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FIG 1 is a block diagramillustrating conponents for use in a process of
formul ating VSD material, according to an enbodi nent of the in 100121 FIG
2 illustratgg, B.PNiRe6SS for fornulating a conposition ofcivSRwabasi al
havi ng high aspect ratio particles in a binder, under an embodi nent of the
invention. 100131 FIG 3A is a cross-sectional illustration of VSD
material, where the VSD material is fornmulated in accordance with one or
nore enbodi ments of the invention. 100141 FIG 3B illustrates a graph of
basic electrical properties of clanp and trigger voltage for VSD materi al,
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[007] The disclosed embodiments relate generally to the field of vollage switchable dicleetric
{(VSD) materials. More specifically, embodiments described | werein include VSD material that
includes conductive or semi-conductive high aspect-ratio (HAR) particles as filler,
BACKGROUND

[608] Voltage switchable diclectric (VSD) material has an increasing number of applications. 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. Exampies of voltage switchable dielectric
materials are provided in references such as ULS, Pat. No. 4,977,357, U.S. Pat. No. 5,068,634, U.S.
Pat. No. 5,099,380, LS. Pat. No. 5,142,263, LLS. Pat. No. 53,189,387, U.S. Pat. No. 5,248,517, U.S.
Pat. No. 5,807,509, WO 96/02924, and WO 97/26665. VSD material can be “SURGX™ materiai
manufactured by the SURGX CORPORATION {which is owned by Littiefusce Inc.),

[0010] While VSD matcrial has many uses and applications, conventional compositions of the
material have had many shortcomings. Typical conventional VS materials are brittle, prone to
scratching or other surface damage. lack adhesive strength, and have a high degree of thermal
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100191 FIG 6A and FIG 6B each illustrate different configurations thr a
substrate device that is configured with VSD material having I-] AR
particles distributed in its binder, under an enbodi nent of the invention.
100201 FIG 7 illustrates a process for electroplating,pasingrorgani c VSD
material in"“QAXEYd4hte with any of the enbodiments described with FIG [-5C
100211 FIG 8 is a sinplified diagramof an el ectronic device on which VSD
material in accordance with enbodi nents descri bed herein nay be provided.
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for devices that incorporate a conposition of VSD material that utilizes
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illustrating conponents for use in a poacess of formulating VSD materi al,
according to enbodi nents of the invention. In an enbodi ment, conductive
(and/or) sem -conductive high aspect-4atio (HAR) particles 1 10 are

conbi ned with conductor and/or sem conductor particles 120 to form VSD

mat erial 140. As an optional addition, insulator particles may al so be
conbined with the conductor/sem conductor particles 120. Binder 130 may be
conbined with the HAR particles 110 and the conductive particles to form
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use of VSD material HAR particles 110 are described below, with, for
exanpl e, an enbodiment of FIG 2. WD 2008/ 016859Pet/ US2007/ 074677 10391 In
one enbodi nent, the binder 130 is a matrix that retains the HAR particles



10411 As an addition or alternative, LIAR particles 110 may correspond to
conductive or sem -conductive inorganic particles, such as provi ded by
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ceramners, %@ﬁdhmn@wQWWﬂbtﬁvkthm@AKﬂxawbﬁé@hbbnémndumﬁW%émnaﬂemmaWEOIncIude
net al s such as copper, alum num nickel, silver, gold, titanium stainless
steel, chrome, and other netal alloys. Exanples aseni conductive nateri al
|nclude bot h organi c and i norganic senlconductors Some i norganic

seni conductors include silicon, silicon carbide, boron nitride, alum num
nitride, nickel oxide, zinc oxide zinc sulfide, bisnmuth oxide, and iron
oxi de. The, specific formulation and conposition nay be sel ected for
mechani cal and el ectrical properties that best suit the particular
application of the VSD material. 10471 FIG 2 illustrates a process for
formul ating a conposition of VS L) material having HAR material, accordinu
to an enbodi nent of the invention. Initially, in a step 210, a resin

m xture is WD 2008/ 016859PCVM52007/ 074677 created containing a conbination
of conductor and sem -conductor particles, as well as HAR particles that



10511 In step 240, the mxture is applied to its desired target. For
exanple, the mxture may be applied to across a 5 m| gap between two gi ven
el ectrodes of a particular device. At the target location, the mxture is
cured into erJaI 10521 As described with an enb G I,

t he resultlx(P@n%’Wﬁ?erlal has numer ous i nproved nechan?g%/ ﬂh?pgpfles over
nor e conventlonal VSD material. For exanple, anong other inprovenents that
may result, the VSD material formulated in accordance with an enbodi nent
such as described may be less brittle, have better conpression strength,
adhere better to netals (Particularly copper), and/or have better aesthetic
properties. 10531 EXAMPLE FORMULATI ON AND COVPQOSI TI ON 10541 A conpound in
accordance with enbodi nents descri bed herein nay be formul ated as foll ows:
HAR part i ke armies ba mowmgle,dmtnfsuhetut:;om Mapbe CRakRORFaNaE tbesicl ENIhetenthi ch
are added to aﬁgg_ta{\_% F ngsture I n one enbodi ment, the resin mxture
i ncl udes EPISHTE2E ARG S 'PAN% "Spl i ng agent. NNIP (N-ret hyl - 2pyrrol i done)
may be admazl tﬁﬁtMmmnaamnuanMMmamp&upsmquenhhgamammdumﬂom%mhmagmiﬂmnductor
ngrm )‘zggstlhf?f‘%\{ %m(:}q% matcnah l mmplw oﬁ{hcsut 1'15 ofnwugst “mdéemﬁut émﬁ Ll%m H’H]o?: g)él, d:
curative edwpound or agent and a catalyst agent. The m xture nmay be

uni f orni y omlx%t,qnv Aot A0 UL QR VDD L ABL SO S (ool (bgg,n

usi ng, for exa rotor-stator ﬁi th 'sSoni cati on. added as
necessarymﬂbﬁﬂtﬂeﬂ%?%ﬂh@ﬂﬁuhamnwh”HTMéUmaguFHwngdwrwtuﬁ@\Nﬁybbedéwpl|ed as
a coati ng.WsiNG.H7Qn WL&ound rod or screen print on a desired target. In
one enbodi nent, the coatlng may be applied across a 5 m| gap between 2

el ect r ode3i<h Splge ludnmiyLe wsogiard Vi Bt pagitioni Bk gl cgies ty 'hgt\d‘n“ew be vari ed.

One sui t alihBudhUhibBEmaRg Qﬁ%ﬁt%lalchJnHQ%uméﬁﬂLQQHI ohileb oMt esHrat 75 C ten
mnutes at 125 C, 45 mnutes at 175 C nd 30 mnutes at 187 C. 10551

Speci fi ¢ FHPHNCAY PENE i y*“\t'ar*‘%‘baééaméﬁ“tt%ést“gﬁ*“ticr‘itt difegieraa valpstitcat i on.
One exanphge@fl va:tQrmikabiu@niide:, whi ch car bon nanot ubes are used LI AR
particles t he bi nder of the VSD terla n

20( 18/016@8’5P UL 5867 /O 7 RAEPF ProwG R () ”‘“‘“Cﬁé%?i‘t‘h%‘é’\é/\? 8 SHCERER™SEY8 100

(iciest Amthaipyltriethoxysilane 4 Total Epoxy
[035]  Sdll further, an electronic device may be provided with VSD material in accordance with any
of the embodiments deseribed herein.
[036}  In an embodiment, 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-
layered material across a cross-scction, Such material may be VS in that it exhibit nen-ohmic
characteristics, such as the ability to switeh from being a dicleetic to a conductor with the application
of a voltage that exceeds the characteristic voltage.
1038]  F1G. | is a block diagram iliustrating components for use in a process of formulating VSD
material, according to cmbodiments of the invention. In an embodiment, conductive (and/or) scmi-
conductive high aspect-ratio (HAR) particles 110 are combined with conductor and/or semi-
conductor particles 120 to form VSD material 140, As an optional addition, insulator particles may
aiso 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
formutation process 150 may be used to combine the vavious ingredients of the VSD material 140,
Formulation processes for use of VS material HAR particles 110 are described below, with, for

example, an embodiment ol FIG, 2,

6
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[039] In one embodimant, the binder 130 is a matrix that retains the HAR particles 110 and the
conductor/semi-conductor particles 120. fn one embodinment, 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
particies 110 includes particles that arc both nanoscaled i one or more dimensions (c.g. cross-
section, diameter, width) and individually separated from one another. Thus, the formulation process
150 may untformly 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 exampie, HAR particles 110
may correspond fo clongated or cylindrical fullerencs, including carbon nanotubes or even carbon
black. The carbon nanotubes may be a single or multi-wall variety.

[041] Ay an addition or alternative, HAR particies 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, coball. zinc 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 oxide, zinc oxide, zine sulfide, bismuth oxide, cerium
oxide, iron oxide. metal orfand complexes sclected from a group consisting of oxides, metal nitrides,
metal carbides, metal bovides, metal sulfides, or a combination thercof.

1043]  According to one or more embodiments, other ingredicnts or components for use in the
formation process 130 inctude solvents and catalysts. Solvents may be added to the binder 130 to
sepavale particles that would otherwise be lumped or agglomerated at nanoscale. A mixing process
may also be used to uniformly space separated particles. In onc 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 other HAR particles may be separated out individually and
distributed relatively evenly in the material. In order to achieve nanoscate dispersion, one or more

embodiments provide for usc of sonic agitators and sophisticated mixing cquipment (c.g. such as



M 11 enium Chenical Doped TiC2 - | 90 NVIP 250 Total Solution 986.1 Total
Solids 715.575 Epoxy : Amn Equiv Ratio % Solids72.6% *Curative Sol ution
is a 15% by wei ght solution of Dyhard 103 dissolved in NM' . 10561 Carbon
nanot ubes have the benefit of being organic filler. The t aspect
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rati os may BE Y4V1'&E"t o achieve a desired property, suchéﬁggsaﬁtghlng
voltage for the material 10571 FIG 3A is a cross-sectional illustration of
VSD material provided on a device 302, where the VSD material IS Formul ated
in accordance with one or nore enbodi nents of the invention. In an
enbodi ment, a thickness or layer or VSD nmaterial 300 includes basic
constituents of netal particles 310, binder material 315, and HAR particles
320 (e.g. carbon nanotubes, nanowi res). 10581 Enbodi nents recogni ze,
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enbodi nent’s, the reduction of me al " Toadin reducesgthe rlfvﬁgness of the
VS[) mat erivddic. BAPamide, polyester, polycarbonate, polyacrylamides, polyimide, poiycthylene,

polypropylene, polyphenylene oxide, polysulphone, solget materials, and ceramers. The binder 130

may correspond Lo a binder that suspends and/or retains the HAR particles 110, conductor/seimi-

conductor particles 120, as well as other particles or compounds that comprise the VS 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-canductive and having a volume of composition in a range of 0.01-95%.0nc or

more embodiments provide for use of VSIY material that includes, by percentage of volume, 20 to

8% binder, 10 to 50% conductor, 0% to 70% semiconductor, and HAR material that is conductive or

semi-conductive and having a velume of the composition in a range of 0.01-40%. Still further, one

or more embodiments provide for use of VS material that includes, by percentage of volurme, 30 to

70% binder, 15 to 45% conductor, 0% 0 50% semiconductor, and HAR material that is conductive or

semi-conductive and having a volume of the composition in a range of 0.01-25%. Lxamples of

binder materials include silicone palymers, epoxy, polyimide, phenolic resins, polyethylene,

polypropylene, poiyphenylene oxide, polysulphone, solgel mateterials, ceramers, and inorganic

polymers. Examples of conductive materials include metals such as copper, aluminum, nickel, sthver,

gold, titanium, staintess stecl, chrome, and other metal alloys. Examples of semiconductive material

include both organic and inorganic semiconductors, Some inorganic semiconductors include silicon,

silicon carbide, boron nitride, atuminum niiride, nickel  oxide, zine oxide, zinc suifide, bismuth

oxide, and iron oxide. The specific formulation and composition may be selected for mechanical and

electrical properties that best suit the particalar application of the VS material.

[047]  F1G, 2 illustrates a process for formulating a composition of VS material having HAR

material, according © an embodiment of the invention. Initially, in a slep 210, a vesin mixtare is



1059i As described with an enbodi nent of HG 2, the VSD material 300 may be
formed on device 302 by being deposited as a m xture on a target |ocation
of the device 302. The target |ocation may correspond to a span 312 bet ween
a first and _second el ectrode 322, 324. According to one _Qr

enbodi ment s, V¢ HEVRSER 312 is about (i.e. within 60% 3. 5(H1l1’2”°7§’7ﬂ’7?nl or
7.5 ml| for applications such as printed circuit boards. However, the exact
di stance of the span 312 nay vary based on design specification. In PCB
applications, the range may vary, for exanple, between 2 and 10 mls. In
sem conduct or packages, the value, may be much | ess. Application of the VSD
material in the gap enables handling of current that result fromtransient
vol tages that exceed the characteristic voltage of the VS[) material. 1060]
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[0S} Instep 240, the mixture is applied to its desived target. For example, the mixture may be
applied to across a 5 mil gap between two given clectrodes of a particular device. At the target
location, the mixture is cured into VSD material.

[052]  As described with an embodiment of FiG. 1, the resulting VSD marerial has sumerous
improved mechanical propertics over more conventional VSD material. For example, among other
improvements that may resuls, 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 properties.

1053} EXAMPLE FORMULATION AND COMPOSITION

16054] A compound in accordance with embodiments described hercin may be formulated as
follows: HAR particles may be provided in 1he form of carbon nanotubes (CNT), which are added to
a suitable resin mixture. In one embodiment, the resin mixture includes Fpon 828 and a silanc
coupling agent. NMP (N-methyi-Zpyrrolidone) may be added (o the resin mixture. Subsequently,
conditctor or semiconductor particles may be added to the mixture. In one embodiment, titanium
dioxide is mixed into the resin, along with titanium nitride, ttantum 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 example, rotor-stator mixer with sonication. NMP may be added as
necessary for the mixing duration. The resulting mixture may be applicd as & coating using #30 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 electrodes. Subsequently, a cure process may take place that may be varied.
One suitable curing process includes curing for ten minutes at 75 C, ton minutes at 125 €, 43 minutes
at 175 C, and 30 minutes al 187 C.

10585]  Specific formulations may vary based on design eriteria and application. One exampie of a
formulation in which carbon nanotubes are used HAR particles of the binder of the VSD material

imclude:



975.4 (lap 5 m | Trigger Voltage 447 Canp Voltage 320 Table I WO

2008/ 016859P CF/ U S2007/ 074677 Table 2 lists several additional exanples in
which the VSD material is conposed of carbon nanol ubes as the HAR
particles, RQ)Q%%Q&ggnce with one or nore enbodi ments dgsgfiRed,hesoin.
Tabl e 21i sts génerically neasured electrical properties (neaning no
differentiation is provided between fornms of input signal and/or manner in
which data for electrical properties is determned), as quantified by clanp
and trigger voltages, that result fromuse of the VSD material in
accordance with the stated Conposition. Material Exanple i Wight (Qg)
Exanpl e 2 Exanple 3 Exanple 4

I — Weight (g)

CheapTubes 5.4
Epon 828 100
Gelest Aminopropyliricthoxysilane 4
Total £poxy 104
Nanophase Bismuth Oxide 08
HC Starck TIN —— 164
Degussa Dyhard T03 4.575
NMP 25925
Curative Seln. 305
l-methylimidazole 0.6
HC Stark TiB2 —— 149
Milleniwm Chemical Doped TIO2 — {90
NMP 250
Total Solution 986.1
Total Solids 715.575
Epoxy : Amin Equiv Ratio % Solids 72.6%

*Curalive Solution s & 13% by weight solution of Dyhard T03 dissolved in NMP .
[056] Carbon nanotubes have the benefit of being organic filicr, The fengths or aspect ratios may be
varied w achicve a desired property, such as switching veltage for the material.
1057]  FIG. 3A is a cross-sectional illustration of VSD material provided on a device 302, where the
VSD material is formulated in accordance with one or more embediments of the invention. In an
cmbodiment, a thickness or layer or VSD material 300 includes basic constituents of metal particles
310, binder material 3135, and HAR particies 320 (¢.2. carben nanotubes, nanowires).
[058] Embodiments recognize, however, that carbon nanowbes have considerable fongth to width

ratio. This dimensional property enables carbon nanotubes (o enhance the ability of the hinder 1o pass

i



Weight (g) Weight (g) Weighi (g) ilyperion CP-1203 0 31.29 0 40, 86
Ni ckel | NP400 216.27 221.49 0 0 Mbnentive Ti 132 0
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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 nanetubes can reduce the amount of metal
loading present in the VSD matcrial. By reducing the metal Joading, 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 brittleness of the VSD material 300.

1059]  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 device 302, The target location may
carrespond 1o a span 312 between a fivst and second clectrode 322, 324, According to one or move
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 based on design
specification. In PCB applications, the range may vary, for example, between 2 and 10 mils. In semi-
conductor packages. the valug may be much less. Application of the VSE material in the gap cnabics
handiing ol cusrent that resull from transien( voltages that exceed the characteristic voltage of the
V51 material.

[060] Device 302 may be used with anvone of many kinds of electrical devices. In an embaodiment,
device 302 be impiemented 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 board, or within the board’s thickness.
Deviee 302 may further be provided as part of a semi-conductor package, or discrete device.

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

|062]  As described with other embodiments, VSD material, when applicd 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 capacity. Embodiments described herein provide for use
of HAR particles in a mixture that cnables adjustment of electrical properties such as described, while
maintaining scveral desired mechanical properties described elsewhere in this application,

1063]  FIG. 3B itlustrates a graph of basic ¢lectrical properiics of clamp and trigger voltage for VSD
material, in accordance with embodiments such as deseribed with F1G. 3A and clsewhere in this
application. Generally, the characteristic or trigger voltage is the voltage tevel (which may vary per
unit length) by which the V8D material turns on or becomes conductive. The clamp voltage is

typically less than or equal o the trigger voltage and is the voltage required to maintain the VSN

]")
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malterial 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 VSD 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 fess than the break down threshold energy or time. In
application, the trigger and/or clamp voltages may be varicd as a result of an input signal that is
spiked, pulsed, shaped or even modulated over several puises.

j064]  Embodiments further recognize that another clectrical property of interest includes off-state
resistance, determined by measuring current through operational voltages of the device, The
resistivity of the off-state may correspond (o the Jeakage current. A change in off-state resistivity as
compared to before and after when the VS material is turned on and off signals degradation of the
performance of the VED material. 1 most cases, this shouid be minimized.

[065]  Still further, another clectrical characteristic may correspond to current carrying capacity,
measurcd as the ability of the material to sustain itself afier being tuned on, then of T,

[066] Table i lists another formulation of VSD material, in which the 1TTAR particle used in the

binder is antimony tin oxide (ATO) Nanorods, in accordance with onc or more embodiments.
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Muterial Example 1
Ishihara Corp FS-10P ATO 14.4
nanorods
HC Starck Ti32 150.0
Gelest SIAG10. 4.0
Milleninn Chenical TiO2 190.0

Lubrizole D510 9%
Nanophase 13203 98.0
HC Starck TiN 164.0
Epon 828 (Hexion) 87.15
Degussa Nyhard TO3 4.49
I-methylimidazole 0.62
N-methylpyrrolidinone 2754
Ciap 5 mil
Trigger Voltage 447
Clamp Vollage 320

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

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

generically measured electrical propertics (meaning no differentiation is provided between forms of

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

clamp and trigger voltages, that result from usc of the YSD matcrial in accordance with the stated

composition,
Malerial Example i Lxampie 2| Example 3 | Example 4
Weight {g) | Weight () | Weighi (g1 | Weight (2)
Dyperion CP-1203 0 3129 {} 40.86
Nickel INP40G 216.27 221,49 0 il
Maonmentive Til32 0 ] 5536 554
{(Tormerly G
Saint Gobain BN 0 0 0 0
Epon 828 (Hexion) 46.13 10.00 51.06 708
Degussa Dyhard T03 | 1.83 1.83 234 233
L-methylimidazole 0.1 0.13 0.3 0.3
imidazoledicarbonitriie | ¢ ] 0 o
Methylaminoantracene {0 0D 0 0
Miltenivin Chemical 0 0 85.03 85,79
Ti(y2
N-methyIpyrrolidinone | 80.37 80406 #3535 1234
Grap 5 mil 5 5l Sl
Trigger Volage 250 170 1473 775
Clamp Voltage 100 70 1380 220

Tabie 2

1067]

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

for comparison with other examples. In Example 1. HAR particies arc not present in the VSD

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

similar composition us to Example 1, but with the introduction of carben nanofubes as the HAR

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

reduced by adding carbon nanotubes at a given (constant) nickel loading.
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[068]  Lxample 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 compaositions illustrate compositions that have desirable mechanical characteristics,
as well as characteristics of off-state resitivity and curent-carrying capacity (neither of which arc
referenced in the chart). However, the ¢lamp and trigger voitage vatues of Example 3 illustrate the
composition, without inchusion of carbon nanotubes, is difficult to turn on and maintain on.
Abmormally 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) Weighi (g) Weight ()

Hyperion CP1203 210 4] 1.0

Hexion Epon 8§28 50.25 0 3

Cabosil coated 40.33 26.33 Q

Aluninum

ATASGGY 0 0 13.76

aluminum

Degussa Dyhard 322 0.4 laos

T03

Methoxyethanol 258 6.39 4.08

F-methyfmidazole 0.06 0.04 0.04

Hexion Epon SU-8 | 0 19.55 1432

Methyt ethyl ketone | 0 11.73 6.6

Cabosi! coated 0 1531 0

Alumina

Table 3

{070] 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

16
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1071] T1G. 3D correlates to Example 6, which is a VS 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-linear behavior (i.e. turn-on voltage) when the subsequent second voltage
cvent 384 occurs.
[072] TIG. 3E correlates to Example 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 material, as shown by the amperage of the first voltage
event 392 and the lesser (but present) amperage of the seeond voltage t 394,
1073]  COATED CONDUCTIVE OR SEMI-CONDUCTIVE PARTICLES
{074]  Oncormore ecmbodiments include a formulation of VS malterial that includes the use of
conductive or semi-conductive HAR particic micro-fillers that are coated or otherwise combined onto
a periphery of a metal particle. Such formulation allows for additional rechiction in the size of the
metal particle and/or volume that would otherwise be occupied by the metal particle. Such reduction
may improve the overal! physical characteristics of the VSD matcerial, in & manner deseribed with
other embodiments.
[075]  As described below, one or maore embodiments provide for the use of ITAR particle micro-
fitkers that coat or bond metal or other inorganic conducior clements. One objective of coating the
inorganic/metal particles with HAR particles is to generally maintain overall effective volume of the
conductive material in the binder of the VS material, while reducing a volume of metal particles in

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

[077]  Inone implementation, separate preparation steps are performed for the metal and metal
oxide particics. 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 particles to form the
conductive/semi-conductive clement. In one implementation, the following process may be used for
aluminum: (1) add 1-2 millimole of silanc per gram of Aluminum (dispersed in an organic solvent);
(11) 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 suitable solvent to Cab-O-Sil or organic
conductor mix; {vi} add Cab-O-Sil and/or organic conductor to collection with Aluminum: 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.

{0791 According to an embodiment, 1TAR particles such as carbon nanotubes or nanawires may be
used in eoating or preparing the conductive elements. The carbon nanotubes may be biased to stand
on end when bonded with the meta particles, so as to extend conductive length of the particles, while
at the same time reducing the overall volume of metal needed. This may be accomplished by placing
a chemical reactive agent on the surface perimeter of the metal particles that are to form conductors
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 patticle (c.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 enable end-wise bonding of the

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

sotvent. Desived viscosity may be achicved by adding more or less solvent. The conductive elements
{or semi-conductive elements from step 410) arc added to the binder materials, The solution may be
mixed to form wniform distribution. Appropriate curative may then be added.

[081] instep 430, the solution from step 420 is integrated or provided onto a target application (i.c.
a substrate, or discrete element or a Light Emitting Diode or Organic LED), then heated or cured to
form a solid VS material. Prior to heating. the VSD matewrial may be shaped or coated for the
particular application of the VSD material. Yarious applications for VSID material with HAR particic
caating or bonding wirth metallic or inorganic conductors/semiconductors exist.

[082] FIG. 5A and FIG. 5B iltusirate how application of HAR particles to coat or bind the surface
of the metal/inorganic conductor or semiconductors can reduce loading of such particles, under an
cmbodiment of the invention. FIG. 5A is a stmplified iliustration of how conductor and/or
semiconductor particles in a binder of the VSD material can be surface coated with carbon nanotubes.
As shown, conductive clement 500 includes a metal particle 510 and a metal exide or other optional
inorganic semi-conductor particle 520. 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. In an
cmbodiment shown by FIG. 5A, TEAR particle fillers 530 (c.g. carbon nanotubes) are bonded or
combined with a periphery of the respective particies 5310, 320, As the HAR particle fillers 330 are
conductive or semi-conductive, the effect is to increase the size of the particles 510, 320 without
Increasing the volume of those particles in the binder of the VS material. The presence of the HAR
particle fillers enables conduction. or clectron hopping or tunncling from molecule to molecule when
voltage exceeding the characteristic voltage occurs. The conduetive element 300 may in fact be semi-
conductive, in that conductive clement 300 may have the property of being collectively conductive
when a characteristic voltage is excecded.

{083]  [n FIG. 3B, a conventional VST 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 applicd. As a result of more closely spaced conductors, more meta! loading is
required to cnable the device fo switch (o a conductor state. Tn comparison to an embodiment such as
iltustrated by FIG. SA, under a conventional approach shown by F1G. 5B, the particies 510, 520 arc

spaced by glass particle spaces (c.g. Cab-0-8i), 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 1o adequalely substitite for metal,

[084] FIG. 5C illustrates a relatively disorganized distribution of HAR particle fitlers (.. carbon
nanotubes), reflecting how the HAR particlefillers, when uniformiy dispersed at nanoscale, inherently
produce results that arc similar to those desived from the simpiified tHustration of FIG. SA. A
description of FIG. 3C may reflect embodiments such as shown and described with FI1G. 3 or
clsewhere in this application. As shown. a number of uniformly distributed conductive/semi-
conductive HAR particic fillers 530 cnables sufficient touching and/or proximity o enabic a
conductive path for handling current, including through electron wnneling and hopping. This aliows
improvement in clectrical and physical characteristics, particularly in relation to reduction of metal
loading in the binder of the VSD material. Morcover, when particles arc evenly dispersed at
nanoscale within the binder, less HAR particle 5330 is needed to produce the desired clectrical
conductivity cffect.

[085] VSD MATERIAL APPLICATIONS

[086] Numecrous applications exist for VSI) material in accordance with any of the embodiments
desceribed herein. In particular, embodiments provide for VSD material o be provided on substrate
devices, such as printed circuit boards, semiconductor packages, discrete devices, as wetl as more
speeific applications such as LEDs and radio-frequency deviees (¢.g. RFID tags). Still further, other
applications may provide for use of VSD material such as deseribed herein with a liquid crystal
display, organic light emissive display, clectrochromic display, electrophoretic display, or back planc
driver for such devices. The purpose for including the VSD material may be to enhance handling of
transient and overveltage conditions, such as may arise with ESD events, Another application 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 eatirety).

[087] TFIG. GA and F1G. 6B cach illustrate different configurations for a substrate device that is
configured with VSI material having high aspect-ration particles as filler ("HAR paticled VSD™),
under an embodiment of the invention. bn FIG. 6A, the substrate device 600 may correspond to, for
cxample, a printed circuit board. In such a configuration, HAR paticled VSD 610 may be provided on

a surface 602 to ground a conneeted clement. As an alternative or variation, FIG. 613 illusirates a
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510 may have a di nension represente di anet

oxi de par#idche i5gmwyfqmwmamui Hﬁlﬁﬁidbhd'r e]dpleg‘entuewibv\fﬁw“dmVéﬁ ﬂelfﬁbo‘du ment
shown by FlLGscdAikeh Wtﬂ?ﬁﬂx ‘»’Q')@ndfdndllxﬁrl% 51395 1(1@2,1931 aﬁ@"ilmndtﬂé[)m:&bqfﬁ)% are
bonded or conbined with a periphery of the respective panicles 510, 520. As
the HAR p&fdf elrlkéhww QF@L*BB'OM%IIP‘@‘%&MIU(&F|“\9‘é‘“’(‘ir‘=“§'éﬁ*ﬁ“’ wmﬁh‘&n“%um%e ef f ect
isto IﬂCﬁ@@ﬁ@dhhﬁn§HaﬂmOf the particles 510, 520 wi thout increasing the
vol une of those particles in the binder of the VSD naterlal Ee presence
of the |1|,R|92"]péPP1“é“}“é“f”i 1 SRl waT B0 dotagEY PO A CH! 1R pERIE SR Wi ppi ng or
tunnel i I’lgcnﬁh’oal”fkm@ld@,ﬁ[hﬂca hE1QinTRdy @G Wby cnhany Mahd ageogxagedhngud B&cribed in
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order to mamgcmhar@eym@enuumbnagb»dxceedlng t he characterlstlc voltage IS
appl i ed. 612 19 qf | osely spaced conductors, nore netal | oading
IS reqU|red to eﬁqLRH !ﬁgqéﬁwfce to switch to a conductor state. In

conpari sat?tlo . feinbediphiet digeehofay clebtrustdeatee) WYclFY 8 nparialiphgeprdgpee
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by gl ass particle spaces (e.qg. h ), an enmbodi ment such as shown in
FIG 5A Wp'20087.0088598c4E: F‘SQ@WPF‘O‘MWW o s tita- o thistala! Vo1 e ewi t h
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properties, and have di nensions to adequately substitute for netal. 1084j

FIG 5C NWHH%%WHP%%“%“f@Fé%WW@ﬂydﬂﬁ%BWgath@dmdP§FWPBGWFBW”8$mHNﬁ”bért|cIe
fillers (zecgmczﬁmb@zrwzanphu@e&)yleraﬁcf\\ S0 hiaRGalhaw 1t Ao PARpald ihebaflber s,
when uni f orm y dlg rsed at n%nos?alc |nh rently Brod ce(gesul s that are
simlar t'dtHEEE ! ‘e%? SHYH G RE S IEP P 19 TP AT SAGEEF TR, A
descri ptiséeh <Qf1mE:|IEﬁds5@<,IYB.Mlarre@\lce@lﬁnbeIimﬁdhd.‘mm;&(Sugchls@&sc&hdm and sdescri bed
wth FIG h|s pplicati.on , er of

i for myrar Sl Pt e iSterry B EeaRat oo B b oo el i1 1 or s 530
enabl es S094i oVigntspbouchiyng: andwmnmmsmxunxuyumoc@ﬂ&bﬂ@r&gd@ﬂdUQMyMewpath
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This al | ows mSo nt el’ect' F' al eristi
part|cuIamhymwnwmék@ﬁmomumonnbdﬁﬁ@memndﬁﬁhetabﬂwaaangybﬂﬂhheubonder of the
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el ectrical conductivity effect. 10851 VSD N%TERIAL APPLI CATI ONS 10861

Nuner ous applications exist for vsr)'naterlal in accordance with any of the
enbodi nents descri bed herein. In particular, enbodi nents provide for VSD
material to be provided on substrate devices, such as printed circuit
boards, sem conductor packages, discrete devices, as well as nore specific
applications such as LEDs and radi o-frequency devices (e.g. R AD tags).
Still further, other applications may provide for use of VS[) material such
as described herein with a liquid crystal display, organic |light em ssive
di spl ay, electnehrom c display, electrophorctic display, or back plane
driver for such devices. The purpose for including the VSD material may be



10921 Step 720 provides that the substrate is imersed in an electrolytic
solution. 10931 Step 730 provides that a voltage in excess of the
characteristic voltage is applied to the patterned regi on of the device.

The appli cat e voltage may be pul sed to occur fqr.a ted
duration of\%g%m%tﬁgh is less than the break-down I|ine. géHgsﬁgég%qumn time
may correspond to the mninmumduration in which the HAR padded VSD materi al
is known to break-down when the given voltage is applied. At break-down,
the HAR paticled VSD material nmay lose its electrical characteristics,
including its switching characteristics. The pattern of current carrying
traces and WO 2008/ 016859PCHUS2007/ 074677 el ements may substantially match
that of the HAR paticled \/ SD material. In the electrolytic solution,

char ged ehemmmﬁ&iaﬂtmaﬂm)andubmmduﬁomHMGgeMpmsmgdmcghmnmaohnmhetHARﬂpadded
Yggélg_m‘} ﬁrhlg“lhlcilnh gcrmgolﬁol'llg Etﬁpc Jvccn {lu?frb dn(??cg%lf\arllcgdfe[‘%nﬁlmlfdcxJCL d%ﬁl idom ce.
devi ces |me%ud@sSusmngJHMROUaddembwﬁIbnmm@wdqﬂmlbh@kn@aslﬂﬂEducédhnecalI|c

| padt gt 0sp Al Hsgal AL ASREGIL BB RATLER [N 117 er mterial  Such
t hrmul ati on enab hger time tfor performng the plating steps of
720 and 7899 é’é'llclcmwédti)wncgﬁti»eﬁtwczﬂnmnt»\dswIMtnekhSaP@cm KbrleeierNo. use of H
AR pati cl eds¢SR) pRfi&ril falcmw&&%a%&dl Kﬁi)hhg?géjuﬁh%n&h@nh/%b m&@rl al will
retain its integrity after the 'plating process. + his means that the trace
el ement s fRa{inE ﬁﬁ@dxvﬂﬁh“rﬁﬁéﬁ@ﬁwﬂg?UOHdW%@ktﬁﬁ@BVPWP?%S”Wﬁ@ﬁ“&%n be

|ntegrategnmmgcﬁn@@mg&Mh&@Nk;gaému§mnS|stent w th an enbodi nent of FIG 7,
use of VSD material in accordance with enbodinments described herein may be

appl i ed t QTURyMEIUEE- BF AR15GRY BT FYCEOEh i AU BL S TREBEHP 5B 4R ViEs: Sich Pt ent

No. 6, 7971,43,1451cqﬂn@CMlﬂﬂh&hBh 0gidewhniguaso Wirdlks l—dmnpml ibiCd @ e MO mtdafl al as
descrlbed{ ( ) create vi s on a su strate device, g

mul ti-si dé‘dw‘s’lﬁrﬁé‘*&}"éﬁ“é“"&é\ﬂ B SRR Y ‘c P SRR QY ‘ﬁb‘“?ﬂﬁt“t"e\‘sr%mé* LY

si de, andgrorct@ichinponcintees ﬂﬁl’ﬁ rleicct\mmg!c\t:was gL AVEeN ekt in-sedidecks substicat e

devi ces ing curre patterns on le. 10961, 0111F R
APPL| CAT:%\Q|§“%6§‘7‘T"‘EPE§ “" / “’ “rﬁ%’l”l ‘f‘i‘“‘:&““’&ﬁaaP‘a‘hﬁ”é}? ﬁ‘érﬁ‘"‘é‘l"*eg:‘{“r‘6‘%’?’&'@&/i ce
on whi ch Ms_off YSibrataerial 05 i mmv ;aﬁxamml t{m@ow;ntshmendmlal@ menhsy leesexd bedc her ei n
ggﬁpgﬁeﬁ{(%é%gﬁq{ 8 E T%l u?an! L] r[on po%n??]” m w Lﬁi!L gscm( L}éggﬁ,:\{'}%gﬂﬁhﬁgﬁﬁg Lﬁglg’ggjr;g&
be incorp@%dmedmuhﬁ@uanyudweuapnmwn@c@ﬁ¢MBNVMh®®aiwomstmnahudwmg at a

Iocatlon(gﬂ@gm§%§¢gggﬁ QgﬁmMPQQQP gath the surface 802 (such as under its
trace elenents or under conponent 820), or \\Mnn a thickness of substrate

810. Al t difHH{ Pvsblihe eedySDsacEpdddD Utayatbs Apniorporat #4603 Wedvhikeiscasi ng
830. In eiﬁ&h]uﬁ@&ﬂ)y 1&1@1%11%%@0“@%@{ L& mp"?tQQMn@-Ml PESHRGRS IQQQ)@F&]%@]E&Q)H@%? Ji¢h couple
wi th conductive elenents, such as trace |eads, when vol ta?e exceedlng t he
char act erfEHE 6T EHeugse pelksepr-ramhyaicles eyt iant e jglor Sgsmpedigents
conduct i ves@eh.ement, i n the presence of a specific voltage condition. 10981
Wth resp ct. to any of the applications described herein, device 800 may be
a di spl ayl b"&w\eé“ *'éﬁk‘“%hﬁ’l"‘é““ CETROBREIT BE T ARG e SBSHID * AP ED t hat
illum natﬁfmlcf)tﬁcﬁﬁbi(|ftelc5UhhSt\ﬂS@t;ﬁal@ﬂa@hO::Th@ blacnmg,iul@inunghamuﬁmi io@ pdsadoh@ine of
the VSD materi, g 805 substrate 810 may be sel Cthﬁ 8 accomodate | he
el ectri cal ““["E4ds" R bi" RS ‘é?““"}ﬁﬁh't“BF BliEpureyang® Ot HeF E8Hduct i ve
elenentsIﬂhauSnWﬁh@@Qﬁ%Q&@@EQBG&ZU$BQO@A@IA6&Ecmme:pmmvmmedhmmth used by
mater ol g B bSO Rutisd bt el RSt Fiv Rl RlyEbGetiBuet "or ohe
LED devioemtapasvvﬁﬁnwmamsuM$hmaﬂ@mLﬁmnwknmuﬁbhegmtmmﬂsmmanmne enbodlnents
provi de f of Qrganic. LEDs, in which case VSD naterial may be
prOV|ded!Q?Mrgﬁ\Qith?kunderneath the ()LED. 10991 Wth regard to LEDs, any
of the erbtdi hembndestrirtyedvitnreflrSoc Pabeditvidppld catilonl iNosirad il $62, 289

(whi ch_ [ s\inCarPOEAL Sfh bl & EREAGSIRGLET Bk TRYNE: LTRUSIERL e Lh VSD
material containing a binder wth con ductivel/ sem - conductive E

particles in filler material, in accordance with any of the enbodlnents
descri bed herein. 101001 Alternatlverﬁ devi cemay correspond to a wrel ess
commJ |'i Cati 011 device, such as a ve.y" 11 radio-frequency identification
device, Wth regard to wi rel ess conmuni cati on devices such as

radi o-frequency identification devices (REID) and wi rel ess comuni cation
conponents, VSD material nmay protect a conponent 820 from for exanple,
overcharge or ESD events. In such cases, conponent 820 May correspond to a
chip or wirel ess cormmi cati on conponent of the device. Alternatively, the
use of VSD material 805 may protect other conponents from charge that may
be caused by the conponent 820. For exanple, conponent 820 rnay correspond



101021 As an alternative or variation, the conponent 820 may correspond to,
for exanple, a discrete sem conductor device. The VSD material 805 may be
integrated with the conponent, or positioned to electrically couple to the
conponent '%m? /ﬁ6@§ence of a voltage that sw tches thg-ppigii@lson.
101031 still r devi ce 800 may correspond to a packaged device, or
alternatively, a sem conductor package for receiving a substrate conponent.
VSD material 805 nay be conbined with the casing 830 prior to substrate 810
or conponent 820 being included in the device, 101041 CONCLUSI ON 101051
Enbodi ments described with reference to the drawi ngs are consi dered
illustrative, and Applicant 's clainms should not be limted to details of
such illustrative enbodi nents. Various WD 2008/ 016859PCT/ 1152007/ 074677
nDdifiCatEGMSm@ﬂdavavﬁmﬁmﬁm$HijWuHMMWCbBHhmcMﬂdﬁdekWHb®hﬁ9@ﬁﬁ$WFS

g???;:, 2ﬁ?é011]b|111&!§?11 Or?%iillcs%u Cgmﬁﬂﬁidl&y )Accdiffg@ﬁllﬂ Lﬁﬁdlgggﬁgddﬁﬁ&lengg%rd?%? Mt \If:‘et h
scope of &hewﬂthﬂMmonnbefmeﬁnnednbyd¥MGimﬁhq@“Wﬁ@b@ﬂﬁb#%Mh@WPFHé%nore it
|'s contenpla 11%?11”%“1 a%ch%hF ]rlcftldlc%actlﬁéit&ﬁ n%s?&ﬁih 6 §hit fah chnbglividual |y or
as part o nt can conmbined wth other individually scrlbed
f eat ur es, hnmﬁ@mpdwﬂb@h@vh@ﬂﬂéHb@dﬂﬁﬁﬁﬂéﬂm@w@nmﬁfmﬁﬂél6?W€Wmﬁﬁd¥ﬁ} 'and
embodi mengg., TRk S LA PeARA ARELKO fm Lbgopark e phdtufieatee. CLAIMS 1. A
device conprising: two or nore el ectrodes separated by a gap; and a
conposition of voltage swtchable dielectric (VSD) material provided in the
gap, the conposition of VSD material conprising: a binder having a
concentration by percentage of volunme that ranges between 5-99%

hi gh aspect ratio (HAR) particles, including HAR particles that are (i)

i norganic, (H) conductive or sem -conductive, and (H) dispersed as
nanoscal e particles wthin the binder, wherein the HAR particles have a
concentration by percentage of volune 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
percent age of volune that ranges between 0-70% and/or (H) sem conduct or
particles that have a concentration by percentage of volunme that ranges

bet ween 0. 0- 95% wherein the HAR particles and said conductor and/or
sem conductor particles are uniformly dispersed within the binder, so as to
not be aggl onerated or |unped together in the binder; wherein the

HAR particles and said conductor and/or sem conductor particles are
conbined to provide said conposition with a characteristic of being (i)
dielectric in absence of a voltage across the gap that exceeds a
characteristic voltage |level, and (H) conductive with application of said
vol tage across the gap exceeding said characteristic voltage |evel;

and wherein said characteristic voltage | evel exceeds about 14 volts per
m | across the gap.

]
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2. The device of claim1l, wherein the device corresponds to 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 elenents on a surface of the
substrate sleyg ce. 5. The device of claim1l, wherein the device is selected
froma group consisting of a discrete device, a sem -conductor package, a
di spl ay devi ce ,or backplane, a light-emtting diode, and a radi o-frequency
i dent i fitati oh9Edss CANPIISHY The device of claim1, wherein the conductor
and/ or sem cowawe e pleetreddseasparstaredy 4 Bami aHe HAR particles, include a
nmetal or a nmed edmamitipheX voltade shitehdldy diectilc (¢EB) maleriareriged irtthe gktiRhe
parti cl egnfRitiBRbAVEDMmatefal cdRBrigleyi ce of claim 1, wherein the HAR

particles are Bi%‘é’r%%%lnéee}é‘o%@%t?’a%n.b Z)'ero-gﬂﬁaf %Yk@ﬁm%fth&t'rﬁh %ﬁnx\&!ﬁ' bt he
HAR particl es are conddc |v§ nanovm?,’?., . e device 9f. claim

wherein the HIg et @ie HRREPIHEeS MSyalg AR Rpagidesdnetereyf) NomRNCTH devi ce
of cl ai mondugtive cebemitrndvsivec ampoividisperser psinadescaireparidativthin e padar cl es
and condutdrein tiaHAReiat hee d dbapedtdRopay beckatgewheslams tisstirahges

sem condipkéMeo BRgEy,CLRg correspond to one or nore of silicon, silicon

car bi de., ti taanéol}l@egt% e %‘?p :Qi%lreg%hh%'r‘hra' q?AR ggHimers],utlﬂ]e%b%énﬂ%tiomb&pg%cle%x' de,
zi nc oxide, 71 HC sultide, PRI Such oxicde, ¢ r[%om e, 1ron oxide,: netal
or/and dorhiiadscondycior pariiclae{iiat Bavs @ e9ngeralionieRePe 194feC V8 MERBbsi t i on
i ncl udegasgss dwekc®70%, pad/or @) esmignadusticadictss thatrheive lreonerrtietion han HAR
parti cl grcantefeadf NolBiaietthaBhgesbietery e 0p®mt;i cl es i ncl ude particles
correspondi NGydefeift 115 ARR RirtidPee HRSaid BRI hhd/FesomiBEidtof BaRLIE§are MBt al
bori des. . 15La) RHLsEd8Andhe BrGOTRb NaL O LNEIEOle ok I ASYLAE, 87 ol alm
1, wherél™ ,tn?\E VS ite %ogi ? 8NP eP dads et TdiEtive particlres other than
the HARPaPIFP8T es that include Titaniumdioxide (Ti02). 14. The device of
claim 1, wherdiarit e dARpesiddsamndafaid/gDduaioeandbr seanitondustdr wattiblesiere

si nt eri n@mbifed té pPRideoshid esmedsaRinnAN Athargetarisidles beiag €) dichetrizet bosknce

conpri sifpg:vofgY ¥dr e@f?%b%@&%éé@éd%%%?&tgs% OGitddeTedeY SR (MRlREL@eONt O a

hi h asgRRPUEAIS" clagy YRlaqH ¥R TR dee areegshauet i drSesp il  ve
and di sper se@"dv¢59i0 §8/4| Bafmstarishe wiltage deveherosedb a4 VaRIPRIAbBCPY
and/ or despapnductor particles other than said HAR particl es;

2. The device of claim 1, wherein the device corresponds to 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.
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sai d conductor and/or sem conductor particles being distributed in the

bi nder; wherein HAR particles and said conductor and/or sem conductor
particles are conbined to provide said conposition with a characteristic of
being (i) dielectric in absence of a voltage that exceeds a characteristic
voltage level, and (ii) conductive wth application of said voltage

exceedi ngn sai .. I St t I . 1 : - i t he
VD mat e al ; TP ARARH S 1 ARl BOPALEHFlces BERUISnfnY AFORB, 10
vol tage |l evel _so that the VSD material is conductive, ‘ whi | e appl yi ng
t he vol tHge, BExpdioepf clagmtlawherintagiVeR esmmpasdionavilusies sgmineneldiwer ol yti c
medi um particles arahcbndbetoepartisias dihehhna ctAR paticles, wilereig ealeemlicoercatizds about
14 vol t SodifledTidrre@BERER hedtPndr bMBRLARY sifodnHaPae Sfarfim WRRIYSRBRh@idal  16.
A devi Ceaiﬁ@ﬂrn' r’.ﬁfri@?'nic@égxide,azir*oat}%ﬂe Qifnc%Bllfi&&%?srﬁ%to%la@béeglum dﬂi&?‘irﬁhc (VSD)
er el h material ¢conprises:” a polyner Dbinder; a

material , . n
first set™ ”E%'Pﬂé?%gor%'ﬁé?%ti ng of nanoscal e hi gh aspect ratio (HAR)

particles that are conductive or sem -conductive, the first set of

nanoscal . HAR headdvicel of glatth Ipehseth the MIDncdniyeshion derlydearsdmiconductiva second
set of Dafidicd A% cobDQbr paakles Bindr thiah HAFSEAriQks, NAPSA 3bG sBRdPaLtvE! es,
consi sti ic?%s iﬁ&ﬂ&’é‘ﬁ%r%aé@g!ré’s[poﬁgﬁﬂ{; ?00%‘9%8& Bf ol @%Itaﬁﬁﬁridse%' ﬁxe?agﬁé’@%ei?t of
conduct ar_and/ of “sem conduct 0 articles drspersed wthin the binder;

wher ei n rﬁﬁtagt?ﬁﬂ‘i’ﬁ?' rB?tab%{'pfﬂque@I S8 g‘i”étﬁi%?t?é‘dh?rﬁo he binder, including the first
set of nanoscale HAR particles and the second set of conductor and/or

sem condifct orTheaddvicel o slairh 9, #békincthe MSDycdnipgsiiontiidides spaicdbadtiven

thr eshol g @led difer\REh HRUSAR Bhitics B4t IHARRMEME@niuntdioxid8erigyi ce of clai m 16,

wherein the first set of nanoscale HAR particles and the 'second set of
conduct oy, and/ or , sem conductor particles are substantially uniform

di sper se%f'i n .ér}?edeb’l‘}refgré IBinyasrein t*ﬂ%.’co’?ﬁ%s'%\/‘?fc\zs%f”a&rﬁ’ﬂ ﬁlf‘i@}ed\mg}o@rn t he
first setintgfngmanoscal e HAR particles include single and/or nmulti-walled
carbon nanotubes. 19. The device of claim 16, wherein the device is a

printed @ r CUi bnelRAIMEr eledfbplatilg ad8BL R Ohe FhAdR ditnpidiier €1 n the | ayer of
VSD materi al g e v qﬁade"sY'wt. Mdbid GE %ﬁri‘ﬁg{/gﬂ. fateril énté’%ﬁr@- t ret%E'o-n of e device
of claim19, ,é’ré’ﬁ h'q g I af‘ér_ ,oef ?)§ r?afa e provi 998 588 Sdrface of
the pri MeEEecIHEYSP Baigrd 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 semiconducior particles being distributed in the binder;
wherein MAR 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 V8D
material is conductive;
while applying the voltage, exposing the target region of the device to an electrotytic
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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22. The device of claim 16, wherein the device is selected froma group
consisting of a discrete device, a sem -conductor package, a display device
or backplane, and a light-emtting diode. 23. The device of claim16,
wherein the |ayer of VSD material includes a netal or a netal conplex. 24.
_Thel dgv' ce ofg %%&b#?@ﬁi?@@&&@%h@%}g ﬁérao%&aléﬁtghgc{spleaa@tﬁ A@?)'ﬁ%ﬁic}&%ﬁh%@' es
i nclude jnorgani.c parti.c o . . irs
set of n%%gg'g%chvﬁ-&ﬁe&{ﬁo ﬁ@l’cetlg i Pl%ﬁugsée ?rjl\f;b %'ﬁosgalre ﬁ%lkgé Eeﬁ%s%ﬁggggvﬁce of
cl ai m 16Ne RiEPePAdt he first set of nanoscal e HAR particles include nanorods
and nanowi r esa se@7d sdthef pdgicieseotbér bhakar figst sahdmenasaaleeHARpatticlsst  of
nanoscal @nkléfhgoerdoheli@sr draicdryedmiodbntiiidc®mariidies; eXiddectATEt of c@Buctbhandlevi ce

of clal MehfeontBbPhititipe ddBuEFulfindndbhgded Circuit board, thin film

el ectronic ce I_ght ttin iode deyice, .radip-fr vi ce, or
radio fr equen%riﬁr?'agﬂﬂ%??u@gg %%{'Ce%:&fﬁer%eeogp&? Em%r_, %fﬁ'grﬁ&g@%j@g%?t _gl ai.m 16,
wher ei n eSS HAR Raviierrey the sreandegt ef GeRdVelobAer, SeRHeP EHECbPa PR 1S
conponersufiicangy & srcthetia percoladiopthreshett dfitheMBD relarial is agideadherei n t he | ayer
of the VSD material is provided within the printed circuit board to provide

D0, wherain (T oyRRly a6 R AT CRTRERAaFae HAR paitBesEHa R B AT
boar d | rREPORbEE LBl GETIE SERCR L PRI 07 et et Ty el
di spl ay,in {i¢ Rgegiikindarght eni ssive di splay, an el ectrochronic display, an
el ectrophoretic display, or a back plane driver for an electronic
conponents,  3the dBIRcAR ¢Iahe 16f witdrainhd first ¥AQ19F Rambskhie MR beficles itlude
sem condyehor . &hi rﬂultiﬁméltb@%%oﬁrn?éﬁ&t%eé?' splay, an organic |ight em ssive
I's

di splay, an electrochromc pl'ay, an el ectrophoretic display, or a back
pl ane driver for an electronic conponent. 32. The device of claim 16,
wher ei n the déwidaxicef glajm 6] whaselpdpmreiicaisisoningRd siceit Po&§: The device of
claim 16, wherein the device incorporates a liquid crystal display, an

Olrgatni ¢ dol ghtTr%rHe%&ie\tﬁc@irﬁggﬁwgreﬁ@iﬁ é@é _%9&1*&?)5’[?ﬁia@er%i(lsi%%r@ycieﬁﬂitfﬁrﬁlthe o

el ectro oR ay. : e device of claim 16, further conprising:
one or %@Eae%cdé@r{ﬁlghgﬁjs; and wherein the | ayer of VSD material is
positioned to protect the one or nore conponents agai nst a transient

el ectri &dt evidgtdeviga®f claim 19, wirseiaithe faper ofa{sdy metergbm nraidad gf|a susface of
posi t i oredptided airewt kward.ent fromthe transient electrical event to a
groundi ng plane to protect the one or nore conponents. 35. A |light

em tti “g.zzdi Odiel’we(oleléBE o(flgl\éirﬁ“?6,c\9ﬁ’g?éiinstﬁé~'9évice 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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a non-linear resistive polyner conmposition conprising a concentration of
nano- di mensi oned particles that individually have an aspect ratio that is
greater than 10: 1; wherein said conposition is (i) insulative in
absence of any voltage that exceeds a characteristic voltage |level, and (H)

conduct 'eYé%t%lErae@QQli?gﬁ%rJgﬁmQﬁo@e d’é?/\aea%lot@@éueﬁéﬁééﬁl& %Pﬁad@ﬁ@écﬁ@h@f i stic

vol t age erein the polymer conposition i s positioned to
prot ect ‘H{‘X‘ '?.%Bné@ Dﬁé‘?‘”??anm ent electrical events. 36. The LED device of
cl aim 35, wherein the concentration of nano-di nensi oned particles

i ndi vi d@sl | y Thaweviae ohelpiet 16, rvtsren theadevics infludas aprifded ofcuitdoar, end great er .
37. The deRrélesthpenchits sreaitiariidhl towhep@ited tingitooars ahd dhiam Bk layer of the

nano- di Ref$iaRed, 19%?5\):&;'(1%& HreYrAMY Grouit é@ardT@Sro@ﬁ@p@&%t% t@fthe%r%'dp 37,

t he concentr tlog nang- di mensi oned particles include | erenes. 39. The
LED devi™¢ fie concentration of nano-di nensi oned particles

I ncl ude car bon nanot ubes. 40. The LED device of claim 37, wherein the
concent 38t i offhefdenianof dhimeR8,ivaeeein fizer eriecdrasorerrompdeente etiadhied tateowintess or
nanor odsircdilbEhe inckde des8ntisoriucet amip) s38ircuft eldninatt, oo t@stagd@i@praaent ration

of conducd o Ry ér%[]ssﬁzg@l RRALE LREPAAE Rbia28M RSB o S

concentra | I oned es an conductor and/or
sem conéi’ﬁ&if BF”f‘)gPY‘%r P §'8° [%'I'COW”%POBSP oI at | on threshold of the pol yner
conposition. 42. The LED device of claim35, further conprising a printed

ci rcui t 3doar dhendewke ohclaim Il @agterain oy dévine ioh sehdécqrdligtrechigenijpoil erysal i s
provi decispfby, é(rherdaﬁialgﬁt/érﬁ@s@é dgbRl narsSlecttarehin didhey L EDeidevipperdtis provi ded
as a Pagkags. of $od 05 bEPIARY it S oo BoriBondd { Ner cOMPrising a separate

concentra

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 18, further comprising:

one or more components; and

wherein the layer of VSD material is positioned to protect the one or more
componenis against a {ransient 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 compasition 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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phase particles. 45. The LED device of claim 35, further conprising a
concentration of netal particles. 46. The LED device of claim35, wherein
the concentration of netal particles selected fromthe group consisting of
copper, gold, silver, nickel, or cobalt and m xtures thereof. 47.An

el ectronj, g geui ce conprising: a layer of voltage switchable dielectric
(VSD) material formed by: (i) applying a mxture to a substrate,
the m xture conprising a polyner binder, a first set of conductor and/or
sem - comfuct dnepdlt §evieesol dairp 3. beceneerdiation e nearsipanodRridssdaeusat i o
(HAR) pamthoolresonbber than said first set of conductor and/or

sem -conductor particles; and; (i1) curing the mxture on the

subst r atg; WHELSIEh ANAIBUNNA: RALLIGhE SocRREEGEd o ifoticder

i ncl udi ng tgqes. I‘E%ets seﬁ. of conduct or and/or sem conductor particles and the
second $BIIGSE NAEEPECHARPYLF 9" N1P8°%s sufficiently | ow so that a

percol ation threshold of the VSD material is not reached. 48. The el ectronic
devi ce dfl. cl dihel£ED, ddvitet dfetairo @Fpivrtbemepmprising a cancéntrationef ecndustde aagidr a
second ekRfidon@G&or FHHLIN) QNG Whetdiea Bbirbe cbicerBlibresr the nanspinienkhugen t he
first aggrt%%% gtﬁ% ?ﬁc{ugfé)?ané/%r Ja6 grlncfﬁg{orrggq'tﬁieg%’ﬁ&%%ke% {Phdresidigr €i n
the |l ayer o material I's prowccie as ayer wthin a thickness of the
subst r at NeRPYRY °8F@8?’38?1i c device of claim49, wherein the layer of VSD
material underlies one or nore contact elements for connecting the

subst r at4e. t o Tapdiziedeviteviforim aadfuther einmprising soprénted cirmpitdoamimraeticlebenent s

i ncl ude j&43t ARBFIHIR st doheakitivn @oneeedd. a surface of an indivi dual
contact el emrgnt to tﬁk(lacebcﬁ}ayer E@VSD nacq?eri al. 51. The el ectronic device of

claimd47, wherein the electronic device is_a device selected froma group
consi sti‘lg of Mg H%ngjﬁvi eft“iﬁ”ﬁg’sdwg%fg',” tEe ILEEﬁ Q?-Vfcreéﬁﬁ’é’ﬁ@ﬁgd‘éﬁ Fta@!;agf‘di screte
devi ce, and a sem -conduct or package. 52. The el ectronic device of claim
47, wherddi n tThe LHD ¢dviceadf cafim Ganflitbéocongnidingra sepatrate ndoindatigrasftpotines and
the secondssgiti@bs.nanoscal e high aspect ratio (HAR) particles are
substantially uniformy distributed in the binder. 53. The device of claim

52, wherein e cond set of naposcal e hjgh aspect, rati o (HAR rticles
conpr i sé°si néJIHE L%M%ﬁcerﬁjm'mﬁgr F“é‘gerc%r%ﬁ%ﬁ%ﬁf%%t@t'on of metal partifes.

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;

(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.

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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54. The device of claim47, wherein the conductor and/or sem conductor
particles include a netal or a netal conplex. 55. An electronic device
conprising: a |ayer of voltage switchable dielectric (VSD) material forned
by: (i) applying a mxture to a substrate, the m xture conprising a

pol yner hbldehiaclelbinksts f&%nﬁéctﬁa@Wﬁ’é’%&'fra@rtglaﬂbthéﬁ&@\nééoBﬂ&'%@felrpﬁétohé| es,

and a S%We%&tut Heid}399 %%|u%e ATRES oideRlch Ry {dipR: £ erc‘é'o?gnOt her than
af oI PR bR g el SRlGs
iﬁ:‘l ngI [‘fs@ a’n’%cﬂ?t@c e'%%’ét t%Jlfs?Y%ftoé %\rﬁf@?t@f’ anO;rmS;ltl gf partl cI es ("

di spersed in the binder, including the first set of conductor and/or
sem condifct orThealddtohieicaind of bieins T omtbreiathaoéletteonisdalice islaRkiepae selebied, 1S

suffici errbtnh 4 L&w c%ﬁsﬁshegt o IRALERItA] @B, @rr@aleq+éaueﬁc¢mlc¥89d%ﬁe@é blicd, s not
reached. g:%ngu a%l?é device of claimb55, further conprising:

a first eq nd el ectrode, and wherein the mxture is
applied to a span betvveen the first and second el ectrode. 57. The

el ectrorfie deleceagonisidgiviee D6 claivh é7 eifrereindhd Erpleget of corsbeivnped/pageniis
provi dedoasudon myilesdridtha sacdril ek obsemostalé highsisbsedtratice(HARGartiths are

el ect rorgugstgﬁyzjnggn@gm@ ALbotey i Ehdert he layer of VSD material underlies
one or nore contact el'enents for connecting the substrate to anot her

devi ce, and ereln t he one_or, nore contact el enments include an aperture to

electricatly @Srﬂ‘?&?? OLC8 L PAGINE FONG P RINCOTRIR A B SRR O G AR
| ayer ofpauSBsmarrisakinglesmd/oTeuligvatied eatben davitdesof cl ai m 55, wherein the
el ectronic device is a device selected froma group consisting of a

l'ight-emgtti ﬁ@zedﬁe@@@of @iafrﬁ"@? Quildr&AYSNEIh N sﬁd/o@séﬂﬁaé&{o‘%%r%hfk%@mcmaé a
sen - CO%dTH&tgf&%)%%Eﬂi‘ ? . The el ectronic device of claimb5b5, wherein
St'S uc

the fir |8f5 and/ or sem conductor particles and the second
set of nanoscal e high aspect ratio (HAR) particles are substantially
uni f or m5p. di $trralécitosid davicemoniprinidgr . 61. The device of claim60, wherein

the second setla@r onasiegeahichiigd detperl(VEBY) hatdridARImpabyi cl es conpri se
si ngl e and/ or ﬁb‘;hl?:h ‘é(arh& E)aég’\%ktrﬁ?en%quﬁﬁjre c@rﬁprlé{@aﬁswir%? bﬁﬁtjelcla%'rép 59,

wher ei n con t or articl,es r a
net al CO%{;& conguc"for and/or semi- con(?umtor pa |c es, and a second set o anoscale h aspec

ratio ( HAR) particles other than said first set of conductor and/or semi-conductor particles;
and;

(it) 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 {o electrically connect a surface of an
individual contact element to the layer of VSD material.

5Q. 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.
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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) patticles are
substantially uniformly distributed in the binder.

61. The device of claim 60, wherein the second set of nanoscale high aspect ratic (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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