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VOLTAGE SWITCHABLE DIELECTRIC MATERIAL HAVING HIGH ASPECT RATIO
PARTICLES

RELATED APPLICATIONS
[001]  This applications claims priority to provisional U.S. Patent Application No. 60/820,7806, filed

July 29, 20006, entitled “Voltage Switchable Diclectric Material With Reduced Mctal Loading,” the
aforementioned application being hereby incorporated by reference in its entircty.

[002} This applications alse claims priority to provisional U.S. Pateat Application No. 60/826.746,
fited September 24, 2006, entiticd “Voltage Swilchable Device and Dicleetric Material With High
Current Carrying Capacity and a Process for Electroplating the Same,” the aforementioned
application being hereby incorporated by reference in its entirely.

|003] This application also claims benefit of priority to provisional U.S. Patent Application No.
60/949,179, filed July 11, 2007, entitled “Binders for Voltage Switchable Diclectric Materials,” the
aforementioned application being hereby incorporated by reference in its entircty.

[004] This application is a cantinuation-in-part of U.S, Paten( Application No. 11/562.289, filed
November 21, 2006, entitled ©Light Emitting Device Using Voltage Switchable Diclectric Material™
which claims benefit of Provisional U.S. Patent Application No. 60/739,725, filed November 22,
2005, entitled “RFID Tag Using Voltage Switchable Diclectric Material™ and which claims benefit
of 60/740,961, filed November 30, 2003, entitied “Light Emitting Devices with ESD
Characteristics™; all of the aforementioned priovity applications being hercby incorporated by
reference in their respective entircty.

[005]  This application is a continuation-in-part of U.S. Patent Application No. 11/562.222, filed
November 21, 2006, entitied *Wircless Communication Device Using Voltage Switchable Diclectric
Material”; which claims benefit of Provisional U.S. Patent Application No. 60/739,725, filed
November 22, 2005, entitled “RFID Tag Using Voltage Switchabie Diclectric Material”; and which

claims benefit of 60/740,961, filed November 30, 2005, onfitied ¥Light Emitting Devices with ESD
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Characteristics”™: all of the aforementioned priority applications being hercby incorporated by
reference in their respective entirety,

[006] This application is a continuation-in-part of U.S. Patent No. 6,797,145, issucd on Septernber
28, 2004, entitied “Current Carrying Structure Using Voltage Switchable Dielectric Material”; which
is & continuation of U.S. application Scr. No. 09/437.882. filed Nov. 10, 1999, now abandoned, and
claims benefit of U.S. Provisional Application No. 60/151,188, filed on Aug, 27, 1999; all of the
aforementioned priority applications being hercby incorporated by reference in their entircty.
TECHNICAL FIELD

[007] The disclosed embodiments relate generally o the field of voliage switchable dielectric

{(VSD)} materials. More specifically, embodiments described herein include VSD material that
includcs conductive or semi-conductive high aspect-ratio (HAR ) particles as filler.
BACKGROUND

[608] Voltage switchable dielectric (VSD) material has an increasing number of appiications. These

include its use on, for cxample, printed circuit boards and device packages, for purpose of handling
transient voltages and electrostatic discharge events (ESD).

109]  Various kinds of conventional VSDM exist. Examples of voltage switchable dielectric
materials arc provided in references such as U.S. Pat. No, 4,977,357, U.S. Pat. No. 5,008,034, U.S.
Pat, No. 5,099,380, U.S. Pat. No. 5,142,263, U.S. Pat. No. 3,189,387, U.S. Pat. No. 5,248,517, U.S.
dat. No. 5,807,509, WO 96/02924, and WO 97/26665. VSD material can be “SQURGX material
many factured by the SURGX CORPORATION (which is owned by Littlefuse Ine.).

[0010] While VSD material has many uses and applications, conventiona compositions of the
material have had many shortcomings. Typical conventional VSIY materials are brittle, prone to
scratching or other surface damage. lack adhesive strength, and have a high degree of thermal

oxpansion.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 is a block diagram illustrating components for usc in a process of formulating VSD
material, according to an embodiment of the invention.

[0012] FIG. 2 iltustrates a process for formulating a compasition of VS material having high
aspect ratio particles in a binder, under an embodiment of the invention.

[0013] FIG.3Aisa cross-sectional illustration of VSI> material, where the VSD material is
formulated in accordance with onc or more embodiments of the invention.

[0014] FIG. 3B illustrates a graph of basic clectrical propertics of clamp and trigger voliage for
VSD material, in accordance with embodiments such as deseribed with FIG. 3A and elsewhere.
[0015] [1G. 3C-FIG. 3E illustrate yoltage by current performance araphs of different examples of
VSD material. responding to the occurrence of voltage cvents, under one or more embodiments of the
invention.

[0016] FIG. 4 iflustrates another process by which VSD material may include HAR particles for
coating conductors or semi-conductor particles, under an embodiment of the invention,

[0017] FIG. 5A and FIG. SB Hiustrate how application of HAR particles to coat the surface of the
metal/inorganic conductor or semiconductor particies can reduce the foading of such particles in the
V8D maierial, under an embodiment of the ivention.

[0018] FiG. 5C illustrates a relatively disorganized distribution of HAR particles as fillers in a
binder of VSD material, when such particles arc dispersed at nanoscale in the binder, according 1o an
crbodiment of the invention.

10019} TFIG. 6A and F1G. 6B cach iltustrate different configurations for a subsirate device that is
configured with VSD material having HAR particles distributed m its binder, under an embodiment
of the invention.

[0020] FIG. 7 illustrates a process for clectroplating, using organic VSD material in accordance with
any of the embodiments described with F1G. [-5C

[0021] FIG. 8 is a simplificd diagram of an clectronic device on which VSD material in accordance

with embodiments deseribed herein may be provided.
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10221 Lmbodiments described herein provide for devices that incorporate a composition of VSD
matcrial that wilizes semi-conductive or conductive materials that have a relatively high aspect ratio
for purposc of enhancing mechanical and clectrical characteristics of the VSD material, Still further,
other embodiments contemplate use of nanoscale conductors and semiconductors for use in
enhancing the propertics and characteristics of VSD matcrial.

[023] In general, “voltage switchable material” or “VSD material”™ is any composition, or
combination of compositions, that has & characteristic of being diclectric or non-conductive, unless a
voltage is applicd to the material that exceeds a characteristic voltage level of the material, in which
case (he material becomes conductive. Thus, VSD material is a diclectric unless voltage exceeding
the characteristic level (e.g. such as provided by ESD events) is applied to the materiat, in which case
the VST material is conductive. VSD material can further be characterized as any material that can
be characterized as a nonlinear resistance material.

[024]  VSD material may atso be characterized as being non-layered and uniform in its composition,
while exhibiting cleetrical characteristics as stated.

[025]  Still further, an embodiment provides that VSD material may be characterized as material
comprising a binder mixed in part with conductor or semi-conductor particles. In the absence of
voltage exceeding a characteristic voltage level, the material as a whele adapts the diclectric
characteristic of the binder. With application of voltage exceeding the characteristic level, the
material as @ whole adapts conductive characteristics.

[026]  As will be described, one or more embodiments provide for AR particles to be combined in
the binder of the VS material, The FIAR particles may be dispersed as nanoscale particles within the
binder to enable reduction of metai loading, enhancement of mechanical propertics, and/or improved
clectrical performance. as compared to more conventional VSD materials.

[027]  Among other advantages, cmbodiments described herein provide for devices that incorporate,
istegrate or otherwise provide a composition of VSD material that has impreved mechanical
propertics, including properties of high compression strength, scratch resistance and non-brittleness,
Additionally, onc or more embodiments deseribed herein provide for formulation of VISP material
that has high adhesive strength and goad abifity to adhere to metals such as copper. Numerous other

advantages may also be provided with compositions such as described.
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1028]  Accordingly, onc or more embodiments further include a binder for a VSD composition that
includes “nanoscale” dimensioned conductive or semi-conductive particles. These may include HAR
partictes, and in come cases super HAR particles (having aspect ratios of the arder of 1000 or more),
In this application, nanoscale particles arc particles for which a smallest dimension (c.g. diameter or
cross-section) 1s {ess than 500 nanometers, One or more embodiments contemplate nanoscale
particles having a smallest dimension that is less than 100nm, and still further, other embodiments
contemplate a dimension that is [ess than 50nm. Examples of such particles include carbon
nanotubes, although numerous other kinds of particles are contemplated. Carbon nanotubes are
examples of super HAR particles, with aspect ratios of an order of 1000:71 and more. Materials with
fesser aspect ratios are also contemplated as an alternative or addition to carbon nanotubes, including
onc or more of carbon black (L/D of order of 10:1) particles and carbon fiber (L/D of an order of
100:1) particles.

[029] Stll further, alternative embodiments contermplate use of nanoscale particles that have
maderate aspect ratios. For example, one or more embodiments include combining nanorods with the
binder of the VSD material. Some variations of nanorods, formed from metals or semiconductors,
have aspect rations that range between 3-10. Thus, one or more cmbodiments contemplate use of
nanoscale conductors or semiconductors that have moderate aspect ratios.

[030}  The amount of such polymer phase particles that may occupy the VSD material is selected so
that the VSD remaing below (ar just below) the percolation thresheld. To maintain the VSD material
at below the percolation threshold, the amount of metal particies (or other non-polymer phase
particles) used in the VSD composition may vary in connection with the amount of potymer particles
used. Thus, according to one or more embodiments, the amount of metal particles that can be used to
formulate the VSD may be affected slightly (or otherwise) by the amount of (semi-) conductive
materials used in the polymer of the VSD composition, so that the material as a whole remains af just
below the percolation threshold.

[031}  Asmentioned, the amount of HAR particles that can be used may be optimized or Himited by
the clectrical characteristic of the VSD material as a whole. In one embodiment, the amount and type
of HAR particles may be set to an amount that causes the binder of the VSD material (o be just at or

below its pereolation threshold. In order to provide for the binder to be at this limit, the amount of

o
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metal particles that also comprise the VSD material may be adjusted. depending on design paramcters
and characteristics desired from the VSD.

1032] This enhanced current handling capacity allows for the ability to handle larger energy cvents
than previous ESD materials, Examples of these types of events would be ESD, EFT, EOS and
lightning,

[033]  Generally, the characteristic voltage of VSD material is measured at volts/length (e.gz. per 5
mif). One or more embodiments provide that VSD material has a characteristic voltage level that
cxceeds that of an operating circuit

Such volage levels may be associated with transient conditions, like electrostatic discharge,
although embodiments contemplate planned electrical cvents. Furthermore, one or more
cimbodiments provide that in the absence of the voltage exceeding the characteristic voltage, the
material behaves simifar to the binder.

[034]  Stll further, an embodiment provides for VS material formed from the stated process or
method.

{035]  Still further, an clectronic device may be provided with VSD material in accordance with any
of the embodiments described herein.

[036]  Tn an cmbodiment, the HAR particle or material is single or multi-walled carbon nanotube.
[037]  Furthermore, one or more embodiments provide material that is uniformly mixed and/or non-
tayered material across a cross-scction. Such material may be VSIY in that it exhibit non-ohmic
characteristics, such as the ability to switch from being a diclectric to a conductor with the application
of a voltage that excceds the chavacteristic voltage.

1038]  F1G. 1 is a block diagram ilfustrating components for use in a process of formulating VSD
material, according o embodiments of the invention. In an embodiment, conductive {and/or) semi-
conductive high aspeet-ratio (HAR) particles 110 are combined with conductor and/or semi-
conductor particles 120 to form VSD material 140, As an optional addition, insulater particles may
also be combined with the conductor/semiconductor particles 120, Binder 130 may be combined with
the HAR particles 110 and the conductive particles to form the VSD material 140, A VSD
formulation process 130 may be used to combine the vavious ingredients of the VS material 140,
Formulation processes for use of VS matcerial HAR particles 110 are described below, with, for

example, an embodiment of FIG. 2.

§
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[039] In one ecmbodiment, the binder 130 is a matrix that retaing the HAR particles 110 and the
conductar/semi-conductor partictes 120. In one embodiment, the HAR particles 110 are dispersed as
nanoscale particles. In one embodiment, the amount of HAR particles that are dispersed in the binder
place the binder at just below the percolation threshold. As dispersed nanoscale particies, the HAR
particles 110 includes particles that are both nanoscaled in onc or more dimensions (¢.g. cross-
section, diameter, width) and individually separated from one another. Thus, the formulation process
150 may uniformiy distribute the particles within the binder 130.

[040] In onc embodiment, HAR particles 110 include organic conductive or semi-conductive
particles, and in particular ¢longated particles that are carbon-only. For example, HAR particles 110
may correspend to clongated or cylindrical fullerencs, including carbon nanotubes or even carbon
black. The carbon nanotubes may be a single or multi-wall variety,

[041]  As an addition or alicrnative, HAR particles 110 may correspond to conductive or semi-
conductive inorganic pariicles, such as provided by nanowires or certain types of nanorods. Material
for such particles include copper, nickel, gold, silver, cobalt. zine oxide, tin oxide, silicon carbide,
gallium arsenide, aluminum oxide, aluminum nitride, titanium dioxide, antimony, boron nitride, tin
oxide, indium tin oxide, indium zinc oxide, bismuth oxide, cerium oxide, and antimony zinc oxide.
[042]  In an embodiment, the conductor/semi-conductor particles 120 include conductors such as
melals, in combination with semiconductor particles that include silicon, silicon carbide, titanium
dioxide, boron nitride, aluminum nitride, nickel oside, zinc oxide, zine sulfide, bismuth oxide, cerium
oxide, iron oxide, metal or/and complexes sclected from a group consisting of oxides, metal nimides,
metal carbides, metal bovides, metal suifides, or a combination thercof,

1043]  According to one or more embediments, other ingredients or components for use i the
formation process 150 include solvents and catalysts. Solvents may be added to the binder 130 to
sepavate particles that would otherwise be lumped or agglomerated at nanoscale. A mixing process
may also be used to uniformly space separated particles. In one embodiment, the result of the mixing
process is that the composition is uniformly mixed to disperse particles at the nanoscale. Thus,
particles such as carbon nanotubes or othor HAR particles may be separated out individually and
distributed relatively evenly in the materiaf. In order to achieve nancscale dispersion, one or more

embodiments provide for usc of sonic agitators and sophisticated mixing cquipment {¢.g. such as



WO 2008116859 PCT/US2007/074677

rotor-stator mixers, ball mills, mini-mills, and other high shear mixing technologics), over a duration
that fast several hours or longer. Once mixed, the resulting mixture may be cured or dried.

[044]  The binder 130 may also be of various types. The binder 130 may be provided in the form of
a binder that retains the HAR particles 110 and the conductor/semi-conductor particles 120.
According to diffcrent embodiments, the binder 130 is formed from a material sclected from a group
consisting of silicone polymers, phenolic resins, epoxy, phenolic resin, polyurcthane, poly(meth)
acrylate, polyamide, polyester, polvearbonate, polyacrylamides, pofyimide, polycthylene,
polypropylene, polyphenylenc oxide, polysulphone, solgel materials, and ceramers, The binder 136
may correspond 1o a binder that suspends and/or retains the HAR particles 110, conductor/semi-
conductor particles 120, as well as other particles or compounds that comprise the VSIY material 140.
1645]  VSD FORMULATION WITH HAR MATERIAL

[046] Broadly, cmbodiments provide for use of VSD material that includes, by percentage of
volume, 5-99% binder, 0-70% conductor, 0-90% semiconductor, and HAR material that is
conductive or semi-conductive and having a volume of compaosition in a range of 0.01-95%.0n¢ or
more embodiments provide for use of VSIY material that includes, by percentage of volume, 20 1o
80% binder, 10 to 50% conductor, 0% fo 70% semiconductor, and HAR matcrial that is conductive or
semi-conductive and having a volume of the composition in a range of 0.01-40%. Still further, one
or more embodiments provide for use of VSD material that includes, by pereentage of volume, 30 to
70% binder, 15 to 45% conductor, 0% to 50% semiconductor, and FIAR material that is conductive or
semi-conductive and having a volume of the composition in a range of 0.01-25%. Lxampics of
binder materials include siticone polymers, epoxy, polyimide, phenolic resins, polyethylene,
polypropyiene, polyphenylenc oxide, polysulphone, solgel mateterials, ceramers, and inorganic
polymers, Examples of conductive materials include metals such as copper, aluminum, nickel, sitver,
gold, titanium, stainless steel, chrome, and other metat alloys. Examples of semiconductive material
include both organic and inorganic semiconductors. Some inorganic semiconductors include silicon,
silicon carbide. boron nitride, aluminum nitride, nickel oxide, zinc exide. zine sulfide, bisimuth
oxide, and iron oxide. The specific formulation and composition may be sclected for mechanical and
clectrical propertics that best suit the particular application of the VS material,

[047]  F1G. 2 ilfustrates a process for formulating a composition of VSD material having HAR

material, according o an embodiment of the invention. Initially, in a step 210, a resin mixtare is
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created containing a combination of conductor and semi-conductor particles, as weli as HAR

particles that serve as filters fo reduce conductor/semiconductor particle composition in the binder.
The resin mixture may serve as the binder of the VSD material when formulation is complete. In one
embodiment, the HAR particies may correspond to carbon nanotubes. Other embodiments provide
for use of nanowires or nanorods.

[048] According to onc ecmbodiment, the amount of HAR particles added to the mixture is
designated to maintain the mixture as & whole at just below pereolation threshold. However, the
amount of HAR particles that arc present may vary, depending on the desived percentage by volume
of the particles in the formulated VSD material. In one embodiment in which carbon nanotubes are
used as the HAR particles, the guantity of carbon nanotubes added to the resin results in carbon
nanotubes having a percentage by weight of less than 10% of the overall composition, and more
specificalty between 0.1% and 10% of the formulated VSD material. Embodiments described herein
recognize that the amount of HAR particles used in the binder to achiove u desired effect may depend
on the aspect ratio of the material being considered. For example, the binder may include more than
10% HAR particles if the aspect ratio of the individual HAR particles is relatively low. As a more
specific example, particles with aspect ratios of 1000:1 may occupy 1% by weight of the overall
material, while particles with individual aspect ratios of 10:1 may require 25% or more.

[049}  In step 220, metallic and/or inorganic conductors/semiconductors are added to the mixture.
As deseribed with an embodiment of FIG. {1, numcrous types of conductors or semi-conductors may
be used. More than one kind of erganic/semiconductor particie may be added. In one embodiment,
Titanium dioxide (T107) is used as the (or one of the) primary types of conductive/semiconductive
particles, along with additional conductor particles. Additional curative and catalyst constituents may
also be added to the nuxture,

FO50]  In step 230, a mixing pracess may be performed over a designated duration. In one
embodiment, the mixing process is performed with mixing equipment, including sonic agitators, for a
duration that that extends for minutes or hours. The mixing process serves to disperse the HAR
particles at a nanoscale fevel, One result of mixing to such degree is that at Jeast some of the HAR
particles are substantially arc suspended apart from one another within the binder, so as to not
agglomerated or lumped together. Given that the HAR particles individually may include one or more

dimensions al the nanoscale, such mixing further enables nanoscale dispersion within the binder.
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[0S1]  In step 240, the mixture is applicd to its desived target. For example, the mixture may be
applied 1o across & 5 mil gap between two given clectrodes of a particular device. At the target
location, the mixture is cured into VSD material,

[052]  As deseribed with an embodiment of FIG. 1, the resulting VSD material has numerous
improved mechanical propertics over morce conventional VS material. For example, among other
improvements that may result, the VSD material formulated in accordance with an embodiment such
as described may be less brittle, have better compression strength, adhere better to metals
(particularly copper), and/or have better acsthetic propertics.

1053} EXAMPLE FORMULATION AND COMPOSITION

[054] A compound in accordance with embodiments described herein may be formulated as
follows: HAR particles may be provided in the form of carbon nanotubes (CNT). which arc added to
a suitable resin mixture. In one embodiment, the resin mixtare includes Epon 828 and a silanc
coupling agent, NMP (N-methyl-2pyrrolidone) may be added (o the resin mixture. Subsequently,
conductor or semiconductor particles may be added to the mixture. In one embodiment, titanium
dioxide is mixed into the resin, along with titanium nitride, titanium diboride, a curative compound or
agent, and a catalyst agent. The mixture may be uniformly mixed for a mixing duration that lasts
hours {¢.g. & hours) using, for cxample. rofor-stator mixer with sonication, NMP may be added as
necessary for the mixing duration. The resulting mixture may be applied as a coating using #50 wire
wound rod or screen print on a desired target. In one embodiment, the coating may be applied across
a 5 mil gap between 2 clectrodes. Subscquendy, a cure process may take place that may be varied.
One suitable curing process inciudes curing for ten minutes at 75 C, ton minutes at 125 €, 43 minutes
at 175 €, and 30 minutes at 187 C.

1085]  Specific formulations may vary based on design eriteria and application. Onc exampie of a
formulation in which carbon nanotubes are used HAR particles of the binder of the VS material

mclude:
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—_— Weight (g)

CheapTubes 5.4
Epon 828 100
Gelest Aminopropyliriethoxysilane 4
Total Epoxy 104
Nanophase Bismuth Oxide 98
HC Starck TIN ———- 164
Degussa Dyhard TO3 4.575
NMP 25925
Curative Soin, 305
l-methylimidazole 0.6
HC Stark TiB2 ——— |49
Mitlenium Chemical Doped TiO2 — 190
NMP 230
Total Solution 986.1
Total Solids 715.575

Epoxy : Amin Equiv Ratio % Solids 72.6%

*Curative Solution s a 13% by weight solution of Dyhard T03 dissolved in NMP
[056] Carbon nanotubes have the benefit of being organic filler. The lengths or aspect ratios may be
varied 10 achieve a desired property. such as switching voltage for the material.
1057]  FIG. 3A is a cross-sectional iflustration of VSD material provided on a device 302, where the
VSD material is formulated in accordance with onc or more embodiments of the invention. In an
embodiment, a thickness or layer or VSD material 300 includes basic constituents of metal particles
310, binder material 315, and HAR partictes 320 (e.g. carbon nanoiubes, nanowires).
[058] Embodiments recognize, however, that carbon nanotubes have considerable fength to width

ratio. This dimensional property enables carbon nanotubes fo enhance the ability of ihe hinder o pass

i
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clectrons from conductive particle to conductive particle in the occurrence of a transient voltage that
exceeds the characteristic voltage. In this way, carbon nanotubes can reduce the amount of metal
loading present in the VS material. By reducing the metal loading, physical characteristics of the
Jayer may be improved. For example, as mentioned with one or more other embodiments, the
reduction of metal loading reduces the brittlencss of the VSD material 300,

[089]  As described with an embodiment of FIG. 2, the VSD material 300 may be formed on device
302 by being deposited as a mixture on a target location of the deviee 302, The target location may
carrespond to a span 312 between a fivst and second electrode 322, 324, According to one or more
embodiments, the span 312 is about (i.e. within 60%) 3.0 mil, 5.0 mil, or 7.5 mil for applications such
as printed circuit boards. However, the exact distance of the span 312 may vary basced on design
specification. In PCB applications, the range may vary, for example, between 2 and 10 mils. In semi-
conductor packages. the vaiue may be much less. Application of the VSD material in the gap ¢nables
handiing of current that resull from transient voltages that exceed the characteristic voltage of the
VSD material,

[060] Device 302 may be used with anvene of many kinds of electrical devices, In an embodiment,
device 302 be implemented as part of a printed circuit board. For example, the VSD material 300
may be provided as a thickness that is on the surface of the beard, or within the board’s thickness.
Device 302 may further be provided as part of a semi-conductor package, or discrete deviee.

[061]  Alternatively, device 302 may correspond to, for example, a light-emitting diode, a radio-
frequency tag or device, or a scmiconductor package.

[062]  As described with other embodiments. VSD matcrial, when applied to a target location of a
device, may be characterized by electrical properties such as characteristic (or trigger) voltage, clamp
voltage, leakage current and current carrying capaciiy. Embodiments deseribed herein provide for use
of HAR particles in a mixture that enables adjustment of electrical praperties such as described, white
maintaining scveral desired mechanical properties described elsewhere in this application.

1063] FIG. 3B illustrates a graph of basic clectrical properiics of clamp and trigger voltage for VSD
material, in accordance with embodiments such as deseribed with FIG. 3A and clsewhere in this
application. Generally, the characieristic or trigger voltage is the voltage fevel (which may vary per
unit length) by which the VSD material turns on or becomes conductive. The clamp voltage is

ge required o maintain the VSD

typically less than or equal 1o the trigger voltage and is the volia

]")
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material in the on-state. In some cases when the VSD material is provided between two or more
electrodes, the trigger and clamp voltages may be measured as output across the VS material itself,
Thus, the on-state of the VSD material may be maintained by maintaining the input voltage level at
above the clamp voltage, for a duration that is less than the break down threshold energy or time. In
application, the trigger and/or clamp voltages may be varied as a result of an input signal that is
spiked, pulsed, shaped or even moduiated over several pulses.

{064] Embodiments further recognize that another clectrical property of interest includes off-siate
resistance, determined by measuring current through operational voltages of the device, The
resistivity of the off-state may correspond to the Jeakage current. A change in off-state resistivity as
compared to before and after when the VSID material is turned on and off signals degradation of the
performance of the VSD material. In most cases, this should be minimized.

{065 Still further, another ¢lectrical characteristic may comespond to current carrying capacity,
measured as the ability of the muterial to sustain itself after being turned on, then ofT,

[666] Tablc 1 lists another formulation of VSD material, in which the HHAR particle used in the

binder is artimony tin oxide (ATO) Nanorods, in accordance with one or more embodiments.
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Muterial Example 1
Ishihara Corp FS-10P ATQ 14.4
nanorods
HC Starck TiB2 150.0
Giclest SIAG10.) 4.0
Millerinm Chemical Ti(2 190.0
Lubrizole D510 9%
Nanophase 31203 980
HC Starck TiN 164.0
Cpon 828 (Hexion) 87.15
Degussa Dyhard TO3 4.49
I-methylimidazole 0.62
N-methylpyrrohidinene 2754
Gap 5 mil
Trigger Voliage 447
Clamp Vollage 320

Tablc |
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Tabie 2 lists several additional examples in which the VSD materiaf is composed of carbon nanotubes

as the HAR particles. in accordance with one or more cmbodiments described herein, Table 2lists

gencricatly measured clectrical properties (meaning no differentiation is provided between forms of

input signal and/or manner in which data for clectrical propertics is determined), as quantified by

clamp and trigger voltages, that result from use of the VS material in accordance with the stated

composition.

Material

Example i

Lixample 2

LExample 3

Example 4

Weight (p)

Weight (2)

Weight (¢)

Weight (2)

Dyperion CP-1203 0 31.2¢ 0} 40.86
Nickel INP40G 216.27 221.49 0 ]
Maomentive Til32 0 0 5556 354
{lormerly GI2)

Saint Gobain 3N 0 0 0 0O
Epon 828 (Hexion) 4013 10.09 51.06 7 0%
Degussa Divhard TO3 1.83 1.83 2.34 2.33
l-methylimidazoke 0.1 0.13 0.3 0.3
imidazoledicarbonitriic | 0 0 0 0
Methylaminoantracene | 0 0 0 0
Miflenium Chemical ¢ 0 85.03 8579
Tio2

N-nrethy Ipyrrolidinone | 80.37 R0.46 833 1234
CGiap 5l 5 mil S mil Sl
Trigger Voliage 250 170 1473 775
Clamp Vollage 100 70 1380 220

Table 2

1067]

With respect to Table 2, Example | provides a composition of VS material that is a basis

for comparison with other examples, 1n Example 1. HAR pacticles are not present in the VSD

material. Furthermore, the VSD material has relatively high metal loading, Example 2 iliustrates a

similar composition as to Example 1, but with the introduction of carbon nanotubes as the HAR

particies, The result is a reduction in trigger and clamp voltage. Trigger and clamp voltages arc

reduced by adding carbon nanotubes at a given (constant) nickel loading.



WO 2008/016859 PCTIUS2007/074677

[B68] Lxamplc 3 also illustrates a VSD composition that lacks carbon nanotubes as HAR particles,
while Example 4 illustrates effect of including carbon nanotubes into the mixture, As shown, a
dramatic reduction in the trigger and clamp voltages is shown. With regard to Example 3 and
Example 4, both compositions illustrate compositions that have desirable mechanical characteristics,
as well as characteristics of off-state resitivity and current-carrying capacity (neither of which arc
referenced in the chart). However, the elamp and trigger voltage values of Example 3 illustrate the
composition, without inclusion of carbon nanotubes, is difficult to turn on and maintain on,
Abaormally high trigger and clamp voltages thus reduce the usefulness of the composition.

{069]  The performance diagrams shown with FIG. 3C-3E assume pulsed voltage inputs. The

performance diagrams may be referenced to the examples provided in the following table.

Material Example 5 Example 6 Example 7
Weight (g) Weight (g) Weight (g)

Hyperion CP1203 21.0 0 1.0

Hexion Epon 828 50.25 0 3

Cabosil coated 40.33 20.33 0

Aluminum

ATAS669 0 0 13.70

aluminum

Degussa Dyhard 3.22 0.8 0.6

T03

Methoxyethanol 25.8 6.39 4.68

F-methylimidazole 0.06 0.04 0.04

Hexion Epon SU-8 | 0 19.55 14.32

Methy! ethyl ketone | 0 11.73 6.6

Cabosil coated 0 15.31 {

Alumina

Table 3

10701 FIG. 3C is a diagram that illustrates a performance diagram for VSD material that has a
relatively large quantity of concentration of carbon nanotubes (as HAR particles) in the binder of the
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VSD material, as described by Example 5. As shown by the diagram of FIG. 3C, the occurrence of an
initial voltage event 372 in the range of 500-1000 voits results in the malerial turning on, o as (o
carry current. Application of a second voltage event 374 aficr the device turns off from the first event
results ina similar effect as the initial event 372, in the material carrics currents at relatively the same
voltage Ievels, The occurrence of the third voltage cvent 376 after the device turns off the sccond
time results in a similar result in the amperage carried in the VSD material as the first two
oceurrences. As such FIG. 3C illustrates the VSD material of the composition in Examplce 5 has
relatively-high current carrying capacity, in that the VSD material remains effective after two
instances of switching on and off.

1071] FIG. 3D corrclates to Example 6, which is a VSD composition that contains no conductive or
semi-conductive organic material. While the VSD material is effective in the first voltage event 382,
there is no detectable non-finear behavior (i.c. turn-on voltage) when the subseguent second voltage
cvent 384 accurs.

[072] TIG. 3E correlates to Lxample 7, which has fower amount of TIAR particles in the form of
carbon nanotubes. The light addition of such conductive/semi-conductive HAR particles improves
the current carrying capacity of the VSD matcrial, as shown by the amperage of the first voltage
event 392 and the lesser (but present) amperage of the second voltage event 394,

[073]  COATED CONDUCTIVE OR SEMI-CONDUCTIVE PARTICLES

[074]  Onec or more cmbodiments include a formulation of VSD material that includes the use of
conductive or semi-conductive HTAR particie micro-fillers that arc coated or otherwise combined onto
a periphery of a metal particle, Such formulation allows for additional reduction in the size of the
metal particle and/or volume that would otherwise be occupied by the metal particle. Such reduction
may improve the overall physical characteristics of the VSD material, in a manner deseribed with
other crbodiments.

[075]  As described below, one or more embodiments provide for the use of AR particle micro-
fitters that coat or bond metal or other inorganic conductor elements. One ebjcctive of coating the
inorganic/metal particles with HAR particles is to generally maintain overall effective vohume of the
conduetive material in the binder of the VSD material, while reducing a volume of metal particles in

USC,
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[076] 111G, 4 illustrates a more detailed process by which VS material can be formulated, under an
embodiment of the invention. According 1o a step 410, the conductive clements (or semi-conductive)
that are to be loaded into a binder for VSD formulation are initially prepared. This step may include
combining HAR particles (e.g. carbon nanotubes) with particles that are to be coated so és to create
a desired effeet when the end mixture is cured,

[077]  Inonc implementation, separate preparation steps are performed for the metal and metal
oxide particles. Under one embodiment, step 410 may include sub-steps of filtering aluminum and
alumina powder, Each of the powder sets arc then coated with HAR particics to form the
conductive/semi-conductive clement. In one implementation, the following process may be used for
aluminum: (i) add 1-2 miilimole of silane per gram of Aluminum (dispersed in an organic solvent);
(i1) apply sonic applicator to distribute particles; (iii) let reuct 24 hours with stirring: (iv) weigh out
Cab-O-Sil or organic conductor into solution; (v) add suitable solvent to Cab-Q-Sil or organic
conductor mix; (vi) add Cab-O-Sil and/or organic conductor to collection with Aluminuny, and (vii)
dry overnight at 30-50 C,

[078]  Similarly, the following process may be used by used for the Alumina; (i) add 1-2 millimole
of silanc per gram of Alumina (dispersed in an organic solvent); (i) apply sonic applicator to
distribute particles; (iii) let react 24 hours with stirring; (iv) weigh out Cab-O-Sil or organic
conductor into solution; (v} add Cab-0O-Sil and/or organic conductor to collection with Alumina; {(vi)
dry overnight at 30-50 C.

[079]  According to an embodiment, TIAR particles such as carbon nanotubes or nanowircs may be
used in coating or preparing the conductive elements. The carbon nanotubes may be biased to stand
on end when bonded with the metal particles, so as to extend conductive length of the particles, while
at the same ime reducing the averall volume of metal needed. This may be accomplished by placing
a chemical reactive agent on the surface perimeter of the metal particles that wre to form conductars
within the VSD material. In one embodiment, the metal particles may be treated with a chemical that
is reactive to another chemical that is positioned at the longitudinal end of the HAR particle (¢.g.
carbon nanotube). The metal particles may be treated with, for example, a Silane coupling agent. The
onds of the HAR aprticles may be treated with the reactive agent, to ¢nable end-wise bonding of the

carbon nano-tubes to the swrface of the metal particles.
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080} In step 420, @ mixture is prepared. Binder material may be dissolved in an appropriate

sotvent. Desired viscosity may be achieved by adding more or fess solvent. The conductive elements
{or semi-conductive clements from step 410) are added to the binder materials, The solution may be
mixed to form uniform distribution. Appropriate curative may then be added.

[081] In step 430, the solution from step 420 is integrated or provided onto a target application (i.c.
a substrate, or discrete clement or a Light Emitting Diode or Organic LED), then heated or cured to
form a softd VSD matcrial. Prior to heating, the VSD matewrial may be shaped or coated for the
particular application of the VSD matcerial. Various applications for VSD material with HAR particle
caaling or bonding wirth metallic or inorganic conductors/semiconductors exist.

[082] FIG. 5A and FIG. 5B iltustrate how application of HAR particles to coat or bind the surface
of the metal/imorganic conductor or semiconductors can reduce loading of such particles, under an
cmbodiment of the invention, FIG. SA is a simplified iliustration of how conductor and/or
semiconductor particles in a binder of the VSD material can be surface coafed with carbon nanotubes.
As shown, conductive clement 500 inchudes a metal particle 510 and a metal oxide or other optional
inorganic semi-conductor particle 320. The metal particle 510 may have a dimension represented by a
diameter ¢/, while the metal oxide particle 320 may have a dimension represented by 2. Inan
embodiment shown by TIG. SA| TTAR particle fillers 330 {¢.g. carbon nanotubes) are bonded or
combined with a periphery of the respective particies 310, 320, As the HAR particle fillers 330 are
conductive or semi-conductive, the offect is to increase the size of the partices 510, 320 without
increasing the volume of those particles in the binder of the VS material. The presence of the 11AR
particle fillers enables conduction. or electron hopping or tunneling from molecule to molecule when
voltage exceeding the characteristic voliage occurs. The conductive element 300 may in fact be semi-
conductive, in that conductive clement 500 may have the property of being collectively conductive
when a characteristic voltage is exceeded.

{083} [n FIG. 3B, a conventional VS material is shown without addition of HAR particles. Metal
particles 502, 504 are relatively closcly spaced in order to pass charge when voltage exceeding the
characteristic voltage is applied. As a result of more closely spaced conductors, more metal loading is
required to enable the device to switeh to a conductor state. In comparison to an embodiment such as
iltustrated by IFIG. SA, under a conventional approach shown by FIG. 38, the particles 510, 520 arc

spaced by glass particle spaces (¢.g. Cab-0-8i1), an embadiment such as shown in FIG. 5A
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substitutes metal volume with conductive fillers 530 that arc conductive, have desirable physical
properties, and have dimensions to adequately substitute for metal,

[084] FIG. 5C iltustrates a relatively disorganized distribution of HAR particle fitfers (e.g. carbon
nanotubes), reflecting how the HAR particlefillers, when uniformly dispersed at nanoscale, inherently
producc results that arc similar to those desired from the simplificd illustration of FIG, SA. A
description of FIG. 5C may reflect embodiments such as shown and described with FIG. 3 or
clsewhere in this application. As shown, a number of uniformly distributed conduetive/semi-
conductive HAR particle fillers 530 cnables sufficient fouching and/or proximity to enabic a
conductive path for handling current, including through clectron wameling and hopping. This allows
improvement in clectrical and physical characteristics, particularly i relation to reduction of metal
loading in the binder of the VSD material. Morcover, when particles are evenly dispersed at
nanoscalc within the binder, less HAR particle 330 is nceded to produce the desired clectrical
conductivity cffect.

[085] VSD MATERIAL APPLICATIONS

[086] Numerous applications exist for VS material in accordance with any of the embodiments
described herein, In particular, embodiments provide for VSD material to be provided on substrare
devices, such as printed circuit boards, semiconductor packages, discrete devices, as well as more
specific applications such as LEDs and radio-frequency devices (c.g. REID tags). Seill further, other
applications may provide for use of VSD material such as described herein with a liquid crystal
display, organic light emissive display, clectrochromic display, clectrophoretic display, or back planc
driver for such devices. The purpose for including the VSD material may be to enhance handling of
transicnt and overvoltage conditions, such as may arise with ESD events. Another appiication for
VSD material includes metal deposition, as described in LS, Patent No. 6,797,145 to L. Kosowsky
(which is hereby incorporated by reference in its entirety}).

[087] FIG. 6A and FIG. 6B cach illustrate different configurations for a substrate device that is
configured with VSD material having high aspect-ration particles as filler (“HAR paticled VSD™),
urder an embodiment of the invention. In FIG. 6A, the substrate device 600 may correspond to, for
examiple, a printed circuit board. In such a configuration, HAR paticied VSD 610 may be provided on

a surface 602 to ground a connccted clement, As an alternative or variation, FIG. 68 illustrates a
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configuration in which the HAR paticled VSD forms a grounding path within a thickness 610 of the
substrate,

{088] ELECTROPLATING

1089] In addition ta inclusion of the VSID material on devices for handling, for example, ESD
cvents, onc or more ecmbodiments contemplate use of VSD material to form substrate devices,
including trace clements on substrates, and interconnect elements such as vias. U.S. Patent No.
06,797,145 (incorporated herein in its entirety) recites numerous techniques for electroplating
substrates, vias and other devices using VSD material. Embodiments described herein enable use of
HAR paticled VSD muaterial, as desceribed with any of the embodiments in this application.

[090]  T1G. 7 illustrates a process for electroplating, using HAR paticied VSD material in
accordance with any of the embodiments described with FIG. 1-5, The enhanced physical and
clectrical propertics provided by embodiments described herein facilitate clectroplating processes
such as desceribed in ULS. Patent No. 6,797,145, FIG. 7 describes a simpiified electropiating process,
such as described in ULS, Patent No. 6,797,145, in which the VS material used is in accordance
with any of the embodiments described with FIG. 1 thru FIG. 5.

[091]  In FIG. 7, abasic clectroplating technique is described, according to onc or more
cmbodiments of the invention. In a step 710, a target region of a device (¢.g. a substrate) is patterned
using HAR paticled VS material. The patterning may be performed by, for example, applying a
continuous layer of V8D over a substrate, then placing a mask over the VSD fayer. The mask may
define the negative pattern of the desired clectrical/trace pattern. Alternatives are also possible, For
cxample, the VS material may be applicd to the entire region, and then selectively removed to
expase regions that are intended o not have current-carrying clements, Still further, (he VSD material
may be pre-patterned on the target region,

[092]  Step 720 provides that the substrate is immersed in an clectrolytic solution.

[093]  Step 730 provides that a voltage in excess of the characteristic voltage is applied to the
palterncd region of the device. The application of the voltage may be puised to occur for a designated
duration of time that is less than the break-down time. The break-down time may correspond to the
minimum duration in which the HAR paticted VSD material is known to break-down when the given
voltage is applied. At break-down, the HAR paticted VSD material may lose its clectrical

chavacteristics, imcluding ils switching characteristics. The paitern of cusrent carrying traces and
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clements may substantially match that of the HAR paticled VS material. In the clectrolytic solution,
charged elements attract and bond 1o the exposed regions of the HAR paticled VSD material, forming
current carrying traces and elements on the device.

1694] In particular, one or more emboadiments for electroplating onto devices includes using HAR
paticled VSD material that has reduced metallic loading through usc of high-aspect ratio particles in
fitler material. Such formulation cnables fonger puise time for performing the plating steps of 720
and 730, as compared to conventional VS materials. Morcover, use of HAR paticled VSD material
increases a likelihood that the VS material will vetain its integrity after the plating process. This
means that the trace elements may be provided with inberenl grounding capabilitics that can be
integrated into the device,

[095]  Consistent with an embodiment of FIG. 7, use of V8D material in accordance with
embodiments described herein may be applied to any of the clectroplating technigues described in
U.S. Patent No. 6,797,145, Electroplating techniques with HAR paticled VSD material as described
may be used to (1) create vias on a substrate device, {11) multi-sided substrate devices having current
carrying paticreas on cach side, and/or (i) inierconnecting vias between multi-sided subsirate devices
having current carrying patterns on cach side.

{096] OTHLR APPLICATIONS

{097]  FIG. s a simplified diagram of an electronic device on which VSD material in zccordance
with embodiments described herein may be provided. FIG. 8 illustrates a device 800 including
substrate 810, component 820, and optionally casing or housing 830. VSD maternat 805 may be
incorporated into any one or maore of many locations, including at a location on a surfuce 802,
underneath the surface 802 (such as under its trace clements or under compenent 820), or within &
thickness of substrate 810, Alternatively, the VSD material may be incorporated into the casing 830,
In cach case, the VSIY material 805 may be incorporated so as to couple with conductive elements,
such as trace lcads, when voltage exceeding the characteristic voltage is present. Thus, the VSD
malerial 803 is a conductive element in the presence of a specific voltage condition.

(098] With respect to any of the applications described herein, device 800 may be a display device.
For example, component 820 may correspond to an LED that illuminates from the substrate 810. The
positioning and configuration of the VS material 805 on substrate 810 may be sclective o

accommodalte the electrical Teads, terminals (e, input or outpuls) and other conductive clements that
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arc provided with, used by or incorporated into the light-cmitting device. As an alternative, the VS
malerial may be incorporated between the positive and negative leads of the LED device, apart {from

a substrate. Still further, one or more embodiments provide for use of organic LEDs, in which case
VSD material may be provided, for example, underncath the OLED,

[099]  With regard to LEDs, any of the embodiments described in U.S. Patent Application No.
11/562,289 (which is incorporated by reference herein) may be implemented with VSD material
containing a binder with conductive/semi-conductive HAR particles in filler material, in accordance
with any of the embodiments described herein.

{0100] Alternatively, the device 800 may carrespond fo a wircless communication device, such as a
radio-frequency identification device, With vegard to wircless communication devices such as radio-
frequency identification devices (RFID) and wireless communication components, VSD material may
proteet 4 component 820 from, for examyple, overcharge or ESD events. In such cases, component
820 may correspond {o a chip or wireless communication component of the device. Alternatively, (he
use of VSO material 805 may proteet other components from charge that may be caused by the
component 820. For example, component 820 may correspond to a battery, and the VSIY material 8035
may be provided as a trace clement on a surface of the substrate 810 (o protect against vollage
conditions that arisc from a battery cvent.

[0T01] Any of the embodiments deseribed in U8, Patent Application No, 11/362,222 (which is
incorporated by reference herein) may be implemented with VS material containing a binder with
conductive/semi-conductive high aspect-ratio particles, in accordance with any of the embodiments
described herein.

{0102] As an alternative or variation, the component 820 may correspend o, for example, a discrele
semiconductor device. The VS material 805 may be integrated with the component, or positioned to
clectricaily couple to the component in the presence of a voltage that switches the material on.

[0103] Stit] further, device 800 may correspond to a packaged device, or alternatively, a
semiconductor package for receiving a substrate component. VSD material 805 may be combined
with the casing 830 prior to substrate 810 or component 820 being included in the device,

10104] CONCILUSION

[0105) Embodiments desceribed with refercnce to the drawings arc considered itlustrative, and

Applicant’s claims should not be limited 1o details of such illustrative embodiments, Various
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modifications and variations will may be included with embodiments described, including the
combination of features described separately with different jifustrative embodiments. Accordingly, it
is intended that the scope of the invention be defined by the following claims. Furthermore, itis
contemplated that a particular feature described cither individually or as part of an embodiment can
be combined with other individually deseribed features, or parts of other embodiments, cven jf the

other features and embodiments make no mentioned of the particular feature.

T2
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CLAIMS

1. A device comprising:

two or more electrodes separated by a gap; and

a composition of voltage switchable dielectric (VSD) material provided in the gap, the
composition of VSD material comprising:

a binder having a concentration by percentage of volume that ranges between 5-99%;

high aspect ratio (HAR) particles, including HAR particles that are (i) inorganic, (ii)
conductive or semi-conductive, and (jii} dispersed as nanoscale particles within the binder,
wherein the HAR particles have a concentration by percentage of volume that ranges
between 0.01-95%; and

a concentration of particles other than HAR particles, the concentration of particles
including (i) conductor particles that have a concentration by percentage of volume that
ranges between 0-70%, and/or (ii) semiconductor particles that have a concentration by
percentage of volume that ranges between 0.0-95%;

wherein the HAR particles and said conductor and/or semiconductor particles are
uniformly dispersed within the binder, so as to not be agglomerated or lumped together in
the binder;

wherein the HAR particles and said conductor and/or semiconductor particles are
combined to provide said composition with a characteristic of being (i) dielectric in absence
of a voltage across the gap that exceeds a characteristic voltage level, and (ii) conductive
with application of said voltage across the gap exceeding said characteristic voltage level;

and wherein said characteristic voltage level exceeds about 14 volts per mil across
the gap.

2. The device of claim 1, wherein the device corresponds {o a printed circuit board.

3. The device of claim 2, wherein the VSD material is provided as a layer within the
substrate device.

4. The device of claim 2, wherein the VSD material is provided as trace elements on a
surface of the substrate device.

5. The device of claim 1, wherein the device is selected from a group consisting of a
discrete device, a semi-conductor package, a display device or backplane, a light-emitting
diode, and a radio-frequency identification device.

6. The device of claim 1, wherein the conductor and/or semiconductor particles, other
than the HAR particles, include a metal or a metal complex.

7. The device of claim 1, wherein the HAR particles are metallic.
8. The device of claim 1, wherein the HAR particles are conductive nanorods.
9. The device of claim 1, wherein the HAR particles are conductive nanowires.

25



10. The device of claim 1, wherein the HAR particles include antimony tin oxide (ATO).

1. The device of claim 1, wherein the VSD composition includes semiconductive
particles and conductor particles other than HAR particles, wherein said semiconductive
particles correspond to one or more of silicon, silicon carbide, fitanium dioxide, boron nitride,
aluminum nitride, nickel oxide, zinc oxide, zinc sulfide, bismuth oxide, cerium oxide, iron
oxide, metal or/and complexes.

12 The device of claim 1, wherein the VSD composition includes semiconductive
particles and conductor particles other than HAR particles, wherein said semiconductive
particles include particles corresponding to a class of oxides, metal nitrides, metal carbides,
metal borides, metal sulfides, or a combination thereof.

13. The device of claim 1, wherein the VSD composition includes semiconductive
particles other than the HAR particles that include Titanium dioxide (TiOs).

14, The device of claim 1, wherein the composition of VSD material is formed without
sintering.

15. A method for electroplating a substrate, the method comprising:

applying a voltage switchable dielectric (VSD) material onto a target region of a
device, said VSD material comprising:

a binder;

high aspect ratio {(HAR) particles that are conductive or semi-conductive and
dispersed as nanoscale particles within the binder; and

conductor and/or semiconductor particles other than said HAR particles;

said conductor and/or semiconductor particles being distributed in the binder;

wherein HAR particles and said conductor and/or semiconductor particles are
combined to provide said composition with a characteristic of being (i} dielectric in absence
of a voltage that exceeds a characteristic voltage level, and (ii) conductive with application of
said voltage exceeding said characteristic voltage level;

forming a pattern using the VSD material;

applying the voltage that exceeds the characteristic voltage level so that the VSD
material is conductive;

while applying the voltage, exposing the target region of the device to an electrolytic
medium:

and wherein said characteristic voltage level exceeds about 14 volts per mil across a
gap formed by a thickness of the VSD material.

16. A device comprising:
a layer of voltage switchable dielectric (VSD) material, wherein the VSD material

comprises:
a polymer binder,;
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a first set of particles consisting of nanoscale high aspect ratio (HAR) particles that
are conductive or semi-conductive, the first set of nanoscale HAR particles dispersed within

the binder; and

a second set of particles, other than said first set of nanoscale HAR particles,
consisting of conductor and/or semiconductor particles; said second set of conductor and/or
semiconductor particles dispersed within the binder;

wherein an amount of particles dispersed in the binder, including the first set of
nanoscale MAR particles and the second set of conductor and/or semiconductor particles, is
sufficiently low so that a percolation threshold of the VSD material is not reached.

17. The device of claim 16, wherein the first set of nanoscale HAR particles and the
second set of conductor and/or semiconductor particles are substantially uniformly dispersed
in the polymer binder.

18. The device of claim 16, wherein the first set of nanoscale HAR particles include
single and/or multi-walled carbon nanotubes.

19. The device of claim 16, wherein the device is a printed circuit board.

20.  The device of claim 18, wherein the layer of VSD material is provided within the
printed circuit board.

21. The device of claim 19, wherein the layer of VSD material is provided at a surface of
the printed circuit board.

22. The device of claim 16, wherein the device is selected from a group consisting of a
discrete device, a semi-conductor package, a display device or backplane, and a light-
emitting diode.

23. The device of claim 16, wherein the layer of VSD material includes a metal or a metal
complex.

24. The device of claim 16, wherein the first set of nanoscale HAR particles include
inorganic particles.

25. The device of claim 16, wherein the first set of nanoscale HAR particles include metal
particles.

26.  The device of claim 16, wherein the first set of nanoscale HAR particles include
nanorods and nanowires.

27. The device of claim 16, wherein the first set of nanoscale HAR particles include
Antimony Tin Oxide (ATO).

28. The device of claim 16, wherein the device is a printed circuit board, thin film
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electronic device, light emitting diode device, radio-frequency device, or radio frequency
identification (RFID) device.

29. The device of claim 16, wherein the device includes a printed circuit board, and one
or more components are attached to the printed circuit board, and wherein the layer of the

VSD material is provided within the printed circuit board to provide protection to the one or

more attached components.

30. The device of claim 29, wherein the one or more components attached to the printed
circuit board include a semiconductor chip, a circuit element, a liquid crystal display, an
organic light emissive display, an electrochromic display, an electrophoretic display, or a
back plane driver for an electronic component.

31. The device of claim 16, wherein the device is a semiconductor chip, a liquid crystal
display, an organic light emissive display, an electrochromic display, an electrophoretic
display, or a back plane driver for an electronic component.

32. The device of claim 16, wherein the device is a wireless communication device.

33. The device of claim 16, wherein the device incorporates a liquid crystal display, an
organic light emissive display, an electrochromic display, or an electrophoretic display.

34. The device of claim 16, further comprising:

one or more components; and

wherein the layer of VSD material is positioned to protect the one or more
compoenents against a transient electrical event; and

wherein the layer of VSD material is positioned to carry current from the transient
electrical event to a grounding plane to protect the one or more components.

35. A light emitting diode (LED) device comprising:

a non-linear resistive polymer composition comprising a concentration of nano-
dimensioned particles that individually have an aspect ratio that is greater than 10:1;

wherein said composition is (i) insulative in absence of any voltage that exceeds a
characteristic voltage level, and (ii) conductive with application of a voltage that exceeds the
characteristic voltage level,

and wherein the polymer composition is positioned to protect the LED against
transient electrical events.

36. The LED device of claim 35, wherein the concentration of nano-dimensioned
particles individually have an aspect ratio that is of an order of 100:1 or greater.

37. The LED device of claim 35, wherein the concentration of nano-dimensioned
particles are organic.

38. The LED device of claim 37, the concentration of nano-dimensioned particles include
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fullerenes.

39. The LED device of claim 37, the concentration of nano-dimensioned particles include
carbon nanotubes.

40. The LED device of claim 37, wherein the concentration of nano-dimensioned
particles include metallic nanowires or nanorods.

41.  The LED device of claim 35, further comprising a concentration of conductor and/or
semiconductor particles, and wherein a combined concentration of the nano-dimensioned
particles and the conductor and/or semiconductor particles is below a percolation threshold
of the polymer composition.

42. The LED device of claim 35, further comprising a printed circuit board on which at
least a portion of the polymer composition is provided.

43. The LED device of claim 35, wherein the LED device is provided as a package.

44, The LED device of claim 35, further comprising a separate concentration of polymer
phase particles.

45.  The LED device of claim 35, further comprising a concentration of metal particles.

46. The LED device of claim 35, wherein the concentration of metal particles selected
from the group consisting of copper, gold, silver, nickel, or cobalt and mixtures thereof.

47. An electronic device comprising:

a layer of voltage switchable dielectric (VSD) material formed by:

(i) applying a mixture to a substrate, the mixture comprising a polymer binder, a first
set of conductor and/or semi-conductor particles, and a second set of nanoscale high aspect
ratio (HAR) particles other than said first set of conductor and/or semi-conductor particles;
and;

(i) curing the mixture on the substrate; wherein an amount of particles dispersed in
the binder, including the first set of conductor and/or semiconductor particles and the second
set of nanoscale HAR particles, is sufficiently low so that a percolation threshold of the VSD
material is not reached.

48. The electronic device of claim 47, further comprising:
a first electrode and a second electrode, and wherein the mixture is applied to a span

between the first and second electrode.

49, The electronic device of claim 47, wherein the layer of VSD material is provided as a
layer within a thickness of the substrate.

50. The electronic device of claim 49, wherein the layer of VSD material underlies one or
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more contact elements for connecting the substrate to another device, and wherein the one
or more contact elements include an aperture to electrically connect a surface of an
individual contact element to the layer of VSD material.

51. The electronic device of claim 47, wherein the electronic device is a device selected
from a group consisting of a light-emitting dicde, a radio-frequency device, a discrete device,
and a semi-conductor package.

52. The electronic device of claim 47, wherein the first set of conductor and/or semi-
conductor particles and the second set of nanoscale high aspect ratio (HAR) particles are
substantially uniformly distributed in the binder.

53. The device of claim 52, wherein the second set of nanoscale high aspect ratio (HAR)
particles comprise single and/or multi-walled carbon nanotubes.

54, The device of claim 47, wherein the conductor and/or semiconductor particles include
a metal or a metal complex.

55. An electronic device comprising:

a layer of voltage switchable dielectric (VSD) material formed by:

(i) applying a mixture to a substrate, the mixture comprising a polymer binder, a first
set of conductor and/or semi-conductor particles, and a second set of nanoscale high aspect
ratio (HAR) particles other than said first set of conductor and/or semi-conductor particles;
and,

(ii} curing the mixture on the substrate; wherein an amount of particles dispersed in
the binder, including the first set of conductor and/or semiconductor particles and the second
set of nanoscale HAR particles, is sufficiently low so that a percolation threshold of the VSD
material is not reached.

56, The electronic device of claim 55, further comprising:
a first electrode and a second electrode, and wherein the mixture is applied to a span
between the first and second electrode.

57. The electronic device of claim 55, wherein the layer of VSD material is provided as a
layer within a thickness of the substrate.

58. The electronic device of claim 57, wherein the layer of VSD material underlies one or
more contact elements for connecting the substrate to another device, and wherein the one
or more contact elements include an aperture to electrically connect a surface of an
individual contact element to the layer of VSD material.

59. The electronic device of claim 55, wherein the electronic device is a device selected

from a group consisting of a light-emitting diode, a radio-frequency device, a discrete device,
and a semi-conductor package.

30



60. The electronic device of claim 55, wherein the first set of conductor and/or semi-
conductor particles and the second set of nanoscale high aspect ratio (HAR) particles are
substantially uniformly distributed in the binder.

61. The device of claim 60, wherein the second set of nanoscale high aspect ratio (HAR)
particles comprise single and/or multi-walled carbon nanotubes.

62. The device of claim 55, wherein the conductor and/or semiconductor particles include
a metal or a metal complex.
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