
Semiconductor Devices including Voltage Switchable
Materials for Over-Voltage Protection CROSS-REFERENCE
TO RELATED APPLICATIONS       This application claims
priority to U.S. Provisional Patent Application No.
60/739,724 filed on November 22, 2005 and entitled
"Over-Voltage Protection for Semiconductor Devices
Using Voltage Switchable Dielectric Material as an
Encapsulant or Underfill" incorporated herein by
reference. BACKGROUND OF THE INVENTION Field of the
Invention   [2] The present invention relates
generally to the field of electronic devices and more
particularly to over-voltage protection. Description
of the Prior Art  [3] Semiconductor devices comprising
a semiconductor die or chip are easily 



affected or destroyed by over-voltage events. Examples
of over-voltage events include electrostatic discharge
(ESD), line transients, and lightening strikes.
Electrostatic discharge commonly occurs when a person
carrying a static charge touches a semiconductor
device. Line transients include power surges on AC
power lines, and can also be caused by events such as
closing a switch or starting a motor.  [4] Voltage
switchable materials, also known as nonlinear
resistance materials, are materials that normally
behave as dielectric materials, but upon application
of a sufficient voltage, known as a switch voltage,
will rapidly become electrically conductive. The
ability of voltage switchable materials to switch
between non-  conductive and conductive states makes
these materials well suited for over-voltage
protection applications. [51In the prior art, voltage
switchable materials have been used for over-voltage
protection in a number of different ways. For example,
in Behling et al. (US 6,570,765), microgaps are
defined between contact portions and ground bars are
filled with a voltage switchable material. Intrater
(US 6,433,394) teaches an integrated circuit chip with
a plurality of conductive pads disposed around the
periphery of a ground plane with a precision gap
therebetween, and a protection device comprising a
voltage switchable material placed over the integrated
circuit chip. Shrier et al. (US 6,542,065) teaches a
variable voltage protection component comprising a
reinforcing layer embedded with a voltage switchable
material. In the prior art, therefore, achieving
over-voltage protection through the use of voltage
switchable materials requires redesigning
semiconductor devices to include additional features,
e.g., microgaps in Behling et al., a protection device
in Intrater, and a reinforcing layer in Slider et al.



SUMMARY [6]An exemplary semiconductor device of the
present invention comprises a  dielectric substrate
and a semiconductor die. The dielectric substrate
includes, on one surface thereof, a die bonding pad
and a plurality of conductive traces. The
semiconductor die is attached to the die bonding pad
with a die attach adhesive comprising a first voltage
switchable material. The die attach adhesive also
contacts a conductive trace of the plurality of
conductive traces. In order to contact the conductive
trace, in some instances, the die attach adhesive
extends beyond the die bonding pad. In other
instances, the conductive trace extends between the
semiconductor die and the die bonding pad. In further
embodiments, the semiconductor device comprises an
encapsulant comprising a second voltage switchable
material which can be the same as the first voltage
switchable material.  (71Another exemplary
semiconductor device of the present invention
comprises a dielectric substrate, a semiconductor die,
and an underfill layer. The dielectric substrate
includes, on one surface, a die bonding pad including
a bond pad for ground. The semiconductor die is
flip-chip bonded to the die bonding pad by a plurality
of solder balls. The underfill layer comprises a first
voltage switchable material and is disposed between
the die bonding pad and the semiconductor die. The
underfill layer also contacts a solder ball of the
plurality of solder balls, the solder ball being
connected to the bond pad for ground. In further
embodiments, the semiconductor device comprises an
encapsulant comprising a second voltage switchable
material which can be the same as the first voltage
switchable material. [8]Still another exemplary
semiconductor device of the present invention
comprises a dielectric substrate, a semiconductor die,
and an encapsulant. The dielectric substrate includes,
on one surface thereof, a die bonding pad and a
plurality  of conductive traces, and the semiconductor
die is attached to the die bonding pad. The
encapsulant comprises a first voltage switchable
material that encapsulates the semiconductor die. In
some embodiments, the semiconductor die is attached to
the die bonding pad with a die attach adhesive, and in
some of these embodiments the die attach adhesive
comprises a second voltage switchable material. As
above, the first and second voltage switchable
materials can be the same. 



In further embodiments the semiconductor die is
flip-chip bonded to the die bonding pad and the
semiconductor device further comprises an underfill
layer disposed between the die bonding pad and the
semiconductor die. The underfill layer can comprise a
second voltage switchable material, in some instances.
In further embodiments the semiconductor device
comprises a ground trace disposed on a surface of the
substrate and in contact with the encapsulant. DmYet
another exemplary semiconductor device of the present
invention  comprises a dielectric substrate including,
on one surface thereof, a die bonding pad including a
bond pad for ground. The semiconductor device also
comprises a semiconductor die flip-chip bonded to the
die bonding pad by a plurality of solder balls. The
semiconductor device further comprises a ball formed
of a first voltage switchable material, disposed
between the semiconductor die and the substrate, and
contacting the bond pad for ground. [11]Still yet
another exemplary semiconductor device of the present
invention comprises a dielectric substrate, a
semiconductor die, and an encapsulant. The dielectric
substrate includes a die bonding pad on one surface
thereof, and the semiconductor die is attached to the
die bonding pad. The encapsulant includes a first
conformal layer and a second layer that overlies the
first conformal layer. The first  conformal layer
comprising a first voltage switchable material that
conforms to the semiconductor die and at least part of
the dielectric substrate. 112]A further exemplary
semiconductor device of the present invention
comprises  a wafer-scale package The wafer-scale
package comprises a semiconductor die including a
plurality of bond pads on a surface thereof, at least
one of the bond pads being a bond pad for ground. The
wafer-scale package further comprises solder balls
disposed on the bond pads, and an encapsulant
comprising a voltage switchable material encasing the
semiconductor die, where the solder balls protrude
through the encapsulant. The encapsulant contacts a
solder ball disposed on the bond pad for 



around.  BRIEF DESCRIPTION OF DRAWINGS [13]FIG. 1 is a
cross-sectional view of a semiconductor device
according to an exemplary embodiment of the present
invention. [141FIG. 2 is a cross-sectional view of a
semiconductor device according to another exemplary
embodiment of the present invention. [151FIG. 3 is a
cross-sectional view of a semiconductor device
according to another exemplary embodiment of the
present invention. 



[16] FIG. 4 is a cross-sectional view of a
semiconductor device according to another exemplary
embodiment of the present invention.  [17] FIG. 5 is a
cross-sectional view of a semiconductor device
according to another exemplary embodiment of the
present invention.  [18] FIG. 6 is a cross-sectional
view of a semiconductor device according to another
exemplary embodiment of the present invention. MIFIG.
7 is a cross-sectional view of a semiconductor device
according to another exemplary embodiment of the
present invention.  [20] FIG. 8 is a cross-sectional
view of a semiconductor device according to 



another exemplary embodiment of the present invention.
[21] FIG. 9 is a cross-sectional view of a
semiconductor device according to another exemplary
embodiment of the present invention.  DETAILED
DESCRIPTION OF THE INVENTION  [22]The present
invention provides over-voltage protection to
semiconductor devices, such as packaged semiconductor
dies. Packaged semiconductor dies can be either
conventionally wire bonded or flip-chip bonded, for
instance, in a chip-scale package (CSP). Other
semiconductor devices that can employ the present
invention include wafer-scale packages. Over-voltage
protection is achieved in the present invention by the
substitution of voltage switchable materials for other
materials of the semiconductor device. In various
implementations herein, the voltage switchable
material replaces a dielectric material and is in
contact with an electrical ground. Thus, the voltage
switchable material generally serves as a dielectric
material, but during an over-voltage event the voltage
switchable material is able to conduct electricity to
the electrical ground. [23]FIG. I illustrates a
cross-sectional view of an exemplary semiconductor
device  100 of the invention, such as an integrated
circuit. The semiconductor device 100 comprises a
semiconductor die or chip 110 attached to a substrate
120. In this embodiment, the semiconductor die 110 is
attached to a die bonding pad (not shown) of the
substrate 120 with a die attach adhesive 130
comprising a voltage switchable material. It will be
appreciated that the die bonding pad of the substrate
120 is merely a region of the substrate that has been
designated as the location for the semiconductor die
110. The die bonding pad therefore need not be
demarked, though in some embodiments the die bonding
pad is clearly defined. 



[24]The semiconductor die 110 includes bond pads (not
shown), on a top surface of the semiconductor die 110,
that are electrically connected to electrically
conductive traces 140 on the substrate 120 by wires
150. The thickness of the traces 140 are greatly
exaggerated in the drawings for illustrative purposes.
The traces 140 can be   connected to solder balls 160
by vias (not shown) through the substrate 120, for
example. The solder balls 160, in turn, can be
connected to wiring on a printed wiring board (not
shown) leading to sources of power, ground, and
signals. In this way the semiconductor die 110 is
connected to power and ground and is able to send and
receive signals. It should be noted that the term
"solder ball" is used broadly herein to also include
solder bumps. [25]In the embodiment illustrated by
FIG. 1, one bond pad on the semiconductor die 110 is
connected to ground through a ground trace 170. The
ground trace 170 extends between the semiconductor die
110 and the die bonding pad so that the ground trace
170 is in contact the die attach adhesive 130. Put
another way, the ground trace 170 extends into the die
bonding pad. During the die attach process the die
attach adhesive 130 is applied over die bonding pad
and over that portion of the ground trace 170
extending into the die bonding pad. It will be
appreciated that the typical semiconductor die 110
will include multiple bond pads for ground, and any,
or all, of these bond pads can be connected to ground
traces 170. [261Suitable voltage switchable materials
for the die attach adhesive 130 include a matrix
material blended with a particulate conductor. For the
purposes of die attach adhesive 130, the matrix
material can be similar to conventional die attach
adhesives and can include epoxies, polyimides,
silicones, and combinations thereof. Accordingly, the
die attach adhesive 130 can be applied by conventional
techniques. Suitable voltage switchable materials are
taught by Wakabayashi et al. (US 3,685,026) and Shrier
(US 4,977,357), for example. [27]Additional suitable
voltage switchable materials comprise about 30% to 80%



by volume of a dielectric material, about 0.1% to 70%
by volume of an electrical conductor, and about 0% to
70% by volume of a semiconducting material. Examples
of dielectric materials include, but not limited to,
silicone polymers, epoxies, polyimide, polyethylene,
polypropylene, polyphenylene oxide, polysulphone,
solgel materials, ceramers, silicon dioxide, aluminum
oxide, zirconium oxide, and other metal oxide
insulators. Examples of electrically conductive
materials include, but not limited to metals such as
copper, aluminum, nickel, and stainless steel.
Examples of semiconducting materials include both
organic and inorganic semiconductors. Suitable
inorganic semiconductors include silicon, silicon
carbide, boron nitride, aluminum nitride, nickel
oxide, zinc oxide, and zinc sulfide. Suitable organic
semiconductors include poly-3-hexylthiophene,
pentacene, perylene, carbon nanotubes, and CO
fullerenes. [28]FIG. 2 illustrates a cross-sectional
view of another exemplary semiconductor  device 200 of
the invention. hi this embodiment the die attach
adhesive 210 at least partially overlays a ground
trace 220. Here, the die attach adhesive 210 extends
beyond the die bonding pad in order to contact the
ground trace 220. The ground trace 220, in some
embodiments, extends towards the die bonding pad to
minimize the amount of extra die attach adhesive 210
needed to reach the ground trace 220. Similar to the
previous embodiment, during the die attach process the
die attach adhesive 210 is applied over the die
bonding pad and over at least a portion of the ground
trace 220. In this and the previously described
embodiment, the die attach adhesive 210, 130 normally
serves as a dielectric material, but during an
over-voltage event will conduct electricity to the
ground trace 220, 170 and to ground. In this and the
previously described embodiment, the die attach
adhesive 210, 130 can be dispensed with the same
equipment used to dispense conventional die attach
adhesive. [29]FIG. 3 illustrates a cross-sectional
view of still another exemplary semiconductor device
300 of the invention. In this embodiment a
semiconductor die   310 is flip-chip bonded to a
substrate 320. In flip-chip bonding, the semiconductor
die 310 is inverted (relative to the orientation in
the prior two embodiments) so that the bond pads on
the semiconductor die 310 can be directly connected to
a matching set of bond pads on the substrate 320
within the die bonding pad. The connections between
opposing pairs of bond pads in flip-chip bonding are
made with solder balls 330. [301While the solder balls
330 provide a mechanical connection between the 



semiconductor die 310 and the substrate 320, an
underfill layer 340 comprising a voltage switchable
material is provided to increase the resiliency of the
flip-chip bonding. As in the previous two embodiments,
the semiconductor die 310 in the present embodiment
has one or more bond pads for ground, each connected
by a solder ball 330 to a bond pad (not shown) on the
substrate 320. Each of these solder ball 330
connections to ground, within the underfill layer 340,
can serve as a ground terminal during an over-voltage
event. Advantageously, the voltage switchable material
used to form the underfill layer 340 can be injected
between the semiconductor die 310 and the substrate
320 by the same equipment used to inject conventional
underfill materials. [311FIGs. 4 and 5 illustrate
cross-sectional views of two additional exemplary
semiconductor devices 400 and 500 of the invention.
The semiconductor device 400 of FIG. 4 comprises a
semiconductor die 410 attached to a substrate 420 with
a die attach adhesive 430 that in some embodiments
comprises a voltage switchable material. The
semiconductor device 400 also comprises an encapsulant
440 that comprises a voltage switchable material and
encapsulates the semiconductor die 410. 132]The
semiconductor device 500 of FIG. 5 comprises a
semiconductor die 510 flip-chip bonded to a substrate
520 and an underfill layer 530 that in some
embodiments comprises a voltage switchable material.
The semiconductor device 500 also comprises an
encapsulant 540 that comprises a voltage switchable
material and encapsulates the semiconductor die 510.
In the embodiments illustrated in FIGs. 4 and 5, the
encapsulants 440, 540 are normally dielectric but
serve to conduct to a proximately situated ground
during an over-voltage event. The encapsulants 440,
540 can be applied by conventional methods such as
molding and screen printing.  [33] In the embodiment
of FIG. 4, any ground trace 450 that is in contact
with the 



encapulant 440 can serve as ground during an
over-voltage event. Also in this embodiment, if the
die attach adhesive 430 comprises a voltage switchable
material, the voltage switchable material of the
encapsulant 440 can be either the same or a different
voltage switchable material.  [34] In the embodiment
of FIG. 5, a ground trace 550 is also provided. The
ground trace 550 is in electrical communication with a
grounded solder ball 560, in some embodiments. In
those embodiments in which the underfill layer 530
also comprises a voltage switchable material, the
ground trace 550 is optional as a grounded solder ball
560 can serve as ground during an over-voltage event.
Also in the embodiment of FIG. 5, if the undertill
layer 530 comprises a voltage switchable material, the
voltage switchable material of the encapsulant 540 can
be either the same or a different voltage switchable
material.  [35] FIG. 6 illustrates a cross-sectional
view of still another exemplary semiconductor device
600 of the invention. In this embodiment, a substrate
610 carrying a semiconductor die 620 is mounted to a
printed wiring board 630. Solder balls 640 provide
electrical connections between the substrate 610 and
the printed wiring board 630. As above, some of these
connections provide electrical grounding. The
semiconductor device 600 also includes an underfill
layer 650 that comprises a  voltage switchable
material. The underfill layer 650 provides
over-voltage protection analogously to the underfill
layer 340 discussed above with respect to FIG. 3.
Although the embodiment shown in FIG. 6 includes a
semiconductor die 620 wire bonded to the substrate
610, it will be understood that the semiconductor die
620 can also be flip-chip bonded to the substrate 610.
Additionally, in some embodiments an encapsulant 660
and/or a die attach adhesive 670 can also comprise a
voltage switchable material. For flip-chip bonding,
the die attach adhesive 670 would be replaced with
another underfill layer that could also comprise a
voltage switchable material. [36]In still another
exemplary semiconductor device 700, shown in
cross-section in FIG. 7, a semiconductor die 710 is
flip-chip bonded to a substrate 720. In this
embodiment, some of the solder balls 730 are replaced
by balls 740 comprising a voltage switchable material.
In this embodiment the balls 740 are disposed between
bond pads on the semiconductor die 710 and substrate
720 for ground. Like the solder balls 730, the balls
740 can be formed on the semiconductor die 710 prior
to flip-chip bonding by conventional processes such as
screen printing. Additionally, in some embodiments an
encapsulant 750 and/or an underfill layer 760 can also
comprise a voltage switchable material. 



[37]In yet another exemplary semiconductor device 800,
shown in cross-section in FIG. 8, a semiconductor die
810 is attached to a substrate 820 by a die attach
adhesive 830. In this embodiment, an encapsulant 840
comprises two layers, a conformal layer 850 comprising
a voltage switchable material, and a second layer 860
of a conventional encapsulant disposed over the
conformal layer 850. Using a thin, conformal layer 850
in place of the thicker encapsulants 440, 540 of FIGs.
4 and 5  provides the same over-voltage protection but
uses less voltage switchable material per
semiconductor device 800. [38]The conformal layer 850
is disposed over the semiconductor die 810 and over  a
ground trace 870 on the substrate 820. In this way the
conformal layer 850 makes contact with a source of
ground. In some embodiments, the conformal layer 850
is on the order of 50 mils thick. The conformal layer
850 can be formed, for example, by inkjet printing,
screen printing, or painting. The second layer 860 of
a conventional encapsulant can be formed by
conventional methods such as molding and screen
printing, for example. It will be understood that the
semiconductor die 810 can also be flip-chip bonded to
the substrate 820. As above, the die attach adhesive
830, or an underfill layer in the case of flip-chip
bonding, can also comprise a voltage switchable
material. [391FIG. 9 illustrates a cross-sectional
view of yet another exemplary semiconductor device 900
of the invention. The semiconductor device 900
comprises a wafer-scale package. The semiconductor
device 900 includes a semiconductor die 910 having
solder balls 920 disposed on bonding pads (not shown)
and an encapsulant 930 formed to encase the
semiconductor die 910. Only the solder balls 920
protrude through the encapsulant 930. The encapsulant
930 comprises a voltage switchable material and is in
contact with at least one solder ball 920 disposed on
a bond pad for ground. [40]In the foregoing
specification, the invention is described with
reference to 



specific embodiments thereof, but those skilled in the
art will recognize that the invention is not limited
thereto. Various features and aspects of the
above-described invention may be used individually or
jointly. Further, the invention can be utilized in any
number of environments and applications beyond those
described herein without  departing from the broader
spirit and scope of the specification. The
specification and drawings are, accordingly, to be
regarded as illustrative rather than restrictive. It
will be recognized that the terms "comprising,"
"including," and "having," as used herein, are
specifically intended to be read as open-ended terms
of art.  CLAIMS 1. A semiconductor device comprising:
a dielectric substrate including, on one surface
thereof, a die bonding pad and a plurality of
conductive traces; and a semiconductor die attached to
the die bonding pad with a die attach adhesive
comprising a first voltage switchable material, the
die attach adhesive contacting a conductive trace of
the plurality of conductive traces. 2. The
semiconductor device of claim 1 wherein the die attach
adhesive at least partially overlays the conductive
trace. 



3. The semiconductor device of claim 1 wherein the
conductive trace extends between the semiconductor die
and the die bonding pad. 4. The semiconductor device
of claim 1 wherein the die attach adhesive extends
beyond the die bonding pad to contact the conductive
trace. 5. The semiconductor device of claim 1 further
comprising an encapsulant comprising a second voltage
switchable material. 6. The semiconductor device of
claim 5 wherein the first and second voltage
switchable materials are the same.  7. A semiconductor
device comprising: a dielectric substrate including,
on one surface thereof, a die bonding pad and a
plurality of conductive traces; a semiconductor die
attached to the die bonding pad; and an cncapsulant
comprising a first voltage switchable material that
overlies the 



semiconductor die and at least part of the dielectric
substrate. 8. The semiconductor device of claim 7
wherein the semiconductor die is attached to the die
bonding pad with a die attach adhesive. 9. The
semiconductor device of claim 8 wherein the die attach
adhesive comprises a second voltage switchable
material. 10. The semiconductor device of claim 9
wherein the first and second voltage switchable
materials are the same. 11. The semiconductor device
of claim 7 wherein the semiconductor die is flip-chip
bonded to the die bonding pad and the semiconductor
device further comprises an underfill layer disposed
between the die bonding pad and the semiconductor die.
12. The semiconductor device of claim 11 further
comprising a ground trace disposed on a surface of the
substrate and in contact with the encapsulant.  13.
The semiconductor device of claim 11 wherein the
underfill layer comprises a second voltage switchable
material. 



14. The semiconductor device of claim 13 wherein the
first and second voltage switchable materials are the
same. 15. A semiconductor device comprising: a
dielectric substrate including, on one surface
thereof, a die bonding pad including a bond pad for
ground; a semiconductor die flip-chip bonded to the
die bonding pad by a plurality of solder balls; and a
ball formed of a first voltage switchable material,
disposed between the semiconductor die and the
substrate, and contacting the bond pad for ground. 16.
The semiconductor device of claim 15 further
comprising an encapsulant comprising a second voltage
switchable material.  17. A semiconductor device
comprising: a dielectric substrate including a die
bonding pad on one surface thereof; a semiconductor
die attached to the die bonding pad; and 



an encapsulant including a first conformal layer
comprising a first voltage switchable material that
conforms to the semiconductor die and at least part of
the dielectric substrate, and a second layer that
overlies the first conformal layer. 18. The
semiconductor device of claim 17 wherein the
semiconductor die is attached to the die bonding pad
with a die attach adhesive comprising a second voltage
switchable material. 19. The semiconductor device of
claim 17 wherein the semiconductor die is flip-chip
bonded to the die bonding pad and the semiconductor
device further comprises an underfill layer comprising
a second voltage switchable material disposed between
the die bonding pad and the semiconductor die.  20. A
wafer-scale package comprising: a semiconductor die
including a plurality of bond pads on a surface
thereof, at least one of the bond pads being a bond
pad for ground; 



solder balls disposed on the bond pads; and an
encapsulant comprising a voltage switchable material
encasing the semiconductor die and contacting a solder
ball disposed on the bond pad for ground, the solder
balls protruding through the encapsulant. 




