinary skill in the art will readily appreciate from
the disclosure of the present disclosure, processes,
machines, manufacture, compositions ol matter, means,
methods, or steps, presently existing or later to be devel-
oped, that perform substantially the same function or
achieve substantially the same result as the corresponding
embodiments described herein may be utilized according to
the present disclosure. Accordingly, the appended claims are
intended to include within their scope such processes,
machines, manufacture, compositions of matter, means,

methods, or steps.

What 1s claimed 1s:

1. A package-on-package (PoP) device, comprising:

a first packaged die comprising a first die;

a second packaged die comprising a second die coupled to
the first packaged die; [and]

a plurality of metal stud bumps disposed between the first
packaged die and the second packaged die, wherein the
plurality of metal stud bumps 1s disposed laterally

adjacent to the first die of the first packaged die, and

wherein the plurality of metal stud bumps each include

a bump region proximal the first package die and a tail
region extending from the bump region towards the
second packaged die, and wherein each of the plurality
of metal stud bumps 1s embedded 1n a solder joint
disposed between a surface of the tail region facing the
first packaged die and the second packaged [die] die;
and

a dielectric material located between one of the plurality
of metal stud bumps and the first die, the dielectric
material having a first height less than a second height
of external connections located in physical contact with
the first die, the external connections being located on
an opposite side of the first die from the second die.

2. The device according to claim 1, wherein the first
packaged die comprises the first die disposed over a first
substrate, and wherein the second packaged die comprises
the second die disposed over a second substrate.

3. The device according to claim 2, wherein the second
packaged die comprises a plurality of second dies stacked
vertically above the second substrate.

4. The device according to claim 2, wherein the plurality
of metal stud bumps 1s coupled to the first substrate, and
wherein each of the plurality of metal stud bumps comprises
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a height of about 50 to 300 um and a diameter of about 50
to 200 um proximate the first substrate.

5. The device according to claim 2, wherein the first
substrate or the second substrate comprises a plurality of
through substrate vias disposed therein.

6. The device according to claim 1, wherein the plurality
of metal stud bumps comprises a material selected from the
group consisting essentially of Cu, Al, Au, Pt, Pd, and
combinations thereof.

7. A package-on-package (PoP) device, comprising:

a bottom packaged die comprising a first die and a
peripheral region surrounding the first die, the bottom
packaged die further comprising a plurality of metal
stud bumps disposed in the peripheral region on a top
surface thereof, the plurality of metal stud bumps
disposed next to the first die, each of the plurality of
metal stud bumps including a bump region and a tail
region coupled to the bump region, the tail region
having a diameter smaller than the bump [region]
region, wherein the bottom packaged die comprises a
through substrate via, the through substrate via com-
prising a straight sidewall that extends from a first side
of a substrate to a second side of the substrate;, and

a top packaged die coupled to the bottom packaged die,
the top packaged die comprising a plurality of contacts
formed on a bottom surface thereol, wherein each of
the plurality of metal stud bumps on the bottom pack-
aged die 1s embedded 1n a solder joint coupled to one
of the plurality of contacts on the top packaged [die] die
and wherein the solder joint covers a first surface of a
respective one of the metal stud bumps, the first surface
extending from a top of the metal stud bump to a bottom
of the metal stud bump, the solder joint being in
physical contact with a first dielectric material of the
bottom packaged die and a second dielectric material
of the top packaged die.

8. The device according to claim 7, further comprising a
plurality of solder balls disposed on a bottom surface of the
bottom packaged die.

9. The device according to claim 7, wherein each of the
plurality of metal stud bumps extends fully to one of the
plurality of contacts on the top packaged die.

10. The device according to claim 7, wherein each of the
plurality of metal stud bumps extends partially to one of the
plurality of contacts on the top packaged die.

11. The device according to claim 7, wherein the bottom
packaged die comprises a plurality of bond pads on the top
surface thereof, and wherein each of the plurality of metal
stud bumps 1s bonded to a bond pad on the top surface of the
bottom packaged die.

12. The device according to claim 11, wherein one of the
plurality of metal stud bumps 1s bonded to each of the
plurality of bond pads on the bottom packaged die.

13. The device according to claim 11, wherein one of the
plurality of metal stud bumps 1s bonded to some of the
plurality of bond pads on the bottom packaged die.

14. The device according to claim 13, wherein one of the
plurality of metal stud bumps 1s bonded to each of the
plurality of bond pads in corner regions of the bottom
packaged die.

15. The device according to claim 14, wherein one of the
plurality of metal stud bumps 1s bonded to each of the
plurality of bond pads 1n central edge regions of the bottom
packaged die.

16. A method of packaging semiconductor dies, the
method comprising:
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coupling a first die to a top surface of a first substrate to
form a first packaged [die] die, wherein after the
coupling solder balls located between the first sub-
strate and the first die ave both partially embedded
within a dielectric material of the first substrate and
also extend out of the dielectric material of the first
substrate:;
coupling a second die to a top surface of a second
substrate to form a second packaged die; and

forming a plurality of metal stud bumps between the first
packaged die and the second packaged die, wherein the
plurality of metal stud bumps 1s coupled to the first
packaged die at the top surface of the first substrate, the
plurality of metal bumps disposed laterally adjacent to
the first die, each of the plurality of metal stud bumps
including a bump region proximal the first packaged
die and a tail region coupled to the bump region, the tail
region extending from the bump region towards the
second packaged die, wherein each of the plurality of
metal stud bumps 1s embedded in a solder joint dis-
posed between the first packaged die and the second
packaged [die] die, wherein the solder joint is formed
on the second packaged die prior to the embedding and
wherein the solder joint is in physical contact with the
dielectric material of the first substrate.

17. The method according to claim 16, wherein coupling
the first die to the top surface of the first substrate comprises
coupling solder bumps on a bottom surface of the first die to
bond pads or traces on the top surface of the first substrate.

18. The method according to claim 16, wherein coupling
the second die to the top surface of the second substrate
comprises wire-bonding contacts on a top surface of the
second die to contact pads on the top surface of the second
substrate, wherein the method further comprises coupling a
third die over the second die and wire-bonding contacts on
a top surface of the third die to the contact pads on the top
surface of the second substrate, and [wherein forming the
molding compound further comprises] forming [the] «
molding compound over the third die.

19. The method according to claim 16, wherein forming
the plurality of metal stud bumps between the first packaged
die and the second packaged die comprises providing a wire,
forming a ball at an end of the wire, placing the ball against
a bond pad on the top surface of the first substrate, ultra-
sonically vibrating the ball against the bond pad, and heating
the first substrate.

20. The method according to claim 16, further compris-
ing: heating the first substrate and the second substrate to
reflow a solder matenial to form the solder joint on the
bottom surface of the second substrate.

21. A package-on-package (PoP) device, comprising:

a first packaged die comprising a first die;

a second packaged die comprising a second die coupled

to the first packaged die; and

a plurality of metal stud bumps disposed between the first

packaged die and the second packaged die, wherein the
plurality of metal stud bumps is disposed laterally
adjacent to the first die of the first packaged die, and
wherein the plurality of metal stud bumps each include
a bump region proximal the first package die and a tail
region extending from the bump rvegion towards the
second packaged die, and whevein each of the plurality
of metal stud bumps is in contact with a solder joint
disposed between the first packaged die and the second
packaged die, the solder joint in physical contact with
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a first dielectvic material of the first packaged die and
a second dielectric material of the second packaged
die.

22. The device according to claim 21, wherein the first
packaged die comprises the first die disposed over a first
substrate, and wherein the second packaged die comprises
the second die disposed over a second substrate.

23. The device according to claim 22, wherein the second
packaged die comprises a plurality of second dies stacked
vertically above the second substrate.

24. The device according to claim 22, whervein the plu-
rality of metal stud bumps is coupled to the first substrate,
and wherein each of the plurality of metal stud bumps
comprises a height of about 50 to 300 um and a diameter of
about 50 to 200 um proximate the first substrate.

25. The device according to claim 22, wherein the first
substrate ov the second substrate comprises a plurality of
through substrate vias disposed therein.

26. The device accovding to claim 21, wherein the plu-
rality of metal stud bumps comprises a material selected

from the group consisting essentially of Cu, Al, Au, Pt, Pd,

and combinations thereof.

27. A package-on-package (PoP) device, comprising:

a bottom packaged die comprising a first die and a
peripheral region surrounding the first die, the bottom
packaged die further comprising a plurality of metal
stud bumps disposed in the peripheral region on a top
surface therveof, the pluralityv of metal stud bumps
disposed next to the first die, each of the plurality of
metal stud bumps including a bump region and a tail
region coupled to the bump rvegion, the tail region
having a diameter smaller than the bump region; and

a top packaged die coupled to the bottom packaged die,
the top packaged die comprising a plurality of contacts
Jormed on a bottom surface thereof, wherein each of the
plurality of metal stud bumps on the bottom packaged
die is in contact with a solder joint coupled to one of the
plurality of contacts on the top packaged die, wherein
at least one of the plurality of contacts is connected to
a through substrate via which extends with straight
sidewalls through a substrate of the top packaged die,
wherein the solder joint fully covers a sidewall of at
least one of the plurality of metal stud bumps facing the
first die and is in physical contact with dielectric
portions of both the bottom packaged die and the top
packaged die.

28. The device according to claim 27, further comprising

a plurality of solder balls disposed on a bottom surface of
the bottom packaged die.

29. The device accorvding to claim 27, wherein each of the
plurality of metal stud bumps extends fully to one of the
plurality of contacts on the top packaged die.

30. The device according to claim 27, wherein each of the
plurality of metal stud bumps extends partially to one of the
plurality of contacts on the top packaged die.

31. The device according to claim 27, wherein the bottom
packaged die comprises a plurality of bond pads on the top
surface thereof, and wherein each of the plurality of metal
stud bumps is bonded to a bond pad on the top surface of the
bottom packaged die.

32. The device according to claim 31, wherein one of the
plurality of metal stud bumps is bonded to each of the
plurality of bond pads on the bottom packaged die.

33. The device according to claim 31, wherein one of the
plurality of metal stud bumps is bonded to some of the
plurality of bond pads on the bottom packaged die.
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34. The device according to claim 33, wherein one of the
plurality of metal stud bumps is bonded to each of the
plurality of bond pads in corner vegions of the bottom
packaged die.

35. The device accovding to claim 34, wherein one of the >

plurality of metal stud bumps is bonded to each of the

plurality of bond pads in central edge vegions of the bottom
packaged die.

36. A method of packaging semiconductor dies, the

method comprising:

coupling a first die to a top surface of a first substrate to
form a first packaged die;

coupling a second die to a top surface of a second
substrate to form a second packaged die;

Jorming a plurality of metal stud bumps between the first
packaged die and the second packaged die, wherein the
plurality of metal stud bumps is coupled to the first
packaged die at the top surface of the first substrate, the
plurality of metal bumps disposed laterally adjacent to
the first die, each of the plurality of metal stud bumps
including a bump region proximal the first packaged
die and a tail vegion coupled to the bump region, the
tail region extending from the bump region towards the
second packaged die;

forming a solder material on the second package die; and 2>

bonding the solder material to the plurality of metal
bumps after the forming the solder material, wherein
after the bonding each of the plurality of metal stud
bumps is in contact with a solder joint disposed
between the first packaged die and the second pack-

16

aged die, the solder joint in physical contact with a
dielectric material of the first substrate, external con-
nections located between the first die and the first
substrate extending towavrds the second die further than
the dielectric material.

37. The method according to claim 36, wherein coupling
the first die to the top surface of the first substrate comprises
coupling solder bumps on a bottom surface of the first die to
bond pads or traces on the top surface of the first substrate.

38. The method according to claim 36, wherein coupling
the second die to the top surface of the second substrate
comprises wirve-bonding contacts on a top surface of the
second die to contact pads on the top surface of the second
substrate, wherein the method further comprises coupling a
third die over the second die and wire-bonding contacts on
a top surface of the third die to the contact pads on the top
surface of the second substrate, and forming a molding
compound over the thivd die.

39. The method according to claim 36, wherein forming
the plurality of metal stud bumps between the first packaged
die and the second packaged die comprises providing a wire,

forming a ball at an end of the wire, placing the ball against

a bond pad on the top surface of the first substrate, ultra-
sonically vibrating the ball against the bond pad, and
heating the first substrate.

40. The method accovding to claim 36, further comprising
heating the first substrate and the second substrate to reflow
a solder material to form the solder joint on the bottom
surface of the second substrate.
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