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(57) ABSTRACT

A semiconductor device has a semiconductor die with a
plurality of tapered bumps formed over a surface of the
semiconductor die. The tapered bumps can have a non-
collapsible portion and collapsible portion. A plurality of
conductive traces 1s formed over a substrate with intercon-
nect sites. A masking layer 1s formed over the substrate with
openings over the conductive traces. The tapered bumps are
bonded to the interconnect sites so that the tapered bumps
contact the mask layer and conductive traces to form a void
within the opening of the mask layer over the substrate. The
substrate can be non-wettable to aid with forming the void
in the opening of the masking layer. The void provides
thermally induced stress relief. Alternatively, the masking
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layer 1s sufliciently thin to avoid the tapered interconnect
structures contacting the mask layer. An encapsulant or
underfill material 1s deposited between the semiconductor
die and substrate.
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SEMICONDUCTOR DEVICE AND METHOD
OF FORMING ELECTRICAL
INTERCONNECT WITH STRESS RELIEF
VOID

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.

CLAIM TO DOMESTIC PRIORITY

The present application 1s a reissue of U.S. patent appli-
cation Ser. No. 12/963,934, filed Dec. 9, 2010, now U.S. Pat.
No. 8,350,384, which is a continuation-in-part of U.S. patent
application Ser. No. 12/624,482, filed Nov. 24, 2009, [and}
now U.S. Pat. No. 8§ 129841, and reissued as U.S. Pat. No.
REA44 608, which is a continuation of U.S. patent application
Ser. No. 11/640,468, filed Dec. 14, 2006, now abandoned,
which claims the benefit of provisional application Ser. No.
60/597,648, filed Dec. 14, 2005. U.S. patent application Ser.
No. 11/640,468 is a continuation-in-part of U.S. patent
application Ser. No. 11/388,753, filed Mar. 24, 2006, now
abandoned, which claims the benefit of provisional appli-
cation Ser. No. 60/665,208, filed Mar. 25, 2005. U.S. patent
application Ser. No. 11/640,468 is further a continuation-
in-part of U.S. patent application Ser. No. 10/985,654, filed
Nov. 10, 2004, now U.S. Pat. No. 7,368,817, which claims
the benefit of provisional application Ser. No. 60/518,864,
filed Nov. 10, 2003 and provisional application Ser. No.
60/533,918, filed Dec. 31, 2003. U.S. patent application Ser.
No. 12/963,934, filed Dec. 9, 2010, now U.S. Pat No.
8,350,384, is further a continuation-in-part of U.S. patent
application Ser. No. 12/643,180, filed Dec. 21, 2009, [and
claims priority to the foregoing parent applications pursuant
to 35 US.C. §120] now U.S. Pat. No. 8,216,930, and
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reissued as U.S. Pat. No. RE44,761, which is a division of Y

U.S. patent application Ser. No. 11/640,534, filed Dec. 14,
2006, now U.S. Pat. No. 7,659,633, and reissued as U.S. Pat.
No. RE44.562, which claims the benefit of provisional
application Ser. No. 60/597,648, filed Dec. 14, 2005. U.S.
patent application Ser. No. 11/640,534 is a further a con-
tinuation-in-part of U.S. patent application Ser. No. 11/388,
753, filed Mar. 24, 2006, now abandoned, which claims the
benefit of provisional application Ser. No. 60/665,208, filed
Mar. 25, 2005. U.S. patent application Ser. No. 11/640,534
is a continuation-in-part of U.S. patent application Ser. No.
10/985,654, filed Nov. 10, 2004, now U.S. Pat. No. 7,368,
817, which claims the benefit of provisional application Ser.
No. 60/518,864, filed Nov. 10, 2003 and provisional appli-
cation Ser. No. 60/533,918, filed Dec. 31, 2003.

FIELD OF THE INVENTION

The present mvention relates to semiconductor devices

and, particularly, to a semiconductor device and method of

forming an electrical interconnect with a stress relief void.

BACKGROUND OF THE INVENTION

Semiconductor devices are commonly found in modern
clectronic products. Semiconductor devices vary in the
number and density of electrical components. Discrete semi-
conductor devices generally contain one type of electrical
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component, e¢.g., light emitting diode (LED), small signal
transistor, resistor, capacitor, inductor, and power metal
oxide semiconductor field effect transistor (MOSFET). Inte-
grated semiconductor devices typically contain hundreds to
millions of electrical components. Examples of integrated
semiconductor devices include microcontrollers, micropro-
cessors, charged-coupled devices (CCDs), solar cells, and
digital micro-mirror devices (DMDs).

Semiconductor devices perform a wide range of functions
such as signal processing, high-speed calculations, transmit-
ting and receiving electromagnetic signals, controlling elec-
tronic devices, transforming sunlight to electricity, and cre-
ating visual projections for television displays.
Semiconductor devices are found in the fields of entertain-
ment, communications, power conversion, networks, com-
puters, and consumer products. Semiconductor devices are
also found i military applications, aviation, automotive,
industrial controllers, and oflice equipment.

Semiconductor devices exploit the electrical properties of
semiconductor materials. The atomic structure of semicon-
ductor material allows its electrical conductivity to be
mampulated by the application of an electric field or base
current or through the process of doping. Doping introduces
impurities mto the semiconductor material to manipulate
and control the conductivity of the semiconductor device.

A semiconductor device contains active and passive elec-
trical structures. Active structures, including bipolar and
field eflect transistors, control the flow of electrical current.
By varying levels of doping and application of an electric
fiecld or base current, the transistor either promotes or
restricts the flow of electrical current. Passive structures,
including resistors, capacitors, and inductors, create a rela-
tionship between voltage and current necessary to perform a
variety of electrical functions. The passive and active struc-
tures are electrically connected to form circuits, which
enable the semiconductor device to perform high-speed
calculations and other useful functions.

Semiconductor devices are generally manufactured using
two complex manufacturing processes, 1.¢., front-end manu-
facturing, and back-end manufacturing, each involving
potentially hundreds of steps. Front-end manufacturing
involves the formation of a plurality of die on the surface of
a semiconductor water. Each die 1s typically i1dentical and
contains circuits formed by electrically connecting active
and passive components. Back-end manufacturing involves
singulating individual die from the finished water and pack-
aging the die to provide structural support and environmen-
tal 1solation.

One goal of semiconductor manufacturing 1s to produce
smaller semiconductor devices. Smaller devices typically
consume less power, have higher performance, and can be
produced more efliciently. In addition, smaller semiconduc-
tor devices have a smaller footprint, which 1s desirable for
smaller end products. A smaller die size can be achieved by
improvements in the front-end process resulting 1n die with
smaller, higher density active and passive components.
Back-end processes may result in semiconductor device
packages with a smaller footprint by improvements in
clectrical interconnection and packaging materials.

In a conventional flipchip type package, a semiconductor
die 1s mounted to a package substrate with the active side of
the die facing the substrate. The substrate contains a dielec-
tric layer and metal layers, patterned to provide substrate
circuitry, which includes among other features traces or
leads routed to interconnect pads. The metal layer can be
patterned by a mask and etch process. The interconnection
of the circuitry 1n the semiconductor die with circuitry 1n the
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substrate 1s made by way ol bumps which are attached to an
array ol interconnect pads on the die, and bonded to a
corresponding complementary array of interconnect pads or
capture pads on the substrate. The capture pads are typically
about 2 to 4 times the nominal or design width of the leads.
The 1terconnect area on the capture pad 1s approximately
equal to the interconnect area on the die pad.

The areal density of electronic features on integrated
circuits has increased enormously, and a semiconductor die
having a greater density of circuit features also may have a
greater density of sites for interconnection with the package
substrate.

The package 1s connected to underlying circuitry, such as
a printed circuit board or motherboard, by way of second
level interconnects between the package and underlying
circuit. The second level interconnects have a greater pitch
than the thipchip interconnects so the routing on the substrate
conventionally fans out. Significant technological advances
have enabled construction of fine lines and spaces. In the
conventional arrangement, space between adjacent pads
limits the number of traces than can escape from the more
inward capture pads in the array. The fan-out routing
between the capture pads beneath the semiconductor die and
external pins of the package i1s formed on multiple metal
layers within the package substrate. For a complex inter-
connect array, substrates having multiple layers can be
required to achieve routing between the die pads and second
level interconnects on the package.

Multiple layer substrates are expensive and, 1 conven-
tional flipchip constructs, the substrate alone typically
accounts for more than half the package cost. The high cost
of multilayer substrates has been a factor in limiting prolii-
eration of flipchip technology 1n mainstream products. The
escape routing pattern typically introduces additional elec-
trical parasitics because the routing includes short runs of
unshielded wiring and vias between wiring layers in the
signal transmission path. Electrical parasitics can signifi-
cantly limit package performance.

The conventional thpchip interconnection 1s made by
using a melting process to join the bumps onto correspond-
ing interconnect sites on the patterned metal layer at the die
attach surface of the substrate. Where the site 1s a capture
pad, the interconnect 1s known as a bump-on-capture pad
(BOC) mterconnect. In the BOC design, a comparatively
large capture pad 1s required to mate with the bump on the
semiconductor die. In some fhpchip interconnections, an
insulating material or solder mask 1s required to confine the
flow of solder during the interconnection process. The solder
mask opening defines the contour of the melted solder at the
capture pad, 1.e., solder mask defined, or the solder contour
may not be defined by the mask opening, 1.e., non-solder
mask defined. In the latter case, the solder mask opening 1s
significantly larger than the capture pad. Since the tech-
niques for defining solder mask openings have wide toler-
ance ranges for a solder mask defined bump configuration,
the capture pad must be large, typically considerably larger
than the design size for the mask opening, to ensure that the
mask opening will be located on the mating surface of the
pad. The larger width of the capture pads results 1n consid-
erable loss of routing space on the top substrate layer. In
particular, the escape routing pitch 1s much larger than the
finest trace pitch that the substrate technology can ofler. A
significant number of pads must be routed on lower substrate
layers by means of short stubs and wvias, often beneath the
footprint of the die, emanating from the pads 1n question.

FIG. 1a shows a portion of a conventional tlipchip pack-
age, 1n diagrammatic sectional view taken in a plane per-
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pendicular to the package substrate surface. A die attach
surface of package substrate 10 includes a patterned elec-
trically conductive layer formed on a dielectric layer. The
conductive layer 1s patterned to form leads and capture pads
16. An msulating layer or masking layer 11 covers the die
attach surface of substrate 10. Masking layer 11 1s a photo-
definable material patterned with photoresist to have mask
openings 12 which expose the mating surfaces of capture
pads 16. Bumps 17 attached to under bump metallization
(UBM) 18 on the active side of semiconductor die 14 are
joined to the corresponding capture pads 16 on substrate 10
to form appropriate electrical interconnection between the
circuitry on the die and leads on the substrate. The active
side of semiconductor die 14 1s covered, except at the
contact surfaces of UBM 18, with a passivation layer 15,
such as polyimide. After the reflowed solder 1s cooled to
establish the electrical connection, an underfill material 20 1s
introduced 1nto the space between semiconductor die 14 and
substrate 10 to mechanically stabilize the interconnect and
protect the features between the die and the substrate.

In such a conventional flipchip interconnect arrangement,
signal escape traces 1n the upper metal layer of the substrate
are routed from their respective capture pads across the die
edge location, and away from the die footprint. Capture pads
16 are typically much larger than the trace width. For
example, capture pads 16 are arranged 1n a 210 micrometer
(um) two-row area array pitch in a masking layer defined
configuration with one signal trace between adjacent capture
pads 1n the marginal row. The eflective escape pitch 1s 105
um. The escape pitch 1s adequate to route a significant
proportion ol integrated circuit designs that commonly
employ flipchip interconnection on a single metallization
layer, based on the inherent input/output (I/0) density of the
IC device architectures.

FIG. 1a shows a masking layer defined solder contour. As
the fusible material of the bumps on the die melts, the molten
solder tends to wet the metal of the capture pads, and the
solder tends to run out over any contiguous metal surfaces
that are not masked. The solder tends to flow along the
underlying pad and exposed contiguous lead. In a masking
layer defined contour, the solder tlow 1s limited by the
masking layer, 1.e., the width of mask opening 12. In a
non-masking layer defined solder contour, the flow of solder
along the lead 1s limited at least in part by a patterned
deposition of non-solder-wettable material on the lead sur-
face.

A thermal-induced movement 1n the x-y plane of die pads
on the die attach surface of semiconductor die 14 1n relation
to the corresponding points on substrate 10, as indicated by
arrow 13, can result 1n stresses to the interconnections
between the die pad and interconnect site on the substrate.
Various temperature-induced dimensional changes between
semiconductor die 14 and substrate 10 are shown 1n the plan
view 1n FIG. 1b. If there 1s a significant mismatch between
the coeflicient of thermal expansion (CTE) of semiconductor
die 14 and the CTE of substrate 10, then the die 1s subject
to movement, as shown by arrows 22, relative to the
substrate 1n the x-y plane parallel to the plane of the
substrate as the temperature changes, e.g., during thermal
cycling 1n assembly or test or die burnout routines. For
example, assume semiconductor die 14 has a footprint
occupying arca 24a at a low temperature. At higher tem-
peratures, the footprint of semiconductor die 14 expands to
area 24b.

In addition, movement 1n the x-y plane of a die pad 1n
relation to an underlying contact pad can result 1n stresses to
the interconnection between the pad and the contact pad.
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The relative movement between semiconductor die 14 and
substrate 10 asserts stress on bumps 17, which can cause
bump detachment and device failure, particularly at location
26 between the bump and die pad.

SUMMARY OF THE INVENTION

A need exists to minimize the contact pad size to increase
trace routing density without impacting electrical function-
ality or manufacturing reliability. Accordingly, in one
embodiment, the present invention 1s a method of making a
semiconductor device comprising the steps of providing a
semiconductor die having a plurality of tapered bumps
formed over a surface of the semiconductor die, providing a
substrate, forming a plurality of conductive traces over the
substrate with interconnect sites, forming a masking layer
over the substrate with a plurality of openings over the
conductive traces, bonding the tapered bumps to the inter-
connect sites so that the tapered bumps contact the mask
layer and conductive traces to form a void within the
opening ol the mask layer over the substrate, and depositing
an encapsulant around the tapered bumps between the
semiconductor die and substrate.

In another embodiment, the present invention 1s a method
of making a semiconductor device comprising the steps of
providing a semiconductor die, providing a substrate, form-
ing a plurality of conductive traces over the substrate with
interconnect sites, forming a masking layer over the sub-
strate with a plurality of openings over the conductive traces,
forming a plurality of tapered interconnect structures
between the semiconductor die and the interconnect sites of
the substrate, and depositing an encapsulant between the
semiconductor die and substrate.

In another embodiment, the present invention 1s a method
of making a semiconductor device comprising the steps of
providing a semiconductor die, providing a substrate, form-
ing a plurality of conductive traces over the substrate with
interconnect sites, forming a masking layer over the sub-
strate with a plurality of openings over the conductive traces,
and forming a plurality of tapered interconnect structures
between the semiconductor die and the interconnect sites of
the substrate.

In another embodiment, the present invention 1s a semi-
conductor device comprising a semiconductor die and sub-
strate having a plurality of conductive traces formed over the
substrate with interconnect sites. A masking layer 1s formed
over the substrate with a plurality of openings over the
conductive traces. A plurality of tapered interconnect struc-
tures 1s formed between the semiconductor die and the
interconnect sites of the substrate. An encapsulant 1s depos-
ited between the semiconductor die and substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1a-1b 1illustrate a conventional BOC flipchip inter-
connection;

FIG. 2 illustrates a PCB with different types of packages
mounted to 1ts surface;

FIGS. 3a-3c illustrate further detail of the representative
semiconductor packages mounted to the PCB;

FIGS. 4a-4b illustrate a tapered interconnect structure for
a flipchip semiconductor device;

FIGS. 5a-5b illustrate dimensional references for FIGS.
4a-4b;

FIG. 6 1llustrates a thinner masking layer to negate void
formation;
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FIGS. 7a-7h 1illustrate wvarious interconnect structures
tformed over a semiconductor die for bonding to conductive
traces on a substrate;

FIGS. 8a-8¢g illustrate the semiconductor die and inter-
connect structure bonded to the conductive traces;

FIGS. 9a-9d illustrate the semiconductor die with a
wedge-shaped interconnect structure bonded to the conduc-
tive traces;

FIGS. 10a-10d illustrate another embodiment of the semi-
conductor die and interconnect structure bonded to the
conductive traces;

FIGS. 1l1a-11c illustrate stepped bump and stud bump
interconnect structures bonded to the conductive traces:

FIGS. 12a-12b illustrate conductive traces with conduc-
tive vias;

FIGS. 13a-13c 1llustrate mold underfill between the semi-
conductor die and substrate:

FIG. 14 1illustrates another mold underfill between the
semiconductor die and substrate;

FIG. 15 illustrates the semiconductor die and substrate
after mold underfill;

FIGS. 16a-16g 1illustrate various arrangements ol the
conductive traces with open solder registration;

FIGS. 17a-17b illustrate the open solder registration with
patches between the conductive traces; and

FIG. 18 illustrates a POP with masking layer dam to
restrain the encapsulant during mold underfill.

DETAILED DESCRIPTION OF THE DRAWINGS

The present invention 1s described 1n one or more embodi-
ments 1 the following description with reference to the
figures, in which like numerals represent the same or similar
clements. While the mvention i1s described in terms of the
best mode for achieving the invention’s objectives, it will be
appreciated by those skilled 1n the art that it 1s intended to
cover alternatives, modifications, and equivalents as may be
included within the spirit and scope of the invention as
defined by the appended claims and their equivalents as
supported by the following disclosure and drawings.

Semiconductor devices are generally manufactured using
two complex manufacturing processes: front-end manufac-
turing and back-end manufacturing. Front-end manufactur-
ing involves the formation of a plurality of die on the surface
ol a semiconductor water. Each die on the wafer contains
active and passive electrical components, which are electri-
cally connected to form functional electrical circuits. Active
clectrical components, such as transistors and diodes, have
the ability to control the flow of electrical current. Passive
clectrical components, such as capacitors, inductors, resis-
tors, and transformers, create a relationship between voltage
and current necessary to perform electrical circuit functions.

Passive and active components are formed over the sur-
face of the semiconductor waler by a series of process steps
including doping, deposition, photolithography, etching, and
planarization. Doping introduces impurities into the semi-
conductor material by techniques such as 1on implantation or
thermal diffusion. The doping process modifies the electrical
conductivity of semiconductor material 1n active devices,
transforming the semiconductor material into an insulator,
conductor, or dynamically changing the semiconductor
material conductivity i response to an electric field or base
current. Transistors contain regions ol varying types and
degrees of doping arranged as necessary to enable the
transistor to promote or restrict the flow of electrical current
upon the application of the electric field or base current.




US RE47,600 E

7

Active and passive components are formed by layers of
maternals with diflerent electrical properties. The layers can
be formed by a varniety of deposition techniques determined
in part by the type of material being deposited. For example,
thin film deposition can involve chemical vapor deposition
(CVD), physical vapor deposition (PVD), electrolytic plat-
ing, and electroless plating processes. Each layer 1s gener-
ally patterned to form portions of active components, pas-
sive  components, or electrical connections between
components.

The layers can be patterned using photolithography,
which ivolves the deposition of light sensitive material,
¢.g., photoresist, over the layer to be patterned. A pattern 1s
transierred from a photomask to the photoresist using light.
The portion of the photoresist pattern subjected to light 1s
removed using a solvent, exposing portions of the underly-
ing layer to be patterned. The remainder of the photoresist 1s
removed, leaving behind a patterned layer. Alternatively,
some types of materials are patterned by directly depositing
the material mto the areas or voids formed by a previous
deposition/etch process using techniques such as electroless
and electrolytic plating.

Depositing a thin film of material over an existing pattern
can exaggerate the underlying pattern and create a non-
uniformly flat surface. A uniformly flat surface 1s required to
produce smaller and more densely packed active and passive
components. Planarization can be used to remove material
from the surface of the water and produce a uniformly flat
surface. Planarization involves polishing the surface of the
waler with a polishing pad. An abrasive material and cor-
rosive chemical are added to the surface of the water during
polishing. The combined mechanical action of the abrasive
and corrosive action of the chemical removes any 1rregular
topography, resulting 1n a unmiformly flat surface.

Back-end manufacturing refers to cutting or singulating
the finished water into the individual die and then packaging,
the die for structural support and environmental 1solation. To
singulate the die, the water i1s scored and broken along
non-functional regions of the watfer called saw streets or
scribes. The wafer 1s singulated using a laser cutting tool or
saw blade. After singulation, the individual die are mounted
to a package substrate that includes pins or contact pads for
interconnection with other system components. Contact
pads formed over the semiconductor die are then connected
to contact pads within the package. The electrical connec-
tions can be made with solder bumps, stud bumps, conduc-
tive paste, or wircbonds. An encapsulant or other molding
material 1s deposited over the package to provide physical
support and electrical 1solation. The finished package 1s then
inserted 1nto an electrical system and the functionality of the
semiconductor device 1s made available to the other system
components.

FIG. 2 illustrates electronic device 50 having a chip
carrier substrate or printed circuit board (PCB) 52 with a
plurality of semiconductor packages mounted on 1ts surtace.
Electronic device 50 can have one type of semiconductor
package, or multiple types of semiconductor packages,
depending on the application. The different types of semi-
conductor packages are shown in FIG. 2 for purposes of
illustration.

Electronic device 50 can be a stand-alone system that uses
the semiconductor packages to perform one or more elec-
trical functions. Alternatively, electronic device 30 can be a
subcomponent of a larger system. For example, electronic
device 50 can be part of a cellular phone, personal digital
assistant (PDA), digital video camera (DVC), or other
clectronic communication device. Alternatively, electronic
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device 50 can be a graphics card, network interface card, or
other signal processing card that can be inserted into a
computer. The semiconductor package can include micro-
processors, memories, application specific integrated cir-
cuits (ASIC), logic circuits, analog circuits, RF circuits,
discrete devices, or other semiconductor die or electrical
components. The miniaturization and the weight reduction
are essential for these products to be accepted by the market.
The distance between semiconductor devices must be
decreased to achieve higher density.

In FIG. 2, PCB 52 provides a general substrate for
structural support and electrical interconnect of the semi-
conductor packages mounted on the PCB. Conductive signal
traces 54 are formed over a surface or within layers of PCB
52 using evaporation, electrolytic plating, electroless plat-
ing, screen printing, or other suitable metal deposition
process. Signal traces 54 provide for electrical communica-
tion between each of the semiconductor packages, mounted
components, and other external system components. Traces
54 also provide power and ground connections to each of the
semiconductor packages.

In some embodiments, a semiconductor device has two
packaging levels. First level packaging 1s a technique for
mechanically and electrically attaching the semiconductor
die to an intermediate carrier. Second level packaging
involves mechanically and electrically attaching the inter-
mediate carrier to the PCB. In other embodiments, a semi-
conductor device may only have the first level packaging
where the die 1s mechanically and electrically mounted
directly to the PCB.

For the purpose of illustration, several types of first level
packaging, including wire bond package 56 and flipchip 58,
are shown on PCB 52. Additionally, several types of second
level packaging, including ball grid array (BGA) 60, bump
chup carrier (BCC) 62, dual in-line package (DIP) 64, land
orid array (LGA) 66, multi-chip module (MCM) 68, quad
flat non-leaded package (QFN) 70, and quad flat package 72,
are shown mounted on PCB 352. Depending upon the system
requirements, any combination of semiconductor packages,
configured with any combination of first and second level
packaging styles, as well as other electronic components,
can be connected to PCB 52. In some embodiments, elec-
tronic device 50 includes a single attached semiconductor
package, while other embodiments call for multiple inter-
connected packages. By combining one or more semicon-
ductor packages over a single substrate, manufacturers can
incorporate pre-made components mto electronic devices
and systems. Because the semiconductor packages include
sophisticated functionality, electronic devices can be manu-
factured using cheaper components and a streamlined manu-
facturing process. The resulting devices are less likely to fail
and less expensive to manufacture resulting 1n a lower cost
for consumers.

FIGS. 3a-3¢ show exemplary semiconductor packages.
FIG. 3a illustrates further detail of DIP 64 mounted on PCB
52. Semiconductor die 74 includes an active region contain-
ing analog or digital circuits implemented as active devices,
passive devices, conductive layers, and dielectric layers
formed within the die and are electrically interconnected
according to the electrical design of the die. For example, the
circuit can include one or more transistors, diodes, induc-
tors, capacitors, resistors, and other circuit elements formed
within the active region of semiconductor die 74. Contact
pads 76 are one or more layers of conductive material, such
as aluminum (Al), copper (Cu), tin (Sn), nickel (Ni1), gold
(Au), or silver (Ag), and are electrically connected to the
circuit elements formed within semiconductor die 74. Dur-
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ing assembly of DIP 64, semiconductor die 74 1s mounted to
an intermediate carrier 78 using a gold-silicon eutectic layer
or adhesive material such as thermal epoxy or epoxy resin.
The package body includes an insulative packaging material
such as polymer or ceramic. Conductor leads 80 and bond
wires 82 provide electrical interconnect between semicon-
ductor die 74 and PCB 52. Encapsulant 84 1s deposited over
the package for environmental protection by preventing
moisture and particles from entering the package and con-
taminating die 74 or bond wires 82.

FIG. 3b illustrates further detail of BCC 62 mounted on
PCB 52. Semiconductor die 88 1s mounted over carrier 90
using an underfill or epoxy-resin adhesive material 92. Bond
wires 94 provide first level packaging interconnect between
contact pads 96 and 98. Molding compound or encapsulant
100 1s deposited over semiconductor die 88 and bond wires
94 to provide physical support and electrical 1solation for the
device. Contact pads 102 are formed over a surface of PCB
52 using a suitable metal deposition process such as elec-
trolytic plating or electroless plating to prevent oxidation.
Contact pads 102 are electrically connected to one or more
conductive signal traces 54 i PCB 52. Bumps 104 are
tformed between contact pads 98 of BCC 62 and contact pads
102 of PCB 52.

In FIG. 3¢, semiconductor die 58 1s mounted face down
to mtermediate carrier 106 with a tlipchip style first level
packaging. Active region 108 of semiconductor die 58
contains analog or digital circuits implemented as active
devices, passive devices, conductive layers, and dielectric
layers formed according to the electrical design of the die.
For example, the circuit can include one or more transistors,
diodes, inductors, capacitors, resistors, and other circuit
clements within active region 108. Semiconductor die 58 is
clectrically and mechanically connected to carrier 106
through bumps 110.

BGA 60 1s electrically and mechanically connected to
PCB 52 with a BGA style second level packaging using
bumps 112. Semiconductor die 38 1s electrically connected
to conductive signal traces 54 1n PCB 52 through bumps
110, signal lines 114, and bumps 112. A molding compound
or encapsulant 116 1s deposited over semiconductor die 58
and carrier 106 to provide physical support and electrical
1solation for the device. The tlipchip semiconductor device
provides a short electrical conduction path from the active
devices on semiconductor die 58 to conduction tracks on
PCB 52 in order to reduce signal propagation distance, lower
capacitance, and improve overall circuit performance. In
another embodiment, the semiconductor die 58 can be
mechanically and electrically connected directly to PCB 352
using flipchip style first level packaging without intermedi-
ate carrier 106.

In a flipchip type semiconductor device, the electrical
interconnect can be achieved by connecting the bump
directly onto a lead, referred to as bump-on-lead (BOL) and
described 1 U.S. patent publication 20050110164, or by
connecting the bump directly onto a narrow interconnection
pad, referred to as bump-on-narrow pad (BONP) and
described 1 U.S. patent publication 20060216860, both
incorporated by reference.

The BOL and BONP interconnect approaches can provide
an eilicient routing of traces on the substrate. Particularly,
the signal routing can be formed entirely 1n a single metal
layer of the substrate, which reduces the number of layers 1n
the substrate. Forming the signal traces 1n a single layer also
permits relaxation of the via, line, and space design rules for
the substrate. The simplification of the substrate greatly
reduces the overall cost of the tlipchip package. The BOL
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interconnect also reduces vias and stubs from the substrate
and enables a microstrip controlled impedance electrical
environment for signal transmission, thereby greatly
improving performance. Within selected design parameters,
a BOL or BONP flipchip interconnection can be as reliable
as a conventional bond on capture pad interconnect.

A BOL or BONP interconnection 1s shown 1n sectional
views perpendicular to the surface of the substrate in FIGS.
da and 4b with two electrical interconnects transverse to the
lead, and one electrical interconnect parallel to the lead. In
FIG. d4a, a die attach surface of package substrate 120
includes a patterned electrically conductive layer formed on
a dielectric layer. Substrate 120 can be a build-up film
substrate and laminate substrate. The conductive layer 1s
patterned to form leads or traces 124 having interconnect
sites 126. Although the width of the leads can vary over their
length, no particular widening of the leads 1s formed at the
interconnect sites or the leads can be widened to a limited
extent at the interconnect sites.

The BOL or BONP interconnect 1s formed with or without
a masking layer to confine the molten bump material during
a re-melt stage in the process. The no masking layer option
generally allows for finer interconnection geometry. When
using a masking layer, openings are formed in the masking
layer over the interconnect sites on the leads. FIG. 4a shows
an 1nsulating layer or masking layer 128 covering the die
attach surface of substrate 120. Masking layer 128 can be a
photo-definable material patterned by photoresist to have
openings 130 which expose the top surface and side surfaces
of iterconnect sites 126. Masking layer 128 limits the tlow
of bump material along the length of leads 124. In other
embodiments without a masking layer, substrate 120 can be
treated to be non-wettable along portions of the leads
adjacent the mating surfaces at interconnect sites 126 to
limit flow of bump material away from the interconnect sites
along the leads.

Bump 132 are attached to UBM 134 on the active side of
semiconductor die 136 and joined to interconnect sites 126
on substrate 120 to form appropriate electrical interconnec-
tion between the circuitry on the die and the leads on the
substrate. The active side of semiconductor die 136 1s
covered, except at the contact surfaces of UBM 134, with a
passivation layer 138, such as polyimide. After the reflowed
solder 1s cooled to establish the electrical connection, an
underfill material 140 1s deposited 1nto the space between
semiconductor die 134 and substrate 120 to mechanically
stabilize the mterconnects and protect the features between
the die and the substrate.

The present tlipchip interconnection uses a tapered bump
132 having a wedge shape, longer along a length of inter-
connect site 126 and narrower across the interconnect site.
The view 1n FIG. 4a shows the shorter aspect or narrowing
taper co-linear with trace 124. FIG. 4b shows the longer
aspect of the wedge-shaped bump 124 taken along the line
4b-4b 1n FIG. 4a. The interconnect site 126 1s narrower than
the shorter aspect of bump 132 so the bump covers the top
surface and side surface of the interconnect site. Bump 132
has a width of the connection to UBM 134 greater than, on
the order of 1.5-4.0 times, a width of the connection to
interconnect site 126. For example, the width of the con-
nection at UBM 134 can be 1n a range about 50-150 um and
the width of the connection at interconnect site 126 1s 1n the
range 20-100 um.

The tapered bump 132 can be more reliable than other
interconnect structures formed on narrow leads. In particu-
lar, where the CTE of the semiconductor die differs signifi-
cantly from the CTE of the substrate, tapering the intercon-
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nect structures can enhance reliability. For example, a
significant CTE mismatch exists 1f the semiconductor die 1s
silicon-based and the substrate 1s an organic laminate or
build-up substrate. The material of the interconnect structure
1s selected to be close to that of the substrate. The CTE of
a laminate or organic substrate 1s typically i a range about
16-18 ppm/degree C., the CTE of silicon i1s about 2-3
ppm/degree C., the CTE of glass ceramic 1s about 3-4
ppm/degree C., and the CTE of a co-fired ceramic 1s about
8-8.5 ppm/degree C. For the silicon semiconductor die and
organic laminate substrate, the tapered interconnect struc-
ture 1s selected with a CTE in the range about 18-28
ppm/degree C.

Masking layer 128 makes contact with or 1s i close
proximity to bump 132 at the margin of mask opening 130.
During the undertfill process, the contact or near proximity of
masking layer 128 with bump 132 interferes with flow of
underfill material 140 toward the portion of substrate 120
adjacent to the site. As a result, voids 142 containing the
present atmosphere are formed between bump 132 and
substrate 120 within mask opeming 130 during the underfill
process. The voids 142 adjacent to interconnect site 126 on
substrate 120 provide stress relief from strain induced by
changes 1n temperature.

In another embodiment, a composite bump structure
clectrically interconnects semiconductor die 136 and sub-
strate 120. The composite bump structure has a non-collaps-
ible portion and collapsible portion. The non-collapsible
portion has a higher-melting temperature. The collapsible
portion connects the bump to the interconnect site on the
lead and has a lower-melting temperature. The collapsible
portion of the composite bump can be a cap on the bump or
solder paste or plated spot on the interconnect site. The
non-collapsible portion 1s attached to the interconnect pad
on the die. Typical materials for the non-collapsible portion
include Cu, Au, N1, high lead solder, or lead-tin alloy having
high lead content. Typical materials for the collapsible
portion of the composite bump include Cu, Ag, Sn, lead, and
eutectic solders.

In another embodiment, solder paste can be applied to the
interconnect sites on the traces. For example, the bumps can
be formed of a high-lead solder, e.g., 97% lead and 3% tin,
and the solder on the interconnect site can be a eutectic
solder. The semiconductor die 1s oriented with 1ts active side
facing the mounting surface of the substrate and bumps
aligned with the respective interconnect sites on the leads.
The semiconductor die 1s moved toward the substrate to
bring the bumps nto contact with the solder on the leads.
The assembly 1s then heated to reflow the solder at a peak
temperature of 235° C. with jet flux to form the connection
at the interconnect site. As the solder on the lead retlows, it
wicks to the solder-wettable surface of the solder bump and
to the solder-wettable mating surfaces of the lead. In FIG.
4a, the surface of substrate 120 1s not solder-wettable so the
solder makes little or no contact with the substrate dielectric.
The tapered form of the connection structure results from the
narrow dimension of the lead at the interconnect site, and the
wicking of the solder during reflow.

As noted 1n the background, semiconductor die 136 and
substrate 120 are subject to relative motion, particularly 1f
there 1s a significant CTE mismatch. The registration of any
point on the active surface of semiconductor die 136 with
respect to a corresponding underlying point on the die attach
surface of substrate 120 changes as the dimensions of the die
and substrate change under the thermal stress. At some point
on the active surface of semiconductor die 136, there 1s no
net movement with relation to the corresponding point on

5

10

15

20

25

30

35

40

45

50

55

60

65

12

the underlying substrate 120 as a result of expansion or
contraction of the die in relation to the substrate. The point
of no net movement is referred to as the thermally neutral
point. In many cases, the thermally neutral point coincides
with the geometric center of the die surface. The extent of
movement of any point on semiconductor die 136 1n an x-y
plane parallel to the plane of substrate 120 in relation to the
substrate as a result of thermal expansion or contraction, 1.e.,
the thermal movement, depends at least 1n part upon the
distance of that point from the thermally neutral point on the
die. There 1s greater relative thermal movement at points
nearer the edges of the die, and particularly near the corners
of the die, than at points nearer the thermally neutral point.

The thermally-induced stress in BOL or BONP intercon-
nections 1s less on leads that are oriented 1n a radial direction

at the iterconnect site toward the thermally neutral point on

the semiconductor die than on leads that are oriented at the
interconnect site perpendicularly to the radial direction. In
FIGS. 4a-4b, the lengthwise dimension of mterconnect site
126 1s oriented 1n a direction approximately aligned toward
the thermally neutral point of semiconductor die 136, or
deviating less than 45 degrees from a thermally neutral
alignment. In other embodiments, the deviation 1s less than
10 degrees from a thermally neutral alignment.

FIGS. 5a and 5b show dimensions of certain of the
features of FIGS. 4a and 4b. The features are referenced as
follows: H 1s interconnect height as measured from the die
surface to the masking layer surface, D 1s bump diameter at
half the interconnect height (H/2), UD 1s under bump
metallization diameter, OPx 1s the mask opening width 1n the
x-direction across the lead, OPy 1s the mask opening width
in the y-direction along the lead, CW 1s the width of the
copper lead at the interconnect site, CH 1s thickness or
height of the lead at the interconnect site, and T 1s the
masking layer thickness. In one embodiment, UD=90 um.,
D=0.110 um, H=75 um, T=40 um, CW=30 um, and CH=20
L.

The strain on the interconnect system 1s determined by the
magnitude of the CTE mismatch between the semiconductor
die and substrate. A high strain concentration occurs at the
bump/die interface because of an abrupt difference 1n CTE.
Accordingly, fatigue failure 1s driven by the concentration of
plastic strain at the bump/die interface. In the BOL inter-
connect, because the bump i1s tapered, the portion of the
bump near the substrate has a greater compliancy In par-
ticular, there 1s a ligh compliancy region or stress relief
structure at or near the narrow interface at the interconnect
site on the trace. "

The relief structure has an eflect of
diffusing the strain away from the die pad, resulting in
improved fatigue life of the system.

FIG. 6 shows an embodiment, similar to FIGS. 4a-4b,
masking layer 144 having a thickness T less than masking
layer thickness T 1in FIG. 5a. The thinner masking layer 144
allows underfill material 140 to pass through openings 146
between mask opening 130 and bump 132 to fill the area
between the bump and substrate within the mask opening.
Accordingly, there are substantially no voids between the
bump and substrate within the mask opening.

FIGS. 7-10 describe other embodiments with various
interconnect structures applicable to the interconnect struc-
ture, as described in FIGS. 4-6. FIG. 7a shows a semicon-
ductor water 220 with a base substrate material 222, such as
silicon, germamum, gallium arsenide, indium phosphide, or
silicon carbide, for structural support. A plurality of semi-
conductor die or components 224 1s formed on water 220
separated by saw streets 226 as described above.
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FIG. 7b shows a cross-sectional view of a portion of
semiconductor water 220. Each semiconductor die 224 has
a back surface 228 and active surface 230 containing analog
or digital circuits implemented as active devices, passive
devices, conductive layers, and dielectric layers formed
within the die and electrically interconnected according to
the electrical design and function of the die. For example,
the circuit can include one or more transistors, diodes, and
other circuit elements formed within active surface 230 to
implement analog circuits or digital circuits, such as digital
signal processor (DSP), ASIC, memory, or other signal
processing circuit. Semiconductor die 224 can also contain
integrated passive devices (IPDs), such as inductors, capaci-
tors, and resistors, for RF signal processing. In one embodi-
ment, semiconductor die 224 1s a tlipchip type semiconduc-
tor die.

An electrically conductive layer 232 1s formed over active
surface 230 using PVD, CVD, electrolytic plating, electro-
less plating process, or other suitable metal deposition
process. Conductive layer 232 can be one or more layers of
Al, Cu, Sn, N1, Au, Ag, or other suitable electrically con-
ductive material. Conductive layer 232 operates as contact
pads electrically connected to the circuits on active surface
230.

FIG. 7¢ shows a portion of semiconductor water 220 with
an 1nterconnect structure formed over contact pads 232. An
clectrically conductive bump material 234 1s deposited over
contact pads 232 using an evaporation, electrolytic plating,
clectroless plating, ball drop, or screen printing process.
Bump material 234 can be Al, Sn, Ni, Au, Ag, Pb, B1, Cu,
solder, and combinations thereof, with an optional flux
solution. For example, bump material 234 can be eutectic
Sn/Pb, high-lead solder, or lead-free solder. Bump material
234 i1s generally compliant and undergoes plastic deforma-
tion greater than about 25 um under a force equivalent to a
vertical load of about 200 grams. Bump material 234 1s
bonded to contact pad 232 using a suitable attachment or
bonding process. For example, bump material 234 can be
compression bonded to contact pad 232. Bump material 234
can also be retlowed by heating the material above its
melting point to form spherical balls or bumps 236, as
shown in FIG. 7d. In some applications, bumps 236 are
reflowed a second time to improve electrical connection to
contact pad 232. Bumps 236 represent one type ol intercon-
nect structure that can be formed over contact pad 232. The
interconnect structure can also use stud bump, micro bump,
or other electrical interconnect.

FIG. 7e shows another embodiment of the interconnect
structure formed over contact pads 232 as composite bumps
238 including a non-fusible or non-collapsible portion 240
and fusible or collapsible portion 242. The fusible or col-
lapsible and non-fusible or non-collapsible attributes are
defined for bumps 238 with respect to retflow conditions. The
non-fusible portion 240 can be Au, Cu, Ni, high-lead solder,
or lead-tin alloy. The fusible portion 242 can be Sn, lead-1ree
alloy, Sn—Ag alloy, Sn—Ag—Cu alloy, Sn—Ag-indium
(In) alloy, eutectic solder, tin alloys with Ag, Cu, or Pb, or
other relatively low temperature melt solder. In one embodi-
ment, given a contact pad 232 width or diameter of 100 um,
the non-fusible portion 240 1s about 45 um in height and
tusible portion 242 1s about 35 um 1n height.

FIG. 71 shows another embodiment of the interconnect
structure formed over contact pads 232 as bump 244 over
conductive pillar 246. Bump 244 1s fusible or collapsible and
conductive pillar 246 1s non-fusible or non-collapsible. The
tusible or collapsible and non-fusible or non-collapsible
attributes are defined with respect to retlow conditions.
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Bump 244 can be Sn, lead-free alloy, Sn—Ag alloy, Sn—
Ag—Cu alloy, Sn—Ag—In alloy, eutectic solder, tin alloys
with Ag, Cu, or Pb, or other relatively low temperature melt
solder. Conductive pillar 246 can be Au, Cu, Ni, high-lead
solder, or lead-tin alloy. In one embodiment, conductive
pillar 246 1s a Cu pillar and bump 244 1s a solder cap. Given
a contact pad 232 width or diameter of 100 um, conductive
pillar 246 1s about 45 um 1n height and bump 244 1s about
35 um 1n height.

FIG. 7g shows another embodiment of the interconnect
structure formed over contact pads 232 as bump material
248 with asperities 250. Bump material 248 1s soft and
deformable under reflow conditions with a low yield
strength and high elongation to failure, similar to bump
material 234. Asperities 250 are formed with a plated surtace
finish and are shown exaggerated 1n the figures for purposes
of 1llustration. The scale of asperities 250 1s generally 1n the
order about 1-25 um. The asperities can also be formed on
bump 236, composite bump 238, and bump 244.

In FIG. 7h, semiconductor wafter 220 1s singulated
through saw street 226 using a saw blade or laser cutting tool
252 into individual semiconductor die 224.

FIG. 8a shows a substrate or PCB 2354 with conductive
trace 256. Substrate 254 can be a single-sided FRS5 laminate
or 2-sided Bl-resin laminate. Semiconductor die 224 1is
positioned so that bump material 234 1s aligned with an
interconnect site on conductive trace 256, see FIGS. 16a-
16g. Alternatively, bump material 234 can be aligned with a
conductive pad or other interconnect site formed on sub-
strate 254. Bump material 234 1s wider than conductive trace
256. In one embodiment, bump material 234 has a width of
less than 100 um and conductive trace or pad 256 has a width
of 35 um for a bump pitch of 150 um. Conductive traces 256
are applicable to the mterconnect structure, as described 1n
FIGS. 4-6.

A pressure or force F 1s applied to back surface 228 of
semiconductor die 224 to press bump material 234 onto
conductive trace 256. The force F can be applied with an
clevated temperature. Due to the compliant nature of bump
material 234, the bump material deforms or extrudes around
the top surface and side surface of conductive trace 256,
referred to as BOL. In particular, the application of pressure
causes bump material 234 to undergo a plastic deformation
greater than about 25 um under force F equivalent to a
vertical load of about 200 grams and cover the top surface
and side surface of the conductive trace, as shown 1n FIG.
8b. Bump material 234 can also be metallurgically con-
nected to conductive trace 256 by bringing the bump mate-
rial 1n physical contact with the conductive trace and then
reflowing the bump material under a retlow temperature.

By making conductive trace 256 narrower than bump
material 234, the conductive trace pitch can be reduced to
increase routing density and I/O count. The narrower con-
ductive trace 256 reduces the force F needed to deform
bump material 234 around the conductive trace. For
example, the requisite force F may be 30-50% of the force
needed to deform bump maternial against a conductive trace
or pad that 1s wider than the bump matenal. The lower
compressive force F 1s usetul for fine pitch interconnect and
small die to maintain coplanarity with a specified tolerance
and achieve uniform z-direction deformation and high reli-
ability interconnect union. In addition, deforming bump
material 234 around conductive trace 256 mechanically
locks the bump to the trace to prevent die shifting or die
floating during reflow.

FIG. 8c shows bump 236 formed over contact pad 232 of
semiconductor die 224. Semiconductor die 224 1s positioned
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so that bump 236 1s aligned with an interconnect site on
conductive trace 256. Alternatively, bump 236 can be
aligned with a conductive pad or other interconnect site
formed on substrate 254. Bump 236 1s wider than conductive
trace 256. Conductive traces 256 are applicable to the
interconnect structure, as described 1in FIGS. 4-6.

A pressure or force F 1s applied to back surface 228 of
semiconductor die 224 to press bump 236 onto conductive
trace 256. The force F can be applied with an elevated
temperature. Due to the compliant nature of bump 236, the
bump deforms or extrudes around the top surface and side
surface of conductive trace 256. In particular, the application
ol pressure causes bump material 236 to undergo a plastic
deformation and cover the top surface and side surface of
conductive trace 256. Bump 236 can also be metallurgically
connected to conductive trace 256 by bringing the bump 1n
physical contact with the conductive trace under reflow
temperature.

By making conductive trace 256 narrower than bump 236,
the conductive trace pitch can be reduced to increase routing,
density and I/O count. The narrower conductive trace 256
reduces the force F needed to deform bump 236 around the
conductive trace. For example, the requisite force F may be
30-500 of the force needed to deform a bump against a
conductive trace or pad that 1s wider than the bump. The
lower compressive force F 1s useful for fine pitch intercon-
nect and small die to maintain coplanarity within a specified
tolerance and achieve uniform z-direction deformation and
high reliability interconnect umon. In addition, deforming
bump 236 around conductive trace 256 mechanmically locks
the bump to the trace to prevent die shifting or die floating
during retlow.

FIG. 8d shows composite bump 238 formed over contact
pad 232 of semiconductor die 224. Semiconductor die 224
1s positioned so that composite bump 238 is aligned with an
interconnect site on conductive trace 256. Alternatively,
composite bump 238 can be aligned with a conductive pad
or other interconnect site formed on substrate 254. Com-
posite bump 238 1s wider than conductive trace 256. Con-
ductive traces 256 are applicable to the interconnect struc-
ture, as described in FIGS. 4-6.

A pressure or force F 1s applied to back surface 228 of
semiconductor die 224 to press fusible portion 242 onto
conductive trace 256. The force F can be applied with an
clevated temperature. Due to the compliant nature of fusible
portion 242, the fusible portion deforms or extrudes around
the top surface and side surface of conductive trace 256. In
particular, the application of pressure causes fusible portion
242 to undergo a plastic deformation and cover the top
surface and side surface of conductive trace 256. Composite
bump 238 can also be metallurgically connected to conduc-
tive trace 256 by bringing fusible portion 242 1n physical
contact with the conductive trace under retflow temperature.
The non-fusible portion 240 does not melt or deform during
the application of pressure or temperature and retains its
height and shape as a vertical standofl between semicon-
ductor die 224 and substrate 254. The additional displace-
ment between semiconductor die 224 and substrate 2354
provides greater coplanarity tolerance between the mating
surfaces.

During a reflow process, a large number (e.g., thousands)
of composite bumps 238 on semiconductor die 224 are
attached to interconnect sites on conductive trace 256 of
substrate 254. Some of the bumps 238 may fail to properly
connect to conductive trace 256, particularly 11 die 224 1s
warped. Recall that composite bump 238 1s wider than
conductive trace 256. With a proper force applied, the
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fusible portion 242 deforms or extrudes around the top
surface and side surface of conductive trace 256 and
mechanically locks composite bump 238 to the conductive
trace. The mechanical mterlock 1s formed by nature of the
fusible portion 242 being softer and more compliant than
conductive trace 256 and therefore deforming over the top
surface and around the side surface of the conductive trace
for greater contact surface area. The mechanical interlock
between composite bump 238 and conductive trace 2356
holds the bump to the conductive trace during retlow, 1.e.,
the bump and conductive trace do not lose contact. Accord-
ingly, composite bump 238 mating to conductive trace 256
reduces bump interconnect failures.

FIG. 8¢ shows conductive pillar 246 and bump 244
formed over contact pad 232 of semiconductor die 224.
Semiconductor die 224 1s positioned so that bump 244 1s
aligned with an interconnect site on conductive trace 256.
Alternatively, bump 244 can be aligned with a conductive
pad or other interconnect site formed on substrate 254.
Bump 244 1s wider than conductive trace 256. Conductive
traces 256 are applicable to the interconnect structure, as
described i FIGS. 4-6.

A pressure or force F 1s applied to back surface 228 of
semiconductor die 224 to press bump 244 onto conductive
trace 256. The force F can be applied with an elevated
temperature. Due to the compliant nature of bump 244, the
bump deforms or extrudes around the top surface and side
surface of conductive trace 256. In particular, the application
of pressure causes bump 244 to undergo a plastic deforma-
tion and cover the top surface and side surface of conductive
trace 256. Conductive pillar 246 and bump 244 can also be
metallurgically connected to conductive trace 256 by bring-
ing the bump 1n physical contact with the conductive trace
under retlow temperature. Conductive pillar 246 does not
melt or deform during the application of pressure or tem-
perature and retains its height and shape as a vertical
standoil between semiconductor die 224 and substrate 254,
The additional displacement between semiconductor die 224
and substrate 254 provides greater coplanarity tolerance
between the mating surfaces. The wider bump 244 and
narrower conductive trace 256 have similar low requisite
compressive force and mechanical locking features and
advantages described above for bump material 234 and
bump 236.

FIG. 81 shows bump material 248 with asperities 250
formed over contact pad 232 of semiconductor die 224.
Semiconductor die 224 1s positioned so that bump material
248 1s aligned with an interconnect site on conductive trace
256. Alternatively, bump material 248 can be aligned with a
conductive pad or other interconnect site formed on sub-
strate 254. Bump material 248 1s wider than conductive trace
256. A pressure or force F 1s applied to back surface 228 of
semiconductor die 224 to press bump material 248 onto
conductive trace 256. The force F can be applied with an
clevated temperature. Due to the compliant nature of bump
maternial 248, the bump deforms or extrudes around the top
surface and side surface of conductive trace 256. In particu-
lar, the application of pressure causes bump material 248 to
undergo a plastic deformation and cover the top surface and
side surface of conductive trace 256. In addition, asperities
250 are metallurgically connected to conductive trace 256.
Asperities 250 are sized on the order about 1-25 um.

FIG. 8g shows a substrate or PCB 258 with trapezoidal
conductive trace 260 having angled or sloped sides. Bump
material 261 1s formed over contact pad 232 of semicon-
ductor die 224. Semiconductor die 224 is positioned so that
bump material 261 1s aligned with an interconnect site on
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conductive trace 260. Alternatively, bump material 261 can
be aligned with a conductive pad or other interconnect site
formed on substrate 258. Bump material 261 1s wider than
conductive trace 260. Conductive traces 260 are applicable
to the interconnect structure, as described in FIGS. 4-6.

A pressure or force F 1s applied to back surface 228 of
semiconductor die 224 to press bump material 261 onto
conductive trace 260. The force F can be applied with an
clevated temperature. Due to the compliant nature of bump
material 261, the bump material deforms or extrudes around
the top surface and side surface of conductive trace 260. In
particular, the application of pressure causes bump material
261 to undergo a plastic deformation under force F to cover
the top surface and the angled side surface of conductive
trace 260. Bump material 261 can also be metallurgically
connected to conductive trace 260 by bringing the bump
material 1 physical contact with the conductive trace and
then reflowing the bump material under a reflow tempera-
ture.

FIGS. 9a-9d show a BOL embodiment of semiconductor
die 224 and elongated composite bump 262 having a non-
tusible or non-collapsible portion 264 and fusible or col-
lapsible portion 266. The non-fusible portion 264 can be Au,
Cu, Ni, high-lead solder, or lead-tin alloy. The fusible
portion 266 can be Sn, lead-free alloy, Sn—Ag alloy,
Sn—Ag—Cu alloy, Sn—Ag—1In alloy, eutectic solder, tin
alloys with Ag, Cu, or Pb, or other relatively low tempera-
ture melt solder. The non-fusible portion 264 makes up a
larger part of composite bump 262 than the fusible portion
266. The non-tusible portion 264 1s fixed to contact pad 232
ol semiconductor die 224.

Semiconductor die 224 1s positioned so that composite
bump 262 1s aligned with an interconnect site on conductive
trace 268 formed on substrate 270, as shown in FIG. 9a.
Composite bump 262 1s tapered along conductive trace 268,
1.€., the composite bump has a wedge shape, longer along a
length of conductive trace 268 and narrower across the
conductive trace. The tapered aspect of composite bump 262
occurs along the length of conductive trace 268. The view 1n
FIG. 9a shows the shorter aspect or narrowing taper co-
linear with conductive trace 268. The view 1n FIG. 9b,
normal to FIG. 9a, shows the longer aspect of the wedge-
shaped composite bump 262. The shorter aspect ol compos-
ite bump 262 1s wider than conductive trace 268. The fusible
portion 266 collapses around conductive trace 268 upon
application of pressure and/or reflow with heat, as shown 1n
FIGS. 9¢ and 9d. The non-fusible portion 264 does not melt
or deform during retlow and retains 1ts form and shape. The
non-fusible portion 264 can be dimensioned to provide a
standoil’ distance between semiconductor die 224 and sub-
strate 270. A finish such as Cu OSP can be applied to
substrate 270. Conductive traces 268 are applicable to the
interconnect structure, as described in FIGS. 4-6.

During a reflow process, a large number (e.g., thousands)
of composite bumps 262 on semiconductor die 224 are
attached to interconnect sites on conductive trace 268 of
substrate 270. Some of the bumps 262 may fail to properly
connect to conductive trace 268, particularly 11 semiconduc-
tor die 224 1s warped. Recall that composite bump 262 1s
wider than conductive trace 268. With a proper force
applied, the fusible portion 266 deforms or extrudes around
the top surface and side surface of conductive trace 268 and
mechanically locks composite bump 262 to the conductive
trace. The mechanical interlock 1s formed by nature of the
tusible portion 266 being softer and more compliant than
conductive trace 268 and therefore deforming around the top
surface and side surface of the conductive trace for greater
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contact area. The wedge-shape of composite bump 262
increases contact area between the bump and conductive
trace, e.g., along the longer aspect of FIGS. 9b and 9d,
without sacrificing pitch along the shorter aspect of FIGS. 9a
and 9c. The mechanical interlock between composite bump
262 and conductive trace 268 holds the bump to the con-
ductive trace during reflow, 1.e., the bump and conductive
trace do not lose contact. Accordingly, composite bump 262
mating to conductive trace 268 reduces bump interconnect
failures.

FIGS. 10a-10d show a BOL embodiment of semiconduc-
tor die 224 with bump material 274 formed over contact
pads 232, similar to FIG. 7c. In FIG. 10a, bump material 274
1s generally compliant and undergoes plastic deformation
greater than about 25 um under a force equivalent to a
vertical load of about 200 grams. Bump material 274 1s
wider than conductive trace 276 on substrate 278. A plurality
of asperities 280 1s formed on conductive trace 276 with a
height on the order about 1-25 um.

Semiconductor die 224 1s positioned so that bump mate-
rial 274 1s aligned with an interconnect site on conductive
trace 276. Alternatively, bump material 274 can be aligned
with a conductive pad or other interconnect site formed on
substrate 278. A pressure or force F 1s applied to back
surface 228 of semiconductor die 224 to press bump mate-
rial 274 onto conductive trace 276 and asperities 280, as
shown 1n FIG. 10b. The force F can be applied with an
clevated temperature. Due to the compliant nature of bump
maternial 274, the bump material deforms or extrudes around
the top surface and side surface of conductive trace 276 and
asperities 280. In particular, the application of pressure
causes bump material 274 to undergo a plastic deformation
and cover the top surface and side surface of conductive
trace 276 and asperitics 280. The plastic flow of bump
material 274 creates macroscopic mechanical interlocking
points between the bump material and the top surface and
side surface of conductive trace 276 and asperities 280. The
plastic tflow of bump material 274 occurs around the top
surface and side surface of conductive trace 276 and asperi-
ties 280, but does not extend excessively onto substrate 278,
which could cause electrical shorting and other defects. The
mechanical interlock between the bump material and the top
surface and side surface of conductive trace 276 and asperi-
ties 280 provides a robust connection with greater contact
area between the respective surfaces, without significantly
increasing the bonding force. The mechanical interlock
between the bump material and the top surface and side
surface of conductive trace 276 and asperities 280 also
reduces lateral die shifting during subsequent manufacturing
processes, such as encapsulation.

FIG. 10c shows another BOL embodiment with bump
material 274 narrower than conductive trace 276. A pressure
or force F 1s applied to back surface 228 of semiconductor
die 224 to press bump material 274 onto conductive trace
276 and asperities 280. The force F can be applied with an
clevated temperature. Due to the compliant nature of bump
matenal 274, the bump material deforms or extrudes over
the top surface of conductive trace 276 and asperities 280.
In particular, the application of pressure causes bump mate-
rial 274 to undergo a plastic deformation and cover the top
surface of conductive trace 276 and asperities 280. The
plastic flow of bump material 274 creates macroscopic
mechanical interlocking points between the bump material
and the top surface of conductive trace 276 and asperities
280. The mechanical interlock between the bump material
and the top surface of conductive trace 276 and asperities
280 provides a robust connection with greater contact area
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between the respective surfaces, without significantly
increasing the bonding force. The mechanical interlock
between the bump material and the top surface of conductive
trace 276 and asperities 280 also reduces lateral die shifting
during subsequent manufacturing processes, such as encap-
sulation.

FIG. 10d shows another BOL embodiment with bump
material 274 formed over an edge of conductive trace 276,
1.e., part of the bump material 1s over the conductive trace
and part of the bump material 1s not over the conductive
trace. A pressure or force F 1s applied to back surface 228 of
semiconductor die 224 to press bump material 274 onto
conductive trace 276 and asperities 280. The force F can be
applied with an elevated temperature. Due to the compliant
nature of bump matenal 274, the bump material deforms or
extrudes over the top surface and side surface of conductive
trace 276 and asperities 280. In particular, the application of
pressure causes bump material 274 to undergo a plastic
deformation and cover the top surface and side surface of
conductive trace 276 and asperities 280. The plastic flow of
bump material 274 creates macroscopic mechanical inter-
locking between the bump material and the top surface and
side surface of conductive trace 276 and asperities 280. The
mechanical interlock between the bump material and the top
surface and side surface of conductive trace 276 and asperi-
ties 280 provides a robust connection with greater contact
arca between the respective surfaces, without significantly
increasing the bonding force. The mechanical interlock
between the bump material and the top surface and side
surface ol conductive trace 276 and asperities 280 also
reduces lateral die shifting during subsequent manufacturing,
processes, such as encapsulation.

FIGS. 11a-11¢ show a BOL embodiment of semiconduc-
tor die 224 with bump material 284 formed over contact
pads 232, similar to FIG. 7c. A tip 286 extends from the body

of bump material 284 as a stepped bump with tip 286
narrower than the body of bump material 284, as shown in
FIG. 11a. Semiconductor die 224 1s positioned so that bump
material 284 1s aligned with an interconnect site on conduc-
tive trace 288 on substrate 290. More specifically, tip 286 1s

centered over an interconnect site on conductive trace 288.
Alternatively, bump material 284 and tip 286 can be aligned
with a conductive pad or other interconnect site formed on
substrate 290. Bump material 284 1s wider than conductive
trace 288 on substrate 290.

Conductive trace 288 1s generally compliant and under-
goes plastic deformation greater than about 25 um under a
force equivalent to a vertical load of about 200 grams. A
pressure or lforce F 1s applied to back surface 228 of
semiconductor die 224 to press tip 284 onto conductive trace
288. The force F can be applied with an elevated tempera-
ture. Due to the compliant nature of conductive trace 288,
the conductive trace deforms around tip 286, as shown in
FIG. 11b. In particular, the application of pressure causes
conductive trace 288 to undergo a plastic deformation and
cover the top surface and side surface of tip 286.

FIG. 11c¢ shows another BOL embodiment with rounded
bump material 294 formed over contact pads 232. A tip 296
extends from the body of bump material 294 to form a stud
bump with the tip narrower than the body of bump material
294. Semiconductor die 224 i1s positioned so that bump
material 294 1s aligned with an interconnect site on conduc-
tive trace 298 on substrate 300. More specifically, tip 296 1s
centered over an interconnect site on conductive trace 298.
Alternatively, bump material 294 and tip 296 can be aligned
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with a conductive pad or other interconnect site formed on
substrate 300. Bump matenial 294 1s wider than conductive
trace 298 on substrate 300.

Conductive trace 298 1s generally compliant and under-
goes plastic deformation greater than about 25 um under a
force equivalent to a vertical load of about 200 grams. A
pressure or lforce F 1s applied to back surface 228 of
semiconductor die 224 to press tip 296 onto conductive trace
298. The force F can be applied with an elevated tempera-
ture. Due to the compliant nature of conductive trace 298,
the conductive trace deforms around tip 296. In particular,
the application of pressure causes conductive trace 298 to
undergo a plastic deformation and cover the top surface and
side surface of tip 296.

The conductive traces described i FIGS. 8a-8g, 9a-9d,
and 10a-10d can also be compliant material as described 1n
FIGS. 11a-11c.

FIGS. 12a-12b show a BOL embodiment of semiconduc-
tor die 224 with bump material 304 formed over contact
pads 232, similar to FIG. 7c. Bump material 304 1s generally
compliant and undergoes plastic deformation greater than
about 25 um under a force equivalent to a vertical load of
about 200 grams. Bump material 304 1s wider than conduc-
tive trace 306 on substrate 308. A conductive via 310 1s
formed through conductive trace 306 with an opening 312
and conductive sidewalls 314, as shown 1n FIG. 12a. Con-
ductive traces 306 are applicable to the interconnect struc-
ture, as described 1in FIGS. 4-6.

Semiconductor die 224 1s positioned so that bump mate-
rial 304 1s aligned with an interconnect site on conductive
trace 306, see FIGS. 16a-16g. Alternatively, bump material
304 can be aligned with a conductive pad or other intercon-
nect site formed on substrate 308. A pressure or force F 1s
applied to back surface 228 of semiconductor die 224 to
press bump material 304 onto conductive trace 306 and 1nto
opening 312 of conductive via 310. The force F can be
applied with an elevated temperature. Due to the compliant
nature of bump material 304, the bump material deforms or
extrudes around the top surface and side surface of conduc-
tive trace 306 and into opening 312 of conductive vias 310,
as shown in FIG. 12b. In particular, the application of
pressure causes bump material 304 to undergo a plastic
deformation and cover the top surface and side surface of
conductive trace 306 and 1nto opening 312 of conductive via
310. Bump material 304 1s thus electrically connected to
conductive trace 306 and conductive sidewalls 314 for
z-direction vertical interconnect through substrate 308. The
plastic flow of bump material 304 creates a mechanical
interlock between the bump material and the top surface and
side surface of conductive trace 306 and opening 312 of
conductive via 310. The mechanical interlock between the
bump material and the top surface and side surface of
conductive trace 306 and opening 312 of conductive via 310
provides a robust connection with greater contact area
between the respective surfaces, without significantly
increasing the bonding force. The mechanical interlock
between the bump material and the top surface and side
surface of conductive trace 306 and opening 312 of con-
ductive via 310 also reduces lateral die shifting during
subsequent manufacturing processes, such as encapsulation.
Since conductive via 310 1s formed within the interconnect

site with bump material 304, the total substrate interconnect
area 1s reduced.

In the BOL embodiments of FIGS. 8a-8g, 9a-9d, 10a-10d,
11a-11c, and 12a-12b, by making the conductive trace
narrower than the interconnect structure, the conductive
trace pitch can be reduced to increase routing density and
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I/0 count. The narrower conductive trace reduces the force
F needed to deform the interconnect structure around the
conductive trace. For example, the requisite force F may be
30-50% of the force needed to deform a bump against a
conductive trace or pad that 1s wider than the bump. The
lower compressive force F 1s useful for fine pitch intercon-
nect and small die to maintain coplanarity within a specified
tolerance and achieve uniform z-direction deformation and
high reliability interconnect umon. In addition, deforming
the terconnect structure around the conductive trace
mechanically locks the bump to the trace to prevent die
shifting or die floating during reflow.

FIGS. 13a-13c¢ show a mold underfill (MUF) process to
deposit encapsulant around the bumps between the semi-
conductor die and substrate. FIG. 13a shows semiconductor
die 224 mounted to substrate 254 using bump material 234
from FIG. 8b and placed between upper mold support 316
and lower mold support 318 of chase mold 320. The other
semiconductor die and substrate combinations from FIGS.
8a-8g, 9a-9d, 10a-10d, 11a-11c, and 12a-12b can be placed
between upper mold support 316 and lower mold support
318 of chase mold 320. The upper mold support 316
includes compressible releasing film 322.

In FIG. 13b, upper mold support 316 and lower mold
support 318 are brought together to enclose semiconductor
die 224 and substrate 254 with an open space over the
substrate and between the semiconductor die and substrate.
Compressible releasing film 322 conforms to back surface
228 and side surface of semiconductor die 224 to block
formation of encapsulant on these surfaces. An encapsulant
324 1n a liquid state 1s 1njected 1nto one side of chase mold
320 with nozzle 326 while an optional vacuum assist 328
draws pressure irom the opposite side to uniformly fill the
open space over substrate 254 and the open space between
semiconductor die 224 and substrate 254 with the encapsu-
lant. Encapsulant 324 can be polymer composite material,
such as epoxy resin with filler, epoxy acrylate waith filler, or
polymer with proper filler. Encapsulant 324 1s non-conduc-
tive and environmentally protects the semiconductor device
from external elements and contaminants. Compressible
material 322 prevents encapsulant 324 from flowing over
back surface 228 and around the side surface of semicon-
ductor die 224. Encapsulant 324 1s cured. The back surface
228 and side surface of semiconductor die 224 remain
exposed from encapsulant 324.

FI1G. 13¢ shows an embodiment of MUF and mold overtill
(MOF), 1.e., without compressible material 322. Semicon-
ductor die 224 and substrate 254 are placed between upper
mold support 316 and lower mold support 318 of chase mold
320. The upper mold support 316 and lower mold support
318 are brought together to enclose semiconductor die 224
and substrate 254 with an open space over the substrate,
around the semiconductor die, and between the semicon-
ductor die and substrate. Encapsulant 324 1n a liquid state 1s
injected mnto one side of chase mold 320 with nozzle 326
while an optional vacuum assist 328 draws pressure from the
opposite side to uniformly fill the open space around semi-
conductor die 224 and over substrate 254 and the open space
between semiconductor die 224 and substrate 254 with the
encapsulant. Encapsulant 324 is cured.

FIG. 14 shows another embodiment of depositing encap-

sulant around semiconductor die 224 and 1n the gap between
semiconductor die 224 and substrate 254. Semiconductor
die 224 and substrate 254 are enclosed by dam 330. Encap-
sulant 332 1s dispensed from nozzles 334 in a liquid state
into dam 330 to fill the open space over substrate 254 and the
open space between semiconductor die 224 and substrate
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254. The volume of encapsulant 332 dispensed from nozzles
334 1s controlled to fill dam 330 without covering back
surtace 228 or the side surface ol semiconductor die 224.

Encapsulant 332 1s cured.

FIG. 15 shows semiconductor die 224 and substrate 254
alter the MUF process from FIGS. 13a, 13c, and 14.
Encapsulant 324 1s uniformly distributed over substrate 254
and around bump material 234 between semiconductor die
224 and substrate 254.

FIGS. 16a-16g show top views of various conductive
trace layouts on substrate or PCB 340. In FIG. 16a, con-
ductive trace 342 i1s a straight conductor with integrated
bump pad or interconnect site 344 formed on substrate 340.
The sides of substrate bump pad 344 can be co-linear with
conductive trace 342. In the prior art, a solder registration
opening (SRO) 1s typically formed over the interconnect site
to contaimn the bump material during reflow. The SRO
increases nterconnect pitch and reduces 1/0O count. In con-
trast, masking layer 346 can be formed over a portion of
substrate 340; however, the masking layer 1s not formed
around substrate bump pad 344 of conductive trace 342.
That 1s, the portion of conductive trace 342 designed to mate
with the bump material 1s devoid of any SRO of masking
layer 346 that would have been used for bump containment
during retlow.

Semiconductor die 224 1s placed over substrate 340 and
the bump material 1s aligned with substrate bump pads 344.
The bump material 1s electrically and metallurgically con-
nected to substrate bump pads 344 by bringing the bump
material 1 physical contact with the bump pad and then
reflowing the bump material under a retlow temperature.

In another embodiment, an electrically conductive bump
material 1s deposited over substrate bump pad 344 using an
evaporation, electrolytic plating, electroless plating, ball
drop, or screen printing process. The bump material can be
Al, Sn, N1, Au, Ag, Pb, B1, Cu, solder, and combinations
thereof, with an optional flux solution. For example, the
bump material can be eutectic Sn/Pb, high-lead solder, or
lead-free solder. The bump material 1s bonded to substrate
bump pad 344 using a suitable attachment or bonding
process. In one embodiment, the bump matenial 1s reflowed
by heating the material above 1ts melting point to form bump
or interconnect 348, as shown 1n FIG. 16b. In some appli-
cations, bump 348 1s reflowed a second time to 1mprove
clectrical contact to substrate bump pad 344. The bump
material around the narrow substrate bump pad 344 main-
tains die placement during retlow.

In high routing density applications, 1t 1s desirable to
minimize escape pitch of conductive traces 342. The escape
pitch between conductive traces 342 can be reduced by
climinating the masking layer for the purpose of retlow
containment, 1.€., by reflowing the bump material without a
masking layer. Since no SRO 1s formed around die bump
pad 232 or substrate bump pad 344, conductive traces 342
can be formed with a finer pitch, 1.e., conductive trace 342
can be disposed closer together or to nearby structures. With
no SRO around substrate bump pad 344, the pitch between
conductive traces 342 1s given as P=D+PLT+W/2, wherein
D 1s the base diameter of bump 348, PLT 1s die placement
tolerance, and W 1s the width of conductive trace 342. In one
embodiment, given a bump base diameter of 100 um, PLT
of 10 um, and trace line width of 30 um, the minimum
escape pitch of conductive trace 342 1s 125 um. The mask-
less bump formation eliminates the need to account for the
ligament spacing of masking material between adjacent
openings, solder mask registration tolerance (SRT), and
minimum resolvable SRO, as found 1n the prior art.
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When the bump material 1s reflowed without a masking
layer to metallurgically and electrically connect die bump
pad 232 to substrate bump pad 344, the wetting and surface
tension causes the bump material to maintain self-confine-
ment and be retained within the space between die bump pad
232 and substrate bump pad 344 and portion of substrate 340
immediately adjacent to conductive trace 342 substantially
within the footprint of the bump pads.

To achieve the desired self-confinement property, the
bump material can be immersed 1n a tlux solution prior to
placement on die bump pad 232 or substrate bump pad 344
to selectively render the region contacted by the bump
material more wettable than the surrounding area of con-
ductive traces 342. The molten bump material remains
confined substantially within the area defined by the bump
pads due to the wettable properties of the flux solution. The
bump material does not run-out to the less wettable areas. A
thin oxide layer or other insulating layer can be formed over
areas where bump material 1s not intended to make the area
less wettable. Hence, masking layer 340 1s not needed
around die bump pad 232 or substrate bump pad 344.

FIG. 16c shows another embodiment of parallel conduc-
tive traces 352 as a straight conductor with integrated
rectangular bump pad or interconnect site 354 formed on
substrate 350. In this case, substrate bump pad 354 1s wider
than conductive trace 352, but less than the width of the
mating bump. The sides of substrate bump pad 354 can be
parallel to conductive trace 352. Masking layer 356 can be
formed over a portion of substrate 350; however, the mask-
ing layer 1s not formed around substrate bump pad 354 of
conductive trace 352. That 1s, the portion of conductive trace
352 designed to mate with the bump material 1s devoid of
any SRO of masking layer 356 that would have been used
for bump containment during reflow.

FI1G. 16d shows another embodiment of conductive traces
360 and 362 arranged in an array of multiple rows with
oflset integrated bump pad or interconnect site 364 formed
on substrate 366 for maximum interconnect escape routing
density and capacity. Alternate conductive traces 360 and
362 include an elbow for routing to bump pads 364. The
sides of each substrate bump pad 364 are co-linear with
conductive traces 360 and 362. Masking layer 368 can be
formed over a portion of substrate 366; however, masking
layer 368 1s not formed around substrate bump pad 364 of
conductive traces 360 and 362. That i1s, the portion of
conductive trace 360 and 362 designed to mate with the
bump material 1s devoid of any SRO of masking layer 368

that would have been used for bump containment during
reflow.

FIG. 16e shows another embodiment of conductive traces
370 and 372 arranged in an array of multiple rows with
oflset integrated bump pad or interconnect site 374 formed
on substrate 376 for maximum interconnect escape routing
density and capacity. Alternate conductive traces 370 and
372 include an elbow for routing to bump pads 374. In this
case, substrate bump pad 374 i1s rounded and wider than
conductive traces 370 and 372, but less than the width of the
mating interconnect bump matenal. Masking layer 378 can
be formed over a portion of substrate 376; however, masking
layer 378 1s not formed around substrate bump pad 374 of
conductive traces 370 and 372. That i1s, the portion of
conductive trace 370 and 372 designed to mate with the
bump material 1s devoid of any SRO of masking layer 378
that would have been used for bump containment during
reflow.

FIG. 161 shows another embodiment of conductive traces
380 and 382 arranged in an array of multiple rows with
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oflset integrated bump pad or interconnect site 384 formed
on substrate 386 for maximum interconnect escape routing
density and capacity. Alternate conductive traces 380 and
382 include an elbow for routing to bump pads 384. In this
case, substrate bump pad 384 1s rectangular and wider than
conductive traces 380 and 382, but less than the width of the
mating interconnect bump material. Masking layer 388 can
be formed over a portion of substrate 386; however, masking
layer 388 1s not formed around substrate bump pad 384 of
conductive traces 380 and 382. That is, the portion of
conductive trace 380 and 382 designed to mate with the
bump material 1s devoid of any SRO of masking layer 388
that would have been used for bump containment during
reflow.

As one example of the interconnect process, semiconduc-
tor die 224 1s placed over substrate 366 and bump material
234 15 aligned with substrate bump pads 364 from FIG. 16d.
Bump material 234 is electrically and metallurgically con-
nected to substrate bump pad 364 by pressing the bump
material or by bringing the bump material 1 physical
contact with the bump pad and then reflowing the bump
material under a reflow temperature, as described for FIGS.
8a-8¢, 9a-9d, 10a-10d, 11a-11c, and 12a-12b.

In another embodiment, an electrically conductive bump
material 1s deposited over substrate bump pad 364 using an
evaporation, electrolytic plating, electroless plating, ball
drop, or screen printing process. The bump material can be
Al, Sn, N1, Au, Ag, Pb, B1, Cu, solder, and combinations
thereof, with an optional flux solution. For example, the
bump material can be eutectic Sn/Pb, high-lead solder, or
lead-free solder. The bump material 1s bonded to substrate
bump pad 364 using a suitable attachment or bonding
process. In one embodiment, the bump material 1s reflowed
by heating the material above 1ts melting point to form bump
or interconnect 390, as shown 1 FIG. 16g. In some appli-
cations, bump 390 1s reflowed a second time to 1mprove
clectrical contact to substrate bump pad 364. The bump
material around the narrow substrate bump pad 364 main-
tains die placement during reflow. Bump material 234 or
bumps 390 can also be formed on substrate bump pad
configurations of FIGS. 16a-16g.

In high routing density applications, it 1s desirable to
minimize escape pitch of conductive traces 360 and 362 or
other conductive trace configurations of FIGS. 16a-16g. The
escape pitch between conductive traces 360 and 362 can be
reduced by eliminating the masking layer for the purpose of
reflow containment, 1.¢., by reflowing the bump material
without a masking layer. Since no SRO 1s formed around die
bump pad 232 or substrate bump pad 364, conductive traces
360 and 362 can be formed with a finer pitch, 1.e., conduc-
tive traces 360 and 362 can be disposed closer together or to
nearby structures. With no SRO around substrate bump pad
364, the pitch between conductive traces 360 and 362 is
given as P=D/2+PLT+W/2, wherein D 1s the base diameter
of bump 390, PLT is die placement tolerance, and W 1s the
width of conductive traces 360 and 362. In one embodiment,
given a bump base diameter of 100 um, PLT of 10 um, and
trace line width of 30 pm, the minimum escape pitch of
conductive traces 360 and 362 1s 125 um. The mask-less
bump formation eliminates the need to account for the
ligament spacing ol masking material between adjacent
openings, SRT, and minimum resolvable SRO, as found 1n
the prior art.

When the bump material 1s reflowed without a masking
layer to metallurgically and electrically connect die bump
pad 232 to substrate bump pad 364, the wetting and surface
tension causes the bump material to maintain self-confine-
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ment and be retained within the space between die bump pad
232 and substrate bump pad 364 and portion of substrate 366
immediately adjacent to conductive traces 360 and 362
substantially within the footprint of the bump pads.

To achieve the desired self-confinement property, the
bump material can be immersed 1n a tlux solution prior to
placement on die bump pad 232 or substrate bump pad 364
to selectively render the region contacted by the bump
material more wettable than the surrounding area of con-
ductive traces 360 and 362. The molten bump material
remains confined substantially within the area defined by the
bump pads due to the wettable properties of the flux solu-
tion. The bump material does not run-out to the less wettable
arcas. A thin oxide layer or other insulating layer can be
formed over areas where bump material 1s not intended to
make the area less wettable. Hence, masking layer 368 1s not
needed around die bump pad 232 or substrate bump pad 364.

In FIG. 17a, masking layer 392 1s deposited over a portion
of conductive traces 394 and 396. However, masking layer
392 1s not formed over integrated bump pads 398. Conse-
quently, there 1s no SRO for each bump pad 398 on substrate
400. A non-wettable masking patch 402 1s formed on sub-
strate 400 interstitially within the array of integrated bump
pads 398, 1.e., between adjacent bump pads. The masking
patch 402 can also be formed on semiconductor die 224
interstitially within the array of die bump pads 398. More
generally, the masking patch 1s formed 1n close proximity to
the integrated bump pads 1n any arrangement to prevent
runout to less wettable areas.

Semiconductor die 224 1s placed over substrate 400 and
the bump matenial 1s aligned with substrate bump pads 398.
The bump material 1s electrically and metallurgically con-
nected to substrate bump pad 398 by pressing the bump
material or by bringing the bump material i physical
contact with the bump pad and then reflowing the bump
material under a reflow temperature, as described for FIGS.
8a-8g, 9a-9d, 10a-10d, 11a-11c, and 12a-12b.

In another embodiment, an electrically conductive bump
material 1s deposited over die integrated bump pads 398
using an evaporation, electrolytic plating, electroless plat-
ing, ball drop, or screen printing process. The bump material
can be Al, Sn, N1, Au, Ag, Pb, B1, Cu, solder, and combi-
nations thereof, with an optional flux solution. For example,
the bump material can be eutectic Sn/Pb, high-lead solder, or
lead-free solder. The bump matenal 1s bonded to integrated
bump pads 398 using a suitable attachment or bonding
process. In one embodiment, the bump material 1s reflowed
by heating the material above its melting point to form
spherical balls or bumps 404, as shown 1n FIG. 17b. In some
applications, bumps 404 are reflowed a second time to
improve electrical contact to integrated bump pads 398. The
bumps can also be compression bonded to integrated bump
pads 398. Bumps 404 represent one type ol interconnect
structure that can be formed over integrated bump pads 398.
The interconnect structure can also use stud bump, micro
bump, or other electrical interconnect.

In high routing density applications, 1t 1s desirable to
mimmize escape pitch. In order to reduce the pitch between
conductive traces 394 and 396, the bump material is
reflowed without a masking layer around integrated bump
pads 398. The escape pitch between conductive traces 394
and 396 can be reduced by eliminating the masking layer
and associated SROs around the integrated bump pads for
the purpose of reflow contamnment, 1.e., by reflowing the
bump material without a masking layer. Masking layer 392
can be formed over a portion of conductive traces 394 and
396 and substrate 400 away from 1ntegrated bump pads 398;
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however, masking layer 392 1s not formed around 1ntegrated
bump pads 398. That is, the portion of conductive trace 394
and 396 designed to mate with the bump material 1s devoid
of any SRO of masking layer 392 that would have been used
for bump containment during retlow.

In addition, masking patch 402 1s formed on substrate 400
interstitially within the array of integrated bump pads 398.
Masking patch 402 1s non-wettable material. Masking patch
402 can be the same material as masking layer 392 and
applied during the same processing step, or a different
material during a different processing step. Masking patch
402 can be formed by selective oxidation, plating, or other
treatment ol the portion of the trace or pad within the array
ol integrated bump pads 398. Masking patch 402 confines
bump material flow to integrated bump pads 398 and pre-
vents leaching of conductive bump material to adjacent
structures.

When the bump material 1s reflowed with masking patch
402 interstitially disposed within the array of integrated
bump pads 398, the wetting and surface tension causes the
bump matenial to be confined and retained within the space
between die bump pads 232 and mtegrated bump pads 398
and portion of substrate 400 immediately adjacent to con-
ductive traces 394 and 396 and substantially within the
footprint of the integrated bump pads 398.

To achieve the desired confinement property, the bump
material can be immersed 1 a flux solution prior to place-
ment on die bump pads 232 or integrated bump pads 398 to
selectively render the region contacted by the bump material
more wettable than the surrounding area of conductive
traces 394 and 396. The molten bump material remains
confined substantially within the area defined by the bump
pads due to the wettable properties of the flux solution. The
bump material does not run-out to the less wettable areas. A
thin oxide layer or other imnsulating layer can be formed over
areas where bump material 1s not intended to make the area
less wettable. Hence, masking layer 392 i1s not needed
around die bump pads 232 or integrated bump pads 398.

Since no SRO 1s formed around die bump pads 232 or
integrated bump pads 398, conductive traces 394 and 396
can be formed with a finer pitch, 1.e., the conductive traces
can be disposed closer to adjacent structures without making
contact and forming electrical shorts. Assuming the same
solder registration design rule, the pitch between conductive
traces 394 and 396 1s given as P=(1.1 D+W)/2, where D 1s
the base diameter of bump 404 and W 1s the width of
conductive traces 394 and 396. In one embodiment, given a
bump diameter of 100 um and trace line width of 20 um, the
minimum escape pitch of conductive traces 394 and 396 1s
65 um. The bump formation eliminates the need to account
for the ligament spacing of masking material between adja-
cent openings and minimum resolvable SRO, as found 1n the
prior art.

FIG. 18 shows package-on-package (PoP) 405 with semi-
conductor die 406 stacked over semiconductor die 408 using
die attach adhesive 410. Semiconductor die 406 and 408
cach have an active surface containing analog or digital
circuits 1mplemented as active devices, passive devices,
conductive layers, and dielectric layers formed within the
die and electrically interconnected according to the electrical
design and function of the die. For example, the circuit can
include one or more transistors, diodes, and other circuit
clements formed within the active surface to implement
analog circuits or digital circuits, such as DSP, ASIC,
memory, or other signal processing circuit. Semiconductor
die 406 and 408 can also contain IPDs, such as inductors,
capacitors, and resistors, for RF signal processing.
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Semiconductor die 408 1s mounted to conductive traces
412 formed on substrate 414 using bump material 416
formed on contact pads 418, using any of the embodiments
from FIGS. 8a-8g, 9a-9d, 10a-10d, 11a-11c, and 12a-12b.
Conductive traces 412 are applicable to the interconnect
structure, as described 1n FIGS. 4-6. Semiconductor die 406
1s electrically connected to contact pads 420 formed on
substrate 414 using bond wires 422. The opposite end of
bond wire 422 1s bonded to contact pads 424 on semicon-
ductor die 406.

Masking layer 426 1s formed over substrate 414 and
opened beyond the footprint of semiconductor die 406.
While masking layer 426 does not confine bump material
416 to conductive traces 412 during retlow, the open mask
can operate as a dam to prevent encapsulant 428 from
migrating to contact pads 420 or bond wires 422 during
MUF. Encapsulant 428 1s deposited between semiconductor
die 408 and substrate 414, similar to FIGS. 13a-13c¢. Mask-
ing layer 426 blocks MUF encapsulant 428 from reaching
contact pads 420 and bond wires 422, which could cause a
defect. Masking layer 426 allows a larger semiconductor die
to be placed on a given substrate without risk of encapsulant
428 bleeding onto contact pads 420.

While one or more embodiments of the present invention
have been illustrated in detail, the skilled artisan will appre-
ciate that modifications and adaptations to those embodi-
ments may be made without departing from the scope of the
present invention as set forth 1n the following claims.

What 1s claimed:

1. A method of making a semiconductor device, compris-
ng:

providing a semiconductor die including a plurality of

elongated bumps formed over a metallization on a
surface of the semiconductor die, wherein a length of
the elongated bumps parallel to the surface of the
semiconductor die is greater than a width of the elon-
gated bumps parallel to the surface of the semiconduc-
tor die;

providing a substrate;

forming a plurality of conductive traces over the substrate

[and radially oriented toward a geometric center of the
semiconductor die];

bonding the elongated bumps to the interconnect site of

the conductive traces [so that] with the length of the
elongated bumps [include a width across] taken in a
direction along the conductive traces [less than a length
along] greater than the width of the elongated bumps
taken in a direction across the conductive traces; and
depositing an encapsulant around the elorngated bumps
between the semiconductor die and substrate.

2. The method of claim 1, wherein a width of the [bump]
elongated bumps across a surface of the metallization on the
semiconductor die is 1.5 to 4.0 times the width of the [bump]
elongated bumps across the conductive traces.

3. The method of claim 1, wherein the elongated bumps
include a non-collapsible portion and collapsible portion.

4. The method of claim 3, wherein the non-collapsible
portion of the elongated bumps includes gold, copper,
nickel, lead solder, or lead-tin alloy and the collapsible
portion of the elongated bumps includes tin, lead-iree alloy,
tin-silver alloy, tin-silver-copper alloy, tin-silver-indium
alloy, eutectic solder, or tin alloys including silver, copper,
or lead.

5. The method of claim 1, wherein the substrate 1s
non-wettable along portions of the traces to limit flow of the
elongated bumps.
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6. A method of making a semiconductor device, compris-
ng:

providing a semiconductor die including a plurality of
elongated interconnect structures on a surface of the
semiconductor die, whervein a length of the elongated
interconnect structures parallel to the surface of the
semiconductor die is greater than a width of the elon-
gated interconnect structures parallel to the surface of
the semiconductor die;

providing a substrate;

forming a plurality of conductive traces over the substrate
[and radially oriented toward a geometric center of the

semiconductor die];

[forming a plurality of] bonding the semiconductor die to
the substrate with the elongated interconnect structures
[between the semiconductor die and] contacting the
conductive traces [so that the interconnect structures
include a length along the conductive traces] and the
length of the elongated intevconnect structuves taken in
a dirvection along the conductive traces greater than the
width of the elongated interconnect structurves taken in
a direction across the conductive traces;, and

depositing an encapsulant between the semiconductor die
and substrate.

7. The method of claim 6, wherein a width of the
elongated 1nterconnect structures across a surface of the
semiconductor die 1s 1.5 to 4.0 times a width of the elon-
gated 1nterconnect structures across the conductive traces.

8. The method of claim 6, wherein the elongated inter-
connect structures include a non-collapsible portion and
collapsible portion.

9. The method of claim 8, wherein the non-collapsible
portion ol the elongated interconnect structures includes
gold, copper, nickel, lead solder, or lead-tin alloy and the
collapsible portion of the e/ongated interconnect structures
includes tin, lead-iree alloy, tin-silver alloy, tin-silver-cop-
per alloy, tin-silver-indium alloy, eutectic solder, or tin
alloys comprising copper or lead.

10. The method of claim 6, wherein the elongated inter-
connect structures cover a top surface and side surface of the
conductive traces.

11. The method of claim 6, wherein the elongated inter-
connect structures diffuse strain away from the semiconduc-
tor die.

[12. The method of claim 6, wherein the interconnect
structures 1include a width across the conductive traces less
than the length along the conductive traces.}

13. A method of making a semiconductor device, com-
prising:

providing a semiconductor die including a plurality of
interconnect structuves on a surface of the semicon-
ductor die, wherein a length of the interconnect stric-
tures parallel to the surface of the semiconductor die is
greater than a width of the intercomnnect structures
parallel to the surface of the semiconductor die;

providing a substrate;

forming a plurality of conductive traces over the substrate
[and oriented toward a geometric center of the semi-
conductor die]; and

[forming a] disposing the plurality of interconnect struc-
tures between the semiconductor die and the conduc-
tive traces and in contact with the conductive traces,
whevrein the length of the interconnect structures taken
in a dirvection along the conductive traces is greater
than the width of the interconnect structuves taken in a
divection across the conductive traces.
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14. The method of claim 13, further including depositing
an encapsulant or underfill material between the semicon-
ductor die and substrate using a mold underfill (MUF)
process.

[15. The method of claim 13, wherein the interconnect
structures 1nclude a width across the conductive traces less
than a length along the conductive traces.]

16. The method of claim 13, wherein the interconnect
structures include a non-collapsible portion and collapsible
portion.

17. The method of claim 13, wherein the interconnect
structures 1nclude a conductive pillar and bump formed over

the conductive pillar.
18. The method of claam 13, wherein a width of the

interconnect structures across a surface of the semiconductor
die i1s 1.5 to 4.0 times [a] the width of the interconnect
structures across the conductive traces.

19. A semiconductor device, comprising:

a semiconductor die including a plurality of interconnect
structures formed on a surface of the semiconductor
die, wherein a length of the interconnect structuves
parallel to the surface of the semiconductor die is
greater than a width of the interconnect structures
parallel to the surface of the semiconductor die;

a substrate including a plurality of conductive traces
formed over the substrate];

al, wherein the plurality of interconnect structures is
formed between the semiconductor die and the con-
ductive traces [and including a length along the con-
ductive traces oriented toward a geometric center of the
semiconductor die], and the length of the interconnect
structures taken in a dirvection along the conductive
traces is greater than the width of the interconnect
structures taken in a dirvection across the conductive
traces; and

an encapsulant deposited between the semiconductor die
and substrate.

[20. The semiconductor device of claim 19, wherein the
interconnect structures include a width across the conductive
traces less than a length along the conductive traces.}

21. The semiconductor device of claim 19, wherein the
interconnect structures include a non-collapsible portion and
collapsible portion.

22. The semiconductor device of claim 21, wherein the
non-collapsible portion of the interconnect structures
includes gold, copper, nickel, lead solder, or lead-tin alloy
and the collapsible portion of the interconnect structures
includes tin, lead-free alloy, tin-silver alloy, tin-silver-cop-
per alloy, tin-silver-indium alloy, eutectic solder, or tin
alloys comprising copper or lead.

23. The semiconductor device of claim 19, wherein the
interconnect structures include a conductive pillar and bump
disposed over the conductive pillar.

24. The semiconductor device of claam 19, wherein a
width of the interconnect structures across a surface of the
semiconductor die is 1.5 to 4.0 times [a] the width of the
interconnect structures across the conductive traces.
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25. A semiconductor device, comprising:

a substrate;

a semiconductor component disposed over the substrate;
[and]

a conductive trace formed over the substrate [and includ-
ing an orientation towards a thermally neutral point of
the semiconductor component], arnd

an elongated interconnect structure formed between the
semiconductor component and an interconnect site of
the conductive trace, wherein a length of the elongated
interconnect structure taken in a dirvection along the
interconnect site is greater than a width of the elon-
gated interconnect structure taken in a direction across
the intevconnect site, and the width of the elongated
interconnect structuve is tapered along the length of the
elongated interconnect structure to be wider proximate
to the semiconductor component and narrowev proxi-
mate to the interconnect site.

[26. The semiconductor device of claim 25, wherein the
orientation of the conductive trace deviates less than forty
five degrees from being directly aligned towards the ther-
mally neutral point of the semiconductor component.]

[27. The semiconductor device of claim 25, further
including an interconnect structure connected between the
conductive trace and the semiconductor component.}

28. The semiconductor device of claim [27] 25, further
including a portion of the elongated 1nterconnect structure
[collapsed around] covers a top surface and side surface of
the conductive trace.

[29. The semiconductor device of claim 27, wherein the
interconnect structure further includes a length along the
conductive trace and a width across the conductive trace less
than the length along the conductive trace.]

30. The semiconductor device of claim [27] 25, wherein
a width of the elongated interconnect structure across a
surface of the semiconductor component 1s 1.5 to 4.0 times
[a] the width of the elongated interconnect structure across
the conductive trace.

31. The semiconductor device of claim 1, wherein the
width of the elongated bumps is tapeved along the length of
the elongated bumps to be wider proximate to the semicon-
ductor die and narrower proximate to the conductive traces.

32. The semiconductor device of claim 6, wherein the
width of the elongated interconnect structures is tapered
along the length of the elongated interconnect structures to
be wider proximate to the semiconductor die and narrower

proximate to the conductive traces.

33. The semiconductor device of claim 13, wherein the
width of the interconnect structures is tapered along the
length of the interconnect structurves to be wider proximate
to the semiconductor die and narrower proximate to the
conductive traces.

34. The semiconductor device of claim 19, wherein the
width of the interconnect structures is tapered along the
length of the interconnect structuves to be wider proximate
to the semiconductor die and narrower proximate to the
conductive traces.
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