Vol tage Switchable Dielectric Material Containing Conductor-On-Conduct or
Core Shelled Particles TECHNI CAL FI ELD [0001] Enbodi nents descri bed herein
pertai n geoaneld3y3eBo vol tage swi tchabl e dielectric nmatercaluS2enaeisor e
specifically to voltage switchable dielectric conposite nmaterials

cont ai ning core shelled conpounds. Background [0002] Voltage sw tchable

di el ' V, Lal ' h ' ' N
Vol tages and VOMAGE, Switéhanle idlactie Matetial Cottalbing c iy
conposi tes confionductore@ne€onductor CorecShellechPartickesve

particles in an insulative polynmer matri x. These materials are used for
transie r i el ectroni c devices, nost notably electrostatic

di schar TECHRUEAL PfE SD) and el ectrical overstress (EGS). Generally, VSD
mat eri al[#@0aYes BhbadireItstddseribed Redein Eéﬁtra@ﬁtg%né'fallly bV bREGeOr

vol tage range is applied, in which case it behaves as a conductor. Various
ki nds ofswisChaflleediclectria materiadpndsmefrevepeacifjeaknitocrabage svdtdmbliec

terial provi ded. i fe uch as U.S. . No. 4,977,357, U S
pat - ho. JigfRsHEmPOSE mate kis <o babing sore Bellell conpoidsy’ 263, U S
Pat . mﬁ#ﬁ%\%ﬁ’ U S Pat. No. 5,248,517, U.S. Pat. No. 5,807,509, WO

96/ 02924, 7/ 26665, all of which are incorporated by reference

herei n. [@002]] Vabltaderswitchaty dieldctriced/$D) unbberia amimatcrisisthat One
conventional technique provides that a | ayer of polynmer is filled with high
| evel s direnissallathue tatdows voliagesyame sondhictivsy abﬁwh%voﬂa@%m thesgpical Iy
nore than ES%ﬁF%?VM une._Sem conduct or _and/ or sulator,.materials is then

added td"EhE" D?Eyp'[c@&’fﬁorﬂﬂ?&s P %Wéﬁri]%ir? 1€4 Lf'ﬁrﬁ\éﬁ!e provi des for
form ng s‘é’ﬂ%ﬁ{cﬁrdtﬁ}e,bé/ndﬁiﬁié@l%t%ﬁ%rﬁi@b@'inOa<ri1 fesPRANR BolyrABP raafHiLr i Ng

the powders to nake particles with grain boundaries, and then adding the

parti cl eehase angl@nateransatised foo tiedhsient ipeopeatoant af iadectrbnesdelvices, most
notably electrostatic discharge protection (ESD) and electrical overstress
(EOS). Generally, VSD material behaves as a dielectric, unless a
characteristic voltage or voltage range is applied, in which case it behaves
as a conductor. Various kinds of VSD material exist. Examples of voltage
switchable dielectric materials are provided in references such as U.S. Pat.
No. 4,977,357, U.S. Pat. No. 5,068,634, U.S. Pat. No. 5,099,380, U.S. Pat.
No. 5,142,263, U.S. Pat. No. 5,189,387, U.S. Pat. No. 5,248,517, U.S. Pat.
No. 5,807,509, WO 96/02924, and WO 97/26665, all of which are
incorporated by reference herein.
[0003] VSD materials may be formed in using various processes. One
conventional technique provides that a layer of polymer is filled with high
levels of metal particles to very near the percolation threshold, typically
more than 25% by volume. Semiconductor and/or insulator materials is
then added to the mixture.
[0004] Another conventional technique provides for forming VSD
material by mixing doped metal oxide powders, then sintering the powders
to make particles with grain boundaries, and then adding the particles to a
polymer matrix to above the percolation threshold.
[0005] Other techniques for forming VSD material are described in U.S.
Patent Application No. 11/829,946, entitled VOLTAGE SWITCHABLE
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[ 0005] Ot her techniques for formng VSD material are described in U S
Patent Application No. 11/829,946, entitled VOLTAGE SW TCHABLE 1 DI ELECTRI C
MATERI AL WiaVhNG3GEBIDUCTI VE OR SEM - CONDUCTI VE ORGANI C MRCERIS2010/060%07 U. S.

Pat ent Application No. 11/829,948, entitled VOLTAGE SW TCHABLE DI ELECTRI C

ATER! Al ARt G AERERT AT P ABT SLES 1y BROR S PRICCORID R ETETHE

DRAW N I's an i [lustrative sectiona a layer or

t hi cknesGRGANEDMATERIAL; adeplrS i PgtdriteApplisatibnend s 10787948} entidled n
accordance with various enbodi nents. [0007] FIG 2Aillustrates use of a
core shefPLEAGK BWYET GlIdABkE: RIERRETRECMAIERIALUEAVING HHGOASIEET on of
VSD nat ?F’é)ﬁt =} enbodi nent. [0008] FIG 2B illustrates VSD nateri al
that in (2 R&nvimati on of conductive/ serni conductive and/ or

nano- di neREP S ERIPTRYRSOFTHE IDRAWRICGsa conparison with ot her

enbodi mnents described herein. [O09] FTG ZC illustrates conductor particles
havi ng tfM@006]noFEG] dyisran difusthativerseatioral.vie@0abh 1Byer dixhitknsss af es

conduct or Bartlcl_es having a shell formation |ayer that conprises two or
mor e ki nd@Domatkgriali dericting the constituents of VSD material in accordance with

various embodiments.

[0007] FIG. 2A illustrates use of a core shell structure for metal particle
constituents of a composition of VSD material, under an embodiment.
[0008] FIG. 2B illustrates VSD material that includes a combination of
conductive/semiconductive and/or nano-dimensioned particles, to illustrate
a comparison with other embodiments described herein.

[009] FIG. 2C illustrates conductor particles having two or more layers of
shell material.

[0010] FIG. 2D illustrates conductor particles having a shell formation
layer that comprises two or more kinds of materials.

[0011] FIG. 3A through FIG. 3C illustrate actual images of surface-
modified conductive particles that are formed using a precursor solution to
form the shell material.

[0012] FIG. 4 illustrates a conductor-on-conductor core shell particle
constituent for use in a VSD formulation, according to an embodiment.
[0013] FIG. 5A illustrates a substrate device that is configured with VSD
material having a composition such as described with any of the
embodiments provided herein.

[0014] FIG. 5B illustrates a configuration in which a conductive layer is
embedded in a substrate.

[0015] FIG. 5C illustrates a vertical switching arrangement for
incorporating VSD material into a substrate.

[0016] FIG. 6 is a simplified diagram of an electronic device on which VSD
material in accordance with embodiments described herein may be

provided.



[0011] FIG 3A through FIG 3Cillustrate actual images of surface-nodified
conductive particles that are fornmed using a precursor solution to formthe
shel | matwoi2a12/03pBBL2] FIG 4 illustrates a conduct or - oRCEArSAMONGI61TOr €
shel|l particle constituent for use in a VSD formul ati on, according to an

enbodi nqﬂgTAﬁgééggtﬁlpﬁoiN | ustrates a substrate device that is
configu havi ng a conposition such as described with
any of tfeotModEntvdinmets describeditrerci®@lélidd & cdBpdsitich roftvasitage

configuration in which a conductive |ayer is enbedded in a substrate.
[0015] Rvdtchaplg digleetaiesVaDiamatedp! shat eamiyises sagdustiverepre shelled

i agr am o1 thtes: AcET NG bR Bl YR Emhtedn! it ol ¢

embodi mgsH & Jle Tonisbiede RS Bhat TRYivRELANPERHe a EBROUEERRESIEBRAI AL or
more shell layers. In some embodiments, the VSD material includes multiple
shell layers for corresponding conductive core centers.
[0018] In some embodiments, VSD material is comprised of conductor-
on-conductor core shelled particles. These particles include cores that are
formed from, for example, metals such as copper, silver, nickel, gold, or
aluminum. The core is surrounded by one or more layers of shell material.
The exterior or exposed shell layer (if more than one shell layer exists) is
also comprised of metal, such as nickel, silver, gold or copper.
[0019] Still further, an embodiment provides for a composition of voltage
switchable dielectric (VSD) material that includes a concentration of core
shelled particles that individually comprise a conductor core and a shell, with
the shell of each core shelled particle being (i) multilayered, and/or (ii)
heterogeneous.
[0020] Still further, some embodiments include a composition that
includes a binder having multiple types particle constituents uniformly mixed
therein. The multiple types of particle constituents include a concentration of
conductor and/or semiconductor particle constituents, and a concentration
of particles that include conductive core shelled particles. In particular, the
core shelled particles may be conductive, core multi-layered shell (CCMLS)
particles. As an addition or alternative, the core shelled particles may be
comprised of a heterogeneous shell. The resulting VSD composition is (i)
dielectric in absence of a voltage that exceeds a characteristic voltage level,
and (ii) conductive with application of a voltage that exceeds a characteristic
voltage level of the composition.
[0021] OVERVIEW OF VSD MATERIAL

[0022] As used herein, “voltage switchable materia

III

or “VSD material” is
any composition, or combination of compositions, that has a characteristic
of being dielectric or non-conductive, unless a field or voltage is applied to
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[ 0017] Enbodi nents descri bed herein provide a conposition of voltage
switchable dielectric (VSD) material that conprises conductive core shelled
parti cl eswoAerasoicdg to enbodi ments, VSD material is forcuist@dobesei ng
particle constituents that individually include a conductive core and one

or nor eel:?IéhHa]tIef‘Iaé tRat ! c%%@l‘% §'EI:I%?I%&’€?'IST|C Rl PR HR R el | ﬂ?WIﬁgfg cglseI .

mul ti pI ers correspon conductive core centers

sonme enttp@d nmeatesial %‘éaomﬁeerdoaulduw\@mmw@edsmf niatediat io bodietertdlecntessor e
shel l ed particles. These particles incl ude cores that are formed fro for

exanpl e,ValEage éogdﬁdhgm@pgmg tbeicharackedsiée eyl - Josughuas miavi byor e

IS surr ed b ne or_,nmo ers,of. heII terial ext |or or
exposed%ﬁﬁl?vqrﬁ?ﬁ IS(EIFIDII%:I go Fﬁérl“@ﬁ%”é ef ng}gpag%t&es\?g 'aéd?rprl sed
of Mot algwgeid 3t aCkGhdu el Stat 80U Lo ARPRAarl ﬂﬁ%ﬁbr%te' I:halfétrtbﬁ%d an
enbodi ment provides for a conposition of voltage swtchable dielectric
(VSD) rma$a|rad>nlum1@ar resibtatee enatmrant Wath an emboadi mesties lieu agad¢$ariilesd t hat
i ndi vidual ly nprise a conductor core and a shell, with the shel |l of each

core shenhee@ﬂ@raaqtreaseca@lh@g@ mavrr@ma iy ¥pkies Hhal @xcwd)t RRRPIRSIRA s

L0020, by 4, T PEOL, AN RSOV 4 o IV
therein. m’élsvebéldfttlh@l Qrdé‘i’péﬁ tfnspent t@hﬁlmtwm@fsspﬂdtmd&ﬁb?

concentration of conductor and/or seniconductor particle constituents, and
a concertleatrioshade dischangessaltivawghrernbodimendsdnaydnchrde sisel ofeglanned

ticl I t I th hel | ed ticl b ive,
i e e
th I
N e R e e

exceeds keltdhaeasimmllasto theobiraige. | evel , and (ii) conductive with
application of a voltage that exceeds a characteristic voltage |evel of the

conposi ti@M23{Joo3ti]! f , BN @i mamERravidesbizat %mﬁwemlem@y be

I habl | I
conbi natdt B AGEHes 45 debegel hmprSndB i R robRd i rafe R ofuchr o

or non- cNgEGiicthd it Fartidés! th Bhe WiseRge éﬁv@ﬁﬁbbe&ééécﬁng a
characteristic voltage level, the material as a whole adapts the dielectric
characteristic of the binder. With application of voltage exceeding the
characteristic level, the material as a whole adapts conductive
characteristics.

[0024] Many compositions of VSD material provide desired ‘voltage
switchable’ electrical characteristics by dispersing a quantity of conductive
materials in a polymer matrix to just below the percolation threshold, where
the percolation threshold is defined statistically as the threshold by which a
continuous conduction path is likely formed across a thickness of the
material. Other materials, such as insulators or semiconductors, may be
dispersed in the matrix to better control the percolation threshold. Still
further, other compositions of VSD material, including some that include
particle constituents such as core shell particles (as described herein) or
other particles may load the particle constituency above the percolation
threshold. As described by embodiments, the VSD material may be situated
on an electrical device in order to protect a circuit or electrical component of
device (or specific sub-region of the device) from electrical events, such as
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the material that exceeds a characteristic |level of the material, in which
case the material becones conductive. Thus, VSD material is a dielectric
unl ess vowvoage/Bods3fi el d) exceeding the characteristic PevalS2q@ie/og61such as
provi ded by [SD events) is applied to the material, in which case the VSD
mat eri al ¢ g egd-d YHRIt { her be
char act eEr%;I?e ats)%g 'ﬂ%dn i ne@llyc’rem gmggétrgbgcrjpﬁ. nﬁﬁaﬁﬁgﬁ:‘ee%%tdi(/?g“ such
as describedrial haschahacaetaristicvelthyadevebyhategeeeds thbues dmapeeatiagd

t he operational voltage |levels of the circuit or device several tines over.
Such volGiEgst psvaarepaagnt®fdhe deviseder of transient conditions, such as

pr oduce l.ectrostatic discharge, although adi ment s _may,.incl ude use
b ol andB2BICT ARSI dthbdi SR Hien i St S AT IS S BRE TRt BE v de
that inydp #ReeAcE nﬁ’éyttfteuhﬁbﬁ*ﬁfﬂg rﬁ*fét?ﬂhﬁ@ﬁattﬁ]ﬁd%ﬁ“%r?ﬁélvméﬁ hsattpl.t age.
the material behaves simlar to the binder. [0023] Still ‘further, an
enbodi neorie pnobodemenbathe/glixtatreis disparngedeatc hanastald, zedaasngrher i al
conprising a binder mxed in part with conductor or sem -conductor

: ) p ! .
parti cl 3drticies haabseBEHds® e RRIRIUC SRPEkITtivE/ aeBHaFoRY weli ke impateilialagee

b naer . VLR KB LA GRSbP oo PAE-Brt [t sgoPRe i e R LB BN En (e
mat er i aln@hbervéotife aéamlsescmuﬂ@dmbeis@ﬂm@@wréﬁHi@ﬁerderaéhBFﬁawn the

conposi tions of VSD material provide desired 'voltage sw tchable

el ect ri cadluohaasetindivgtdualyseptiraped isnga s tountt be yaaglooweratediore materi al s
in a polyner rrEtri X tﬁnér‘j“ bel ow t he percol ation threshold, where the

per col atfYRPRRIRL K308 )def i ned statistically as the threshold by which a
conti nuo‘_t@?? dugtii IS : IRe )t t he

mat eri al ™. ﬁgr %Q!Igpjirgﬁéslf) iﬁg#\ééﬁb?ﬂﬁiﬁ%at or@ﬁﬁsgﬁﬁﬁgﬁgﬁgﬁs@%y be

di sper sadhatarinhin eetordance bdth anhyconthelerhbediaenes aldsenibid Rehsind Sugth | |
further, other conpositions of VSD nmaterial, including some that include
parti cl elestigaltdryicses sua iasluds subpbatedgvires esUChasdeEDECD & audt ei n) or
other particles may |load.the particle.constituenc b t he. percol.ation
Chr esholPATRS, ECBIFOBCaH" DbBaPRencisTeRe AP, BEPYERIFREEERU8S od on
an el ectmiegid) ¢4 PSdINFIYARNAO(REPEBEIpShERFCUI t or electrical conponent
of devi c(re (or)’speci fcljc subcﬁﬁﬁégcit@% 0? thepdevi ce) fromelectrical events,
such as [QGR7dr YOB CacopositedVith Goee shettedePartidds nent s provi de that VSD
material_has a characteristic voltage | evel that exceeds that of an

oper at | APYZEui In sprioe ARBNERKIBE, ifloeten sl Sponas) aee oy N H4q use of
i 1 or iy SERFOSRES HitTge YRS Rl s toR nEHeERRHA uifRerefd.

m xt ure IinSpgmélﬂb??én%od'i@ﬁ@ﬁﬁsaﬂéscﬂﬁéﬂiH‘Q’éﬁﬁ?‘e@é@hifé gisat Benecymy i se the
or gani ¢ conduci ve/ sem -conduci ve material are nano-scale in at |east one

di nensi crompogitias Fcarporats cadpdn anandtsibes, icainduative pofymhes pandiathes
that conprise .the overall disperse uantity in the vol unme are individuall
separ at I ATEHISEArBPALCe BAGUROReratEeh Wb hse Gartisies ALk Joadeasefo 3

S o YRk oPthe b8 SaEnISY I/l TRHaP e Yol Bt DRaitBh Seb s,

accordance wt enbodi men escri erel el ectrical
devi ces tiwycomgldtiee S1Hsire alfethdepaegsiesseah Ravehighed thanadesirddaudsent
sem conduct or packages, discrete devices, Light Emtting D odes (LEDs), and
r adi o- f rlegkegeyandfor venptowdeading tevgls vabhes mesricoadictty ecpatigdre|Qred

Particl SSanorods such as titanium dioxide, tin oxide, or antimony doped tin oxide

are not as conductive and therefore can be loaded to high levels. However,
these materials are not as conductive and therefore cannot conduct as much
current in the “on state”; thereby not providing as much ESD protection.
Hence, it is desirable to be able to “tune” the conductivity and bandgap of
the polymer, particle, nanoparticle, and/or nanorods to optimize the balance
between “on state” resistance and “off state” resistance, i.e. maximize off

state resistance, and minimize on state resistance.

5



[0028] In sone applications, inherent issues nmay arise with the use of VSD
conposites that load particles to just below the percolation threshold. In
parti cul awQ 2emsoicaent s descri bed herein recogni ze t hat PEDMS208060617
conpositions incorporate carbon nanotubes, conductive polyners, and ot her
gr aphi ti ou b | dridsi td . into
a matri o?ﬂ?ﬁe ggﬁop%cgm?%% {j§§¢@€g§?%§? are éjcﬁtE éblﬁlgéfa?%@re%o atslgon

| evel s, ddrapeisedust core oatdiiedl nfatehial phat ihdses desirdthetedtrighbortpgraysicalsi red
current | eakage and/or very |low |oading |levels. OQher serniconductive
parti cl ehasackemsiiedn shishway, theaepngnpaisbrildwaterabef dbe @reashelhony doped

owover -PATEAS sl Gt fart o e SRR Barticie RonReirBROFBr 7o e iR
as nuch st iteiles & dedfrePBILALS| or HIR/stEN dpdraReeMsELSF e gVekall SD

protection. Hence, it is desirable to 'be able to "tune" the conductivity
and bandgapposkitidre op I YDenatedat.i cl e, nanoparticle, and/or nanorods to
optim ze the bhal ance between "on state" resistance and "off state”

resi st ar@030 Je. SHlXURher Famer @b odiRtaRSCrinRA menein receunizedat

ot _ i ent . . _
part cf 40T B2BY LR R op el 14t OF gl EY W he Nad It ldhes
el ectri asde®@pudediviigh L£ARJRCbRIEGHE ESD £0ehbi(dr Warulatr] versiofrtheirebl),
material of the core shell particle is selected to forma core shell

parti cl sarosstunrashimost sy Maraurghathepolymersatrdebetweden! dhe eonducive
physi cal characteristic of the overall co sition of VSD material. [0030]
BT 1 O ARS8 el Astiacig Gid e EBaREPES MY CI e £ BTG ks dng do
VSD conmp@]' t Ak V rial has been

pul sed w't ﬁﬁ?%&%ﬁ]??ﬁ%ﬂfecvagﬁtga(%%ggﬁ%hﬁeedﬁgﬁkgh t hereof), sone
current [003B1f]l oBmMbudingdntshdepatilya@ rharein iivcloelenesmposttesontiVeD veaterial
particles. As a result, degrading side reactions nmay arise, nost |ikely due

to the Hihgh isremoratertu® led partigkas, e ag Gﬂw{ﬁep@ﬁiq}ﬁérof (QUE31]
Enbodi d i.bed herein includ i f VS erjal th

ncor portal b PaTisER it v DRLECadarbas Shal &Y sae TERdBEhRied & w1 oo
particl ec%r%@’ﬁ?ﬂehgd’?afﬂ%%soéﬁﬁﬁﬁéés Heslided ébe%{tﬁgﬁglraggtréeﬁegﬁtgg PbnfyRe core

shel l ed partic nhances desired electrica fromthe VSD
conposi tY8D ¢cangositioludel gnredudttah agdeakagerayrrep)032] FIG 1 is an
illustrative (not to scale) sectional view of a |layer or thickness of VSD

mat eri aljo@3Rct FIG. 1he mnaﬁé&aao&ggﬁt téSR-aTaY &fdctionadl \ie®obHanggemiorh
vari ous enbodinments. As depicted, VSD material 100 includes matrix binder

105 and thickress of/ yV&D ohatenial, depicingtthcueonstitutrtseofs¥80 matiesiadiinder in
i tratiops. Th i cl i tyents of VSD nat_er | al

/el ude ACCSBABNRGINEN AT GGR ETEDPOUTBARE: b AePIoted AP BIRTGE Ol t i ol os

120, nanqedi BN AR RRId h8%arld UaRRsOESEL Br HhEHERE BAELEGES, 140 I

some inp ons, e core shelled par may substitute for

some or dikpepded he thersindervr \Raidus cepcéhbratiman Tald pafatleveorestituents
variation, the VSD conposition may omt the use of conductive particles

110, serafi TSR Materalimayeinclede aoeomdribationedk conddcixetpatisdes 330,
particul arl vviC[h t he .e'feng? of a co.centrati&n og orre[ hel lﬁd Earticles
140. Thlfse,m{Cr‘Pé‘ Yekar rﬁ'& §5 220, g dinERsioned RATEICleR L dledn#Pk HR™S/sD
conposi td endi nPe s I } i

char act e%lﬁ'%qaggagﬁéliéﬁe%%'Dmngg‘g?iegml:hlgzor eg%sg,t%s%g%%@/ Bérc'gd osi’tdil:%éns may
i ncl ude bohdnatyisubgtitute fbesohid ortall ofithe cmiductive patrtickesoal 0L ?lsean120

and/ or nano-di nensi oned particles 130. Still further, other enbodi nents may
om t uselbrnadieierivasiaiieni ey S gomposition may omit the use of

conductive particles 110, semiconductive particles 120, or nano-
dimensioned particles 130, particularly with the presence of a concentration
of core shelled particles 140. Thus, the type of particle constituent that are
included in the VSD composition may vary, depending on the desired
electrical and physical characteristics of the VSD material. For example,

some VSD compositions may include conductive particles 110, but not
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[ 0033] Exanples for matrix binder 105 include pol yethyl enes, silicones,
acryl ates, polyrnides, polyurethanes, epoxies, polyarnides, polycarbonates,
pol ysul f one2p1208b36ket ones, and copol ynmers, and/ or bl end®CThse@of/060610D034]
Exanpl es of conductive materials 110 include netals such as copper,
al um nu ' ' : I td ' t 8 - :
phospho;BueSFW ni' o Lfcutf%é éﬁtdgl'%gnﬁzghdr% ,rqvg%rr]]?arahnﬁﬁagﬁpggéttldgég??r?du%wve
cer am csfulrttker, tathari ermbdidorante mayt ot usendfi dandiecti v paptiekesol 10.
serni conductive material 120 include both organic and inorganic
sem conq;mt, . i1BQr i T inel AT '
Boron-nitr greﬁ a?g%ﬁ}rﬁjl%grfiaf??ggﬁﬁgl@Egﬁqg(?gzc,mgierpcaggﬁgél?ﬁ%?hgﬁgﬂ@de,
bi smut h awriythtest ipodypimides) pelylaethaneseppixits, folyantidesxipdéycanbondtds,
indiumin oxide, antinony in oxide, and iron oxide, praseodyniurn oxide.
The sped?@lysutfengal ROIGFERNESe aisbsPPPBANEES, BadAQ BEqudﬁ tRereafehani cal and
el ectrical properties that best suit the particular application of the VSD
mat er i al[00B4]nabradiptesformidypehivé ohateridle hi) ibelude oretats suohes ypes.

| enent ation, at |east. one constjtuent that conprises a

Dependi ng on tr}_ﬁ irrR a

porti on GPR&He AAHDYMeRGkehedll Yot Jbe Sitagiiny, Stajnless shaelk Niakel ci es
(e.g. ¢ o gr ; i )arhaoer iC rd i akLlic,
g o S e i A

have hi gierasmiestlikeatit@siurhiARborigle @6 titanhaveniasidect Exaiplestdfat exceed at
| east 10:1 (and may exceed 1000:1 or rmreé. The particle constituents may

be uni f gamicandigdhsemateridiel 20linpahdenpeth preants aadringrgaaid ous
concentrations., Speci fiz§ exa,irfl es of such ngt&cl es 'ngé:l uﬂe cogge{g. ni ckel ,
gol d, siISBIO PES: RODEHITIaN| G SERGRNAUEIQTSJRClud e SHEOTHER TRIHRY

ar seni dego@uigHR Ok iRin ANUTAHE, Midkd|d5xidel tZAAE W@k OxnesyIfdl monY,
Boron-nitride, in oxide, I1ndiumin oxide, indium zinc oxide, bisnuth oxide,
cer i um disdeuthaoxide)ttitammyne diexidei, deridri03GHeT kshiuthesxden tiof okide,vari ous
cl asses of particles in the matrix 105 may be such that the VSD nateri al
100 i s rBAURyERQKigRd antimeni tin atidec angbisphi @ dewmraseadyniimi exjde.

Gener al §1'e PRECHR R R arEr BRDIFOL AR sEAFCeBE for quRLER
vol t s/ | ef1ed Ié&rital RROparties khatlbeieuahit ehd¢articelst aBpREAGORMYStHERY S8
used as an alternative to voltage. Accordingly, a voltage 108 applied
acr oss trhatédahdbné ewne2infenshenaspartickes AB0I mayr bewyf ane tarhmiare types.

material 100 into a conductive state if the voltage exceeds the )
Char ac, PFRENEMBOENALE MHPIeRESaton StdRget One Gyss] CURCdbRLCuaPEipes 3

sub-r egi 104 L 1 S_As ; r tiwv ; § i al
T00). v sitef eTid difieeAct b AT el ST AL Eranie Hartih 685y
carry cfwrﬂ»@nwhenomﬂbé@g%raqjhérh@é,)d &e(ip) Im)rgbﬁié/ Rroerognietaic, Inhetdle
field/voltage is above the trigger threshold, sufficient charge is carried
by at | exdtdes anarpgss onfngrowireses the sancchirensenad papbictdsomay hane
conposi ti.op 100 intg.a ctive state. Mre spegcificall as, shown for
Fepr esertianraevetbratids SHARA <o faoraie SRret Frpos Rt e St s
conduct ofo PRYGhA! Ay ERECed8I00:A%E bR, OfhPblgtcleedh | HyObe
conmpound particles) acquire conduction regions i n the polyner binder
105 wherunifoontyadéspersedendthies pphyasentmatiie orobiralssr atr varield | evel at which

t he conduction regions 122 are sufficient in magnitude and quantity to
resul t iGﬁmﬁﬂﬂté@lﬁloﬁés§pﬁ§'ft%%a@'ﬂp|§5tcﬁi UG Pargelasniancigte wePeeraniaksl, (e.g.

of the iosTVeEncdBal ST BIGES, b e sl Gty cBl P HEsnife: 122
in a pord|uafineimtdigday aldhindf AkrRES - titHuRP Ui b farthhekye Boreh-t he VSD
mat erial 100 provi ded between the boundaries 102 may be representative of

t he sepanititidentimeoxisk ihdiematinayxidey imdialnmyzidc dide ebisshath odde, cefiem
voltage is present, sone or all of the portion of VSD material can be
af f ect ed®Xid&; ﬁé“ﬂﬁ@@@%ﬁ?ﬂ%%‘fﬁ% or count of the conduction regions in

t hat regi®R-~ : ! ' . T he : J i

may varst00P5ds “The WkPEfa. ol RarolroiBssRe B atichar iy EhEdaldy &5, 1.

VSD conpesiyt besuctefitatdiitg VOD nhateréxan®O gs ridreldpeddd andamdiforgnint itgde of
the voltage of the event. For exanple, only a portion of the VSD nateri al

may pul smpepdien nyhie exhibidag elacicarcharacteristics pé velage svaichapiat .
[0037] Accordingly, FIG 1 illustrates that the electrical characteristics
of the VSD conposition, such as conducti7vi ty or trigger voltage, nay be



affected in part by (i) the concentration of particles, such as conductive
particles, nanoparticles (e.g. HAR particles), varistor particles, and/or
core shelwopar?a3eises (as described herein); (ii) electripcaiusand/opisysi cal
characteristics of the particles, including resistive characteristics

(whi ch g; ; t 0 i : Wﬂﬂ' rticles
are corgdlghég{tf'g%%?e@éhdggp [Sréé)'fy' ghné(;%??r%@lsg???%gpec ar gg Q%réll%tr%gslgof

t he pol ymeasarediatdesits/|€AGE) (Sppcpér & aiNpesitowts othdr fietdhini ques by whi ch
organi c and/or HAR particles are incorporated into the conposition of VSD
mat er i alMegsyesRaisd ey e sisadhasmn aprnativede woltage/ dzgoodigglenai t | ed

Croan G YRS ALS aRITEISICTess JRE BRSO Re T ¥ob BXeTIAl IV FEG
VCLTAGE (U0 TEiHE 13 FEECHRMS MTAID e B0 ¥4 ABRECT (AT QLRETI CLES

both of the aforenentioned patent applications are incorporate

r ef er encxdeedshehe chaspetaristee eoltagetfprihet gap diptanazati on. [ 0039] Some

enbodi ment s_nay Rr ovide for VSD materjal that includes varistor particles
f

as a porkQ@AGdf AsLqRIEEIEPY 2 SHO TGO %?T‘Eﬁ%@@n’érﬂ%%ﬂ?dit@c'@@por ate a
or opert 1 0885 AtathRE b theoy S PAnarafial 9, WeBiiabelial 10 dfftids™! o' Ve

par ti cl gsarthdré ¢@nlsYitdeARs tRgt MdIvidUAIAL cakhyt enarde it doltdges BHiffel@dds,

| ndi um oxi de, in oxide, nickel oxide, copper oxide, silver oxide,

pr aseodyan e 04 Qecormpogiian. Hxihee fiekhodtagmid abayedkiederig@eic bheeshold,
concentration qof varistor particles may be forned fromsintering.the

var st orsSHRla Satas s Caftid b 68 )Cast SO REnReR A PARIC B BEBaRt i of os
I nto th3e¥§PaC|$<5fRﬂ§ﬁ e é&n@%@&i@ﬁ@d(‘??@ﬂooﬁ.scor{dlﬁct}&?é o M’gFé! cle
conpounds "are Tornmed from a conbi nation of nmaj or conmponéents and m nor
conponendpacifibding aHehowyroforc eaprasaritatideeszlregiom dOPrindividualpatticlage,
and the m nor conponents or other netal oxides (such as |isted above) that
rnel t of(afitypesesud apecandiciopnaitistss, gorenehatjparticlagoenehber hr ough a
process such as,sintering. [004Q] The ticle loading.l evel .of .
ator i a1 Sl b € REmmPRHAe rerdl 8L S SR StieRiBaidinddhin ei n,
My var wHaehSWrREr BOdEr 105 RRIFPRAIdIPAGE drardial id. priaReRATRG PHItABE or

el ectrical or ‘physical 9 characteristics desired fromthe VSD nateri al .
Par ti cl dteldi lekehiagwbiahddep cOndgctiosi regions ul 22 iave sifeitiertaypem@nituade be
used to enable the VSD conposition to exceed the percol ation _threshol d.

Accor di 1§ QUantiynto EptdBimGwESNE Rassitidathioargh gl@@'@?‘u@%@f&hﬁo\ﬁs& t he

e T e
parti cl erppyErevéltage O BrcesHpddigoneFigal at [IRistidtesspdseriie bheonduction

conposition. In particular, sone enbodi ments provide that the concentration
of core regédhed ZAin acpedtiompftbevaverall thickndes. Thehaarkiarherttbickngss of cl e

tit f t iti d th | at i hol d. [0041
Cnder sdRe Yok itestall TO0 prasied beFwe oo bovrdiar s VOB TavePeal has.
“nel ud _ ! . X . Tt | nd ¢
Lhe. Vep TeBFksbapit RBHEL yendenid LetukbAl ittt geredy Ridiigeliyder ©
dependi rgettrosieise Wheasveltagdess pFdsehtcsdmeabr allasfathe postioasof vsD he VSD

material. In particular, netal particles may be selected to have
char act dnaserigscandie affested fopactease shedanagnituste oF kouaktefrtha i c. For

le, t tain | . | .q. t qf |ied | t
Coqur r ordi Gt Be g it LATEre s o B dEnE)E Hardlad Bk Bresitas 8o
Corial . _ . . : L _
a1 o1 SIS E8)chd M Luh) tacibeyhe thiekTFesd REthen verighl 8t Jaterpl
| eakage thickreass)(@fr the 5D evinspasition, adependinigases foluexamplee tharloaation of

conductive paths _(shorting) by the netal particles. [0042] FIG 2A
i || ust r ARG nAagpitidenel the vollags ef tharevat- Sepxamptes onlnalakian ef

conduct i i it S et tjc ) i.n

composi (EnvaD sl Y AReL sy G & elilst aiRinO R eererths,
core shellbcrcdli ®&)enti,ncl udes a core and one or nore shell layers. According
to sone enbodi nents, at |east sone netal particles 210 that are

constit @37df Asoordinghy,af1Q.00 iflgsraFessthal the eleotidal ezhanacteristidsiof i ve
core shel |l ticles 220 that, when dispersed in sufficient quantity in the
bi nder (5 VSR GATPaSLaRe SURD 33 6anAYALHItIoPT taeaEE Voliads da Pent and
enabl e i ncrease concentration of neal /c%nduci ve particles (including HAR
particles), even beyond the |evel of percolation. An enbodi ment of FIG 2A
depicts VSD material 100 (FIG 1) as conprising conductive core shell



particles 220 and serniconductive particles 214. The addition of HAR
particles 230 may further enhance the electrical characteristics of the
conposi t iw.20B036se of core shell particles, wth ot herCparstéoloewi{such as
HAR particles) enable the total particle concentration |oaded into the

bi nder : : r : t 0, i | il
absence]égfe‘?(:%r%gwghgﬁ B%t(ﬁEgﬁﬁt@g%fgﬁﬁg@&féﬁggéf’c%@éh %gyéjcﬁl( p%trl\(/:égl ation
woul d cagpetidids, Nabopatticles! (el§0HAR Ipasticldsy, elaeistor palrtichsy, amidforsdédres of
being insulative in absence of a field that exceeds some threshol d.

Speci f i ciall partielegs@snaeseribed mgrebelialib elechricahandtysieak t he use of
core shell_parti.cl.es enabl es hi gher. | oadi.ng concentrat.ions  of .

par t1 of ed1arBGEHES Rk Perv i des altl O B StV E AL s ES (Rych pre
enabl i NgafdeeROBP TPict tyit BF PYPRCER ic ab Wiaier BREpaftiaer y9 Egaes and
| eakage current. [0043] FIG 2B illustrates VSD material that includes a
conbi natshmllenf or @othdeicters)s eamd ¢ oindelectniealacid racteeisticdiofeing pobaner or
particles, to illustrate a conparison with enbodi nents in which a VSD
conposi tRIBAE ncl udes core shell particles (single or nufti-layered). In

Fl an L 140887 Sddifie BimpdBubi STRERhhIQIeS bY RAR oEgah AN EHIAR
pat h 215areles bpe ihtorpsitddahty eheedddpdsition ki WSBUudateAkbl i€ deschABead
sufficient to cause sone current flow across a thickness of the VSD

mat er i alin100b.( Bakert AppligationiNe. !/$Zil3arat%46aEnhihl>erh‘OrhT>ééﬁiE tSOVIT GHABAE ﬁuch

ﬁﬁ?tﬁaﬁ ﬁax%ﬁ%ﬂﬁféwﬁéﬁlﬁéﬁi\lafvﬁfféﬁﬂ@&ﬁﬂ?@@@éﬁ&ﬁﬁgﬁgﬁfﬁe%&%@ﬁé& dueti ve
o c ! . .

Phi cknecQRar N M R B LB Pafe BRI 8 o, J17B20P9A8, BRLARH D ¢,

such i noYOETAGE SYMILCHABE EpBTIRSECTRICaMATER IA LUHARS NGB IGHIASPEERKage
current (or |low off-state resistance). Mreover, the probability that

conduct iRATHARART EsLESnhbiotle afdheafarnemaeatangd RatenicdPRECIHIONS ares

i ncreases _when the concentration of. particl.es that faqr onductive regions
ppr oacrBsotherarea ey et EiHirin "2pastuye e dissnP By AarAdRiciaan of
FI G 2A 1663915 hShind@ibGURReAR) ndag droy iR iy vetnigtd ig fitinel e 10
that are procéssed to i nclude one or re shell layers 222. The |ayers 222
may i nclvatéstoemartinles as-a padtion okitsgiantick £oniséituents. e mboalinmatitsi nhayt
particles fromform ng incidental conductive paths wth other particles

(such ﬁgnlgﬂmwatﬁ Ficencepjration f ﬁ%ﬁl%h@%anWWQM%Bibibmwwn&ajlracent
pass. curFaitt be peopeRies g T HE it et e Vadrich Falfll ST R °°

si m | ar lyargid &atpgicafy desrhpiiseas inicCd ag eMeitanj dhaloMide, BismutH dage, under

simlar circunmstances. Thus, core shell particles can be substituted in for
non- shellnstiiuoondids,ofin pxvidec Néckelasxitdre coppeaircvtidac silver exiden- conduct i ve

hel | hi nd t wo, adj t t ouchi tjcles f fornm i nci dent al
conduct IRI@SSRENDILEN GXIAR, JHNgERRIaxIST And/8E ANHMORY SxKiE THHu2 can be.
el uded. i o . r . ;
bor t 1 on GSTbeitFatioh SRAStd: Sirdled thal B ForrSaiTbi shiteFlith e Yarisiart
ext er nal partldl @9 ée ax.caedsoxdeharat tikeh Shixingalheesintepdd pakeictadinel the t he

metal particles 210 of the VSD material 100 are provided one or nore |ayers
of shel IVoRte@mMposition. Imsosnelapptigasiang, theovargtarepadinle cmanetings e

i nsul atiye, such provided throu formation of nmet al_oxi de shell . The

et al o PR B A FoRaB sttt S At cfRspiests i iRor fampPB Nt
descri beghbgd QH’F ﬁw%ﬁoﬁESHpcﬁér@t{f %Le 2irtc ffﬁbﬁle]bér RELAT AYCARMIe, éf\dtlﬂﬁé the
shel | layer or layefs are forne rommnultiple types of naterial. A

het er ogeméoms coomporsdTdisl opatherc heetayoxides dsaed dg hstgd pbovel) dhabtmkltnafs of

shell layers in an individual shell layer, and/or (ii) multjple |ayers that
are eacHliF&$sdenERRGrain besndary refohien maiorGRPoRend throuahe? PEPCeShe or

nore sh i on processes may be used to formthe shell material 222
URLAS SEhthe:

on i ndi _ s. In one inplenmentation, the oxide shell may be
formed to4oudeha pitile YeAding idwa 'Bﬂ\hSDkﬂ\%iériaNutsﬂﬁd@@bké@Héllefd"e shel |
material nmay be formed to be non-uniform [0046] According to an enbodi nent
provi degpartdes has stescribest by iethb2aimients drarein f may narulbadawder phoviec! es

to surraqund the core ta rticle 210. The cpre nefal particles may be
i rons| GREUPRFEQIAR O ErsANelT ABP e tho A A 085] ORSTSIRFIoned. —t 1 s
believed that incidental conductive paths 215 (FIG 2B) may be fornmed in
the VSD naterial 100 when netal particles 210 and/or other particles (e.qg.
HAR particles 216) randomly touch or align (so that their respective
conductive regions pass current to one another). The presence of such

- ~NA - *



[0048] Core Shell Particles [0049] According to sone enbodi nents, core
shell particles are conprised of netal particles that are m xed with an

oxi de prexorem3smButi on to control the composition andPChiuskoessosof an

oxi de shell on the particle. By mxing netal particles with an oxide
precurs gl i t i Lekness
b o g1 weT el s el e Rt el P Db oB (e

enabl es (mye u@w@linrhajlanldeus;tnélonaw@o(sw)ensdweltie gseattooenableuthe VSDyi dual
metal particles, [0050] Still further, enbodi ment recognizes that it is

al so posCsQf'BD@StttQﬂ 60 rxcesekthe wereokagtasn Hareshaldr Acea I@gluem §00ME as an

0061) *ABResiitRaPy g sBHlcpalids (R eElteiin' G HEOVER Rietial fufinoe, e
and usednafsansrid @6ﬂkénafat}6$Pomb%'§1emer BPYclRg (is‘ﬁcﬁ%@@lefskﬁ'@e%l wi de

range of materials, including (i) rretassuc as nic al um num
tit ani urhergio), |scm,|f;ﬁ|erent)m guagsiterso thal the parstketoncentratiomekateds | oys;
(ii) conductive netal oxides |ike antinony doped in oxjde, indiumdoped in

oxi de, £%Pﬂ’£ﬁﬁ@69@oﬂﬂ'ﬁﬁbo&<Pﬂéheaﬁfﬂi’f‘&ﬁ’ﬁltiﬁj’hylfi'j@ﬁéﬁcﬂ|af@ S&M8e. The shel |

Cor i coraibERyrt HrotidOSpAERATINCRRPQlibA & Chd FARNGT datfik|es i b8
| ayer tq/é1¢ed|@rﬁr&@lefrrt@nhavéQheeﬂotéhpbrmélecwﬁlsmtuefﬂ: OF €8¢ dorgpbsition

enbodi nents, the shell material used to nake the surface m)dlflcatlon (the
shel | meaxadexd fhenpercolatepohreshwld. net al oxi de, such as in oxide, zinc

pv ORISR BBt el
sol utiongg ‘P.éruQP‘hgﬁ |H€ R w&(ﬁﬁ@é&ﬁ@ﬁr@?u” ?cSEF@%I}ér’éEeﬁs% in the

conductive particle e nmeal oxi des are

| ow nel thinder®fethd VSSID tﬂmﬁlémffh@ netah pa$t|al%tsamwmg@¢m rsiz®@nes pondi ng
oxi des from bi snuth, chrom um antinony, and praseodyni urn. Adsorption of

the col I@ianRtithaepending s seme cares eondasiredeelpskiicall ehariactagstieafobecur
b f | st at tract | ent .bond t

ont ! apnele YPChRIE RS HABEETARIEhe BE CEadney oG eRFech AR Sur face
layer i %Hé?%&téﬁélhéé thse a'Pﬁécb%abbPchHI%rté]eEﬂ*éél'dhér%'@f?é’ﬁﬁér ol Bx@nhpld, hus

ensuring uniformcoating of the conductive particles by e surface coatl ng
mat er i alto obtandbknar (elabmhvmue (econdncarnoeintaoft applksd amétagewdqwreti to
various sol solutions wt establ i shed sol gel chem str

parti cl N3RIG VeDaglatarad tarke @P@Séﬁ&'é@): ﬁhe SOTaBPSIHaN G imaterial
par b1 o1 480 1% A FHIaBIRNC YR RofosPaHHPA Pl PerBI 2 8a: o

t enper atpgisast, it Bednésldifficanato ﬁ@élﬂtégﬁaQBV\ﬁ atigf&algigdiclresn o€ RRFH NY
materials can be applied onto the conductive particles surface repeatedly

in sim |rzasn5tasmea)rat IpmGhiases tluador dte forrpationt of cpaductive patis (shartimagr
nor e Iay of SF terlal In particular, shell regions 240, 242 may

i ncl ude & %Irl?%r Igl8fded on shel| material through performance of one
or nore fo ng AP fifi v The,

regi ons é‘%}%‘j‘bézm’ﬁzﬂée% Ao R ST SRR Gy S SRR o

that an r-ehalledoshdabgle payiele evpesiesents (@d_:,ermyeltabpamctlbsb a@seusth
(it) the shell regions are forned uniformy over one another. In an

enbodi rreauconmtl@neofs}a{&[} Mafefialg AFCOEEHTED ﬁﬂyelfﬂ@%meﬂtmﬁﬁ gegdential ly
to provide each shel hthl cﬁness AS _suc N each asg?]e I shel |

mat er i al§M Pe%%ﬁ%hgfmrbﬁ ‘é%ao'FoE%éngh% £ ¥ oM fHE B%eérés may
provi de /S?é odH W@EG @rﬁeeérhfﬂdauﬁieer&%f 'a‘EEHFaﬁQBﬁfé é&falt tu\é& E&befﬂai{)aﬁ@en

the core terial 1's use Each o two or re layers may

f or med Lmnuytplemssfe\ﬁS@uwatesad&m (4 FAGo 9. afdbrreadiéied iedo kcdredueativee
t hi ckness may conprise different kinds of material,. [0053] FIG 2D

i |l ustrd&¥€ ﬂ?ﬂh@@fﬁ?'%a??pcﬂ@ M\H\ﬁm@'@@ﬁ@ﬂl 'W@#M@'@hqpéiﬁé‘ﬂtlﬁﬁhe

compri sq5 AR ot BHdWH) " Rle PRE HrbatiSn dofiPNHt8SEak8g8 urrent and

enable increase concentration of metal/conductive particles (including HAR
particles), even beyond the level of percolation. An embodiment of FIG. 2A

depicts VSD material 100 (FIG. 1) as comprising conductive core shell

10



enbodi mrent of FIG 2A, each shell material 250, 252 may bond directly to
the conductor core 210, or alternatively forned in the sanme shell formng
process. wo:2emsoieapl enentations, it is possible for someTaseaiomcof the
overall shell material to bond with other types of shell material to
provi de I T I 0 { : nigsed of
it 1 pl PSS aP0 S eonfudif Rtttk 510 THY o BRiGHPEP TS

conduct ipartivhed 280kemay urthleresrgeshes tlearebeemdab charaetaristics 8bltbiei on t hat
has the desired shell materials. As an alternative to a precursor solution,

an or garf®@mMpeskion cTI@@uL&a @ﬁceaensa\eIIu partides withs pEher pardcies (Suah @8 may

Chown Cd3AR EpftieS) BRaPY LR Totel BARILR ol BinsPSt8h 10ngel Ao GG
uni f or ml(b'@g@éérFIG)nf) 86 dHRIA d?oéﬁcéé’d’%hé ﬁ@%ob@aé\%e#@ll fIor AbsSfcd batcorbe

exterior 252 exposes the underlying shell material 250, or even the core
210. [oaHll WmImtmmgaiZdOt, cboEdj@tg Bé‘,rtaolesFtb@omﬂ)petrhelatmre vaouldstealide the
materials of the core shell particle constituents nay be sel ected based on

desi red \éPRcMatesR! droopFﬂ/iQ%%ItscﬂﬁﬁH’d@%'r‘F@i‘r%er'ﬁﬁcﬁﬁtb@ﬂgdﬂsuéﬁﬂ\é‘%ﬁ al |

| ect D I b
funed (GrPsetlsehOl 3t ik 8koeas shfnd sht ol TR e YRIE &1 o or
shel | maheteaal iy tfé'h%\ﬂéraW@ohéM@fcﬁ’) Buthha!88ef dotd SRER pﬁdmlclesi 29er s
and/or multiple kinds of shell material further enhance the abil for VSD

mat er i alenables highiegneadung caneentratianspaf piactickes, suett as d—bAchrarpl aad
h t t t hat dit hel | | d/ |
" ncor porsarBlFaridustor SarEElcay tretERY RS VBB CRmBBsItan o kg atega
h t oot th sel ect f
ghglr ?/chc;deﬁé{/ %W r\@%)mé@%s Ha?r?soé}% Iggle?ggeéﬁg@ﬁs\t,mancese(lef)I ggng gap and

(i) WE[tOMBI]I tHIGOfZB ilfuStEBtamy/eD ahateriallhatfihekides widdmbiation ofhel |
materi al selection. [0055] The fornmation of each type of material may be
per f or nE®PNAUGHeL/Senpicrad ustiyeeand(er ganendinpeasignsst pastigesefovillustrate

mul tiple es_of mat |aI or in . multi sses separ

o ecur st CeBinRenr MEh lohodimehtidn b Rish B cdifrsutondeaRiEscomhen
het er ogedaupapty 'ebss(s‘ﬂﬁ@lefQF PRG3R r&eThat1d.haB, ERETYArERTed BFtﬁEeII’$9 may

have different ﬁectrl cal properties or ‘characteristics. For example, one
i mpl emrertaahpositiary acerdbiaven doneiaalv eoke iy ahid) nrato doompactdental aonchetis/ee! |
material, while_ _another inpl errent atl on ma\ébuse two kinds of netal oxides as

the shelfathg &} Pall e inehtgntal consiuetiie PRED 21 Ay ArSe Fom Gomduqtineer

can ¢ nud SEOPRE BT OHRE bR e EERRG, ShEITR LSRRI <t
e er | aladrBESRAORKiTeSS ofitid VS'[ﬁﬁﬁat[éHHW]IO@Qééesﬁ"I@ |1 Faniir vsB)ﬁIaﬁearralon

Exanpl es [0058] 1. Nickel Oxide Shell [0059] In one enbodinent, nickel
oxi de fonay be meeex:t t@mnlmmlze(smmeca)nltae};sr ghe andré sohduekiveaparicles

oor | sranoh i kae P atRposiiia: T raera HERR e dormatiat Bheonsitiva: e as

sorL D e el Fihenityg OWIUﬁ”*‘{Pg?”z?%fﬁ%vﬁ%%ﬁm@ﬁéﬁ%féﬁkt% the
above satamhbime t6 Ipriv 3 pathhaerossve thickhassxef thevShirabtenal, antddstratied

24mL NHAOH sol ution (30%M) quickly and under vigorous stirring. The
m xt ur e §féegtsr e reaulbdFeo exeRnRleatsuChoind ¢ampal sionductineepatinsiiléncan

1) oo g HRRaty HioPleBber Aost haRAly JhebhLi ket pauger 1 then
gl ;ﬁ;ni %\3&0 the prodabifity thabicondiictividsaAi@Bs @b Etpbaned from
|nC|dentaI conductive paths 215 increases when the concentration of
particles that form conductive regions approaches the percolation threshold.
[0044] As shown by an embodiment of FIG. 2A, core shell particles 220
are formed by conductive particles 210 that are processed to include one or
more shell layers 222. The layers 222 may include semi- or non-conductive
materials that buffer the individual particles from forming incidental

11



[ 0060] In enbodinment, the coating fornulation includes (i) 20 to 30%ol
surface nodified nickel particles, (ii) 5 to 25%o0l netal oxide

sem conduwOaPR/0836R primary particle size | ess than 1 umCTAISg010D6@2) . Epoxy
and epoxy functionalized polynmers are used as the polyner matrix material s,

sol vent Sccﬁr??dlf&ﬁzé‘g‘éﬁﬁswiﬁ%m%k ?@ﬁ@% g%%érghsné L8 i FRs. 2B). Thus, for

Nrnet hypyrrol1di nobne or I-rnet propriate types ahd

anmount s etarapbs sridrekesistavabyewdi sodpiceed doretdteelldd particl®sed 20 anayrdveid
di spersants nmay be used to disperse particles with size | ess than 1lurn.
[0061] Resasyls:inavhighetheftwosparfitlesirasswwyrepsasnd respltiof gpplagst ef eat ed

b f | at ed. h i bed ab h | i I | t
of 260V NIy E bR, duRSnvef Slmied St SarclleafalFfor bRl EsHRUIE and
after tesHar(iide Hagseairpent v ek0dindifa o @indtaWcBs a3Rss, cbPO&RkIA | ayer of
VSD material with 26% vol treated 4SP-20 nickel and 2% untreated | NP-400
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acetate solution is used to formzinc oxide on the nickel particle surface;
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15 m nutgq,e24nril _ NHAOH sol ution (30%m) is added quickly under vigorous
stirring. !Tlﬁé m xture is further m xed for 8hrs at roomtenperature. The
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shell may be formed to include a relatively uniform thickness. Alternatively,
the shell material may be formed to be non-uniform.
[0046] According to an embodiment provides that the shell material 222
is formed from metal oxide particles to surround the core metal particle 210.
The core metal particles may be dimensioned in the micron or sub-micron
range.
[0047] As mentioned, it is believed that incidental conductive paths 215
(FIG. 2B) may be formed in the VSD material 100 when metal particles 210
and/or other particles (e.g. HAR particles 216) randomly touch or align (so
that their respective conductive regions pass current to one another). The

12



stirrer and sonicated at the same tine. After sonicating (or mxing) for 60
m nutes, the sonicator horn is renoved. Stirring may be maintained with
heat i ng aw0201203033r enove nost of volatile solvents in PoE/USRKVOs@17 The

m xture may be placed in an oven at 80C until all solvents evaporate. The

dried pcm%g i : t : dﬂﬁ:‘l:e@i ting

formul at’i On'%n[cgocggfun%ﬁ’@g%ﬁggg%ll ggﬂ%gﬁ{/gg/@&%oggg@g%m ckel Iet%rk% ted as

above giaasent,civhigh caht afecotheSQRMIidy andithe ehgdtedeorgdpsisedeslectrical

Resi stances of all sanples before and after testi ngi are greater than 101\10
2

ohm at |@@rgickerstics 06 Tbp smpositien 96V SPrmaterinkd Odhdodcerirasta core
shell m anprise a netal -0 net al ,,oxi de,shell .. | yner shel |
- one | STBPOTEREL R g oVt e thak By B R sRN Maigriah 222 BE oL Els B
ni ckel %b@'é-la?@% B lserRicoplatictivEByr PesikaleBgatarat, tHe nfataMlafticles 210
hydr osi | oxane treatnent, other enbodi nents woul d include reacting the

surf ace arfe previdkdl & shi¢ld aghisse suahpinade aigd rdositaath Hse incidental
ar ni nopr opyl tri et hoxysi | ane, acrilox propyl triethoxysil ane,

epoxypr d UGt B4k 4 Enehat govid otherwise fanma s i@m@%&%@rﬂ%iqﬂ BYi de

Lo o dBPRGdngaRE s S ARl AR SRR REERERABT 'AS ) “he 1 or mog
by i nkipgnpdoHeB dreaEotti@tBenefiveete bhsticleoriding rhhg ekeddd ehet he core

shell ed particle. This polynmer (e.g. polyrnethylhydrosiloxane) is
cross- | ipareolation thrasholdobthefSRiaenpasiirut i on. More specific exanpl es

of surf - i fyin articles for use as core shell particle constituents
of VSD fﬁ%ﬁ% é&é&@@&@é@c—'&a ow. [0072] Surface Modification of Metal
Parti cl 73 LA j | Jas:hYN r ¥ -H nol ecul e
(1, 3, g'sogh?gt réﬁ%’t(ﬂbpqg)y%%@téwa@@mane/ rrtgﬁ%elfggr%&%g?%?t he vapor

phase r eagrhpeizedbOOmetial partickedtit acsvenixesl witkthahesxidd prdcursop8oItion
teflon container. Then 3% by Wt of D4-H is added. The container is m xed

and pl adedcomtral the wagapesitian aad: Bripknasspé ast oxBicshel aevlae Narkisle.sBy
Si t he. boil i int. of Dd-H jis 135C._ D4-H i zes. 150 | ti

e G RAE BaRio s, P b A HreRlithy BBRIG G Rie3b el
The N Ryrtr6l 8% 2bEnpoditivmh dhlthedibaesy oRfBAGIDENTRS & di Skt S¥WeFufther

dried.
sintering at elevated temperature enables more durable and uniform oxide

shell creation about individual metal particles.

[0050] Still further, embodiment recognizes that it is also possible to form
a shell with material other than oxide, such as an organic shell to impart
additional properties to the metal particles.

[0051] The conductive particles 210 (i.e. the ‘cores’) that can be shelled
and used as constituents of VSD material 100 may be selected from a wide
range of materials, including (i) metals such as nickel, aluminum, titanium,
iron, copper, or tungsten, stainless steel or other metal alloys; (ii)
conductive metal oxides like antimony doped tin oxide, indium doped tin
oxide, aluminum doped zinc oxide, and antimony doped zinc oxide. The shell
material used to modify the conductive particle 210 can be insulative, or
semiconductive. In some variations, it is possible for at least one shell layer
to be formed from material that is conductive. According to embodiments,
the shell material used to make the surface modification (the shell material)
may correspond to a metal oxide, such as tin oxide, zinc oxide, titanium

oxide, aluminum oxide, silicon oxide, nickel oxide, or copper oxide. Still
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[0074] The surface nodification of nickel oxide with siloxanes (nononeric
or polyneric) can be carried out either by solution or vapor phase
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be applied onto the conductive particles surface repeatedly in similar
fashion. FIG. 2C illustrates conductor particles having two or more layers of
shell material. In particular, shell regions 240, 242 may include shell
material bonded on shell material through performance of one or more shell
forming processes, as described above. The double shell regions 240, 242
are provided either (i) substantially non-uniformly so that an exterior most
shell layer exposes an underlying shell layer, or (ii) the shell regions are
formed uniformly over one another. In an embodiment, separate shell
forming processes may be performed sequentially to provide each shell
material thickness. As such, each layer of shell material that results from
performance of one shell formation process may provide or enhance a
specific electrical property of the VSD material when the core shell material
is used. Each of the two or more layers may be formed using processes such
as described above. Moreover, each layer or thickness may comprise
different kinds of material.

[0053] FIG. 2D illustrates conductor particles having a shell formation
layer that comprises two or more kinds of materials. In contrast to an
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groups. Simlarly, the reaction with perfluorobutylethylne results in

hi ghly fluorine-rich end groups on the nickel oxide surface. [0078] In
anot her ewearpi23oiche sil oxane-treated nickel oxide surf&ce/ussomnewmizd Wt h
a radical initiator such as benzoyl peroxide that can generate silyl
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peroxi de to give nickel oxide covered with acrylate shell. [0079] Table 1
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YAT the shell formation. To provide shell formations comprised of multiple kinds
of materials, an embodiment provides that the core conductive particles are
submerged or exposed to a precursor solution that has the desired shell
materials. As an alternative to a precursor solution, an organo-metallic
solution containing desired shell material (which may include different types
of shell material) may be used. In an embodiment shown, each of the layers
of shell material 250, 252 are substantially uniform. However, one or more
both layers may be non-uniform, so that the exterior 252 exposes the
underlying shell material 250, or even the core 210.
[0054] With regard to FIG. 2C and FIG. 2D, the core and shell materials
of the core shell particle constituents may be selected based on desired
electrical or physical characteristics. In particular, an overall electrical or
physical characteristic of the VSD material as a whole may be tuned (or
intentionally affected) through selection of a core particle or a shell material
(for one or more layers). The use of multiple shell layers and/or multiple
kinds of shell material further enhance the ability for VSD material to be
designed or tuned for a particular electrical or physical characteristic, in that
additional shell material and/or layers may be incorporated into the
design/tuning of the VSD composition. Among the characteristics of VSD
material that can be tuned with selection of shell/core material, the (i) on-
or off-state resistance, (ii) band-gap and (iii) wettability of the VSD material
may be affected with core or shell material selection.
[0055] The formation of each type of material may be performed in one
combined process (e.g. one precursor solution with multiple types of
material) or in multiple processes (e.g. separate precursor solution for each
shell material type). In one embodiment, when heterogeneous shells are
formed, the material that comprises the shells may have different electrical

properties or characteristics. For example, one implementation may combine
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a metal oxide and a nano-particle as the shell material, while another
implementation may use two kinds of metal oxides as the shell material.
[0056] As shown by FIG. 2C and FIG. 2D, multilayer and/or
heterogeneous material coating with complicated physical properties can
thus be realized. The following provide more detailed examples of shell
material formed on metal particles.

[0057] Core Shell Particle Formulation Examples

[0058] 1. Nickel Oxide Shell

[0059] In one embodiment, nickel oxide forms at least one of the shell

layers, and is formed a metal particle core. A core shell particle (for use
with VSD composition) comprising nickel core and nickel oxide shell material
may be formulated as follows: (1) Mix 120mL 1M NiSO4 solution with 90mL
0.2M K2S208 solution and 60mL DI water; (2) Add 1100g of Ni (for
example, Novamet 4SP-10) to the above solution; (3) Mix with an overhead
mixer for duration; and (4) Add 24mL NH4OH solution (30%wt) quickly and
under vigorous stirring. The mixture is further mixed for 8hrs at room
temperature. The solution is filtered and rinsed with DI water and ethanol.
The filtered powder is then dried at 100 C in vacuum for 2 hour. The dried
powder is finally heated in a furnace at 300 C for 1 to 3 hours. All the
chemicals are obtained from Sigma-Aldrich.

[0060] In embodiment, the coating formulation includes (i) 20 to 30%vol
surface modified nickel particles, (ii) 5 to 25%vol metal oxide
semiconductors with primary particle size less than 1um (e.g. TiO2). Epoxy
and epoxy functionalized polymers are used as the polymer matrix
materials, solvents can be added to adjust viscosity for mixing (i.e. N-
methypyrrolidinone or 1-methoxy-2-propanol). Appropriate types and
amounts of cross-linkers may be dispersed in the binder. Small amount of
dispersants may be used to disperse particles with size less than 1um.
[0061] Results: A layer of VSD material with 26%vol 4SP-10 nickel
treated as above, formulated such as described above, has a resulting clamp
voltage of 263V at 5mil electrode gap size. Resistances of all samples before

and after testing are greater than 1010 ohm at low biases.

16



Ni ckel

oxi de 45P-20 91.02 8.98

WO 2012/030363 PCT/US2010/060617

[0062] A layer of VSD material with 26% vol treated 4SP-20 nickel and
2% untreated INP-400 nickel (both from Novamet) has a resulting clamp
voltage of 194V at 5mil electrode gap size. The resistance of the sample is
greater than 10~6 ohm after testing, measured at low bias.

[0063] 2. Zinc Oxide Shell

[0064] In another embodiment, zinc oxide is used for shell material. A
zinc oxide shell may be formed over a metal particle. Formation of a core
shell particle that uses a zinc oxide shell may be as follows: (1) 1M zinc
acetate solution is used to form zinc oxide on the nickel particle surface; (2)
120mL 1M zinc acetate solution is mixed with 90mL 0.2M K25208 solution
and 60mL DI water; (3) 1100g of Ni (for example, Novamet 4SP-20) is
added to the above solution and mixed with an overhead mixer; (4) After 15
minutes, 24mL NH40H solution (30%wt) is added quickly under vigorous
stirring. The mixture is further mixed for 8hrs at room temperature. The
resulting mixture is filtered and rinsed with DI water and ethanol for several
times. The filtered powder is then dried at 100 °C in vacuum for 2 hour. The
dried powder is finally heated in a furnace at 300 °C for 2 hours. All the
chemicals are obtained from Sigma-Aldrich.

[0065] A VSD coating with 26%vol 4SP-20 nickel treated as above has a
resulting clamp voltage of 238V at 5mil electrode gap size. Resistances of all
samples before and after testing are greater than 10”10 ohm at low biases.
[0066] 3. Titanium Oxide Shell

[0067] Still further, an embodiment provides for titanium oxide as the
shell material. One or more layers of titanium oxide shell are formulated
over a metal particle. Formation of a core shell particle that includes a
titanium oxide shell may be as follows: (1) 50mL of titanium
tetraisopropoxide may be mixed with 250mL of 2-methoxyethanol and 25mL
of ethanolamine; (2) while keeping under argon flow, the mixture is heated
at 80 °C and 120 °C for 1 hour each and repeated once. The resulting
product used the titanium oxide precursor solution to coat nickel particles.
[0068] Under one formulation, 200g of above titanium oxide precursor
solution is mixed with 500g of isopropanol. Next, 600g of nickel powder (for
example, Novamet 45P-20) is added under vigorous stirring by an overhead
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stirrer and sonicated at the same time. After sonicating (or mixing) for 60
minutes, the sonicator horn is removed. Stirring may be maintained with
heating at 70 °C to remove most of volatile solvents in the mixture. The
mixture may be placed in an oven at 80°C until all solvents evaporate. The
dried powder is then heated at 300°C for two hours and used in coating
formulation.

[0069] A VSD coating with 26%vol 45P-20 nickel treated as above gives a
clamp voltage of 309V at 5mil electrode gap size. Resistances of all samples
before and after testing are greater than 10710 ohm at low biases.

[0070] Still further, in another embodiment, a core shell may comprise a
metal-core, a metal oxide shell, and a polymer shell. In one implementation,
the metal core is nickel, and the oxide shell is nickel oxide. The polymer
shell may be formed using, for example, hydrosiloxane treatment, other
embodiments would include reacting the surface of the shell with silane
coupling agents such as aminopropyltriethoxysilane,
acryloxypropyltriethoxysilane, or epoxypropyltriethoxysilane.

[0071] Still further, some embodiments provide for a core shell particle
that comprises a cross-lined polymer shell formed using a hydrosiloxane
treatment. A cross-linked polymer shell may be formed by linking
hydrosiloxane group polymers that comprise the shell of the core shelled
particle. This polymer (e.g. polymethylhydrosiloxane) is cross-linked with
platinum or peroxide in solution. More specific examples of surface-
modifying particles for use as core shell particle constituents of VSD material
are described below.

[0072] Surface Modification of Metal Particles

[0073] Oxidized Ni particles may be treated with a D4-H molecule (1, 3, 5,

7-tetramethyl cyclotetrasiloxane, from Gelest) using the vapor phase
reaction. 600g of oxidized Ni power is transferred into a 500ml teflon
container. Then 3% by wt of D4-H is added. The container is mixed and
placed in a furnace set at a temperature of 150°C for several hours. Since
the boiling point of D4-H is 135°C, D4-H vaporizes at 150°C resulting in the
ring opening polymerization of D4-H on the NiO/NiO, surface of Ni. The Ni

particles are rinsed with ethanol and DI The filtered powder is dried.
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[0074] The surface modification of nickel oxide with siloxanes (monomeric
or polymeric) can be carried out either by solution or vapor phase reaction.
In the following two examples, the solution and vapor phase reactions of
nickel oxide with 1, 3, 5, 7-tetramethylcyclotetrasiloxane (D4H) are
described. In addition to D4H, other siloxanes can be employed for such
reactions on nickel surfaces; Octamethylcyclotetrasiloxane (D4),
octamethyltrisiloxane (Si3), decamethyltetrasiloxane (Si4),
dodecamethylpentasiloxane (Si5), octylsilane, polymethylhydridosiloxane
and polydimethylsiloxane (PDMS).
[0075] Solution phase reaction of 1, 3, 5, 7-tetramethylcyclotetrasiloxane
(D4H) on nickel oxide: About 2-5% volume of D4H with respect to a solvent
is treated with nickel oxide. The solvents may correspond to, for example
hexane, heptanes or toluene. The reaction temperatures are typically 90-
110 °C and the reaction times may vary. In one process, 2.5 g of D4H and
100g of nickel are taken in 150g of toluene and refluxed for a duration.
After the reaction, the reaction mixture are treated and dried at 100 °C
overnight to obtain the product in 90-95% vyield.
[0076] Vapor phase reaction of 1, 3, 5, 7-tetramethylcyclotetrasiloxane
(D4H) on nickel oxide: About 2-10 weight % of D4H may be taken with
nickel oxide in an autoclavable teflon container. This is heated to above the
boiling point of D4H in an oven. As an example, 15g of D4H is taken with
600g of nickel oxide using a sealed teflon container. This is placed in a pre-
heated oven at 150 °C. The container is then cooled to room temperature,
and the nickel oxide is washed with toluene to remove the un-attached
siloxane monomer and filtered. Further drying provides surface modified
nickel oxide in 90-95% vyield.
[0077] Other types of reactions on siloxane-modified nickel oxide are
possible. For example, the Si-H group can be used for coupling hydridosilane
with other functional group containing olefins to tailor the surface chemistry.
An allyl amine or acrylonitrile can be used to react with hydridosiloxane-
modified nickel oxide using a Platinum catalyst (eg. Chloroplatinic acid).

This will result in nickel oxide surfaces containing amine or nitrile end
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net al rﬁ %‘6 4%]:9@ e cur? 4iQU| R19) 18)2‘2“67 ot c?-l‘i %qcl ectiie

pr oper t|i ez apdMex arrﬁ‘l%[5 20 ckel njelsé parU%?e—@vcar be treated cfrgoat ed
to forrma @%®#8| mbtal core And Ni 0x-Zn® shell. The shell woulld have bet tier
conduct iNablprbperties than Ni Ox al one and better insulative properties and
an ZnO only shell. Another exanple would be a nickel netal core and a

Ni Ox-Ti Ox_shel | . but Tlcx is extremely durable

under hil080]t ay&

resi sta
by m xe

enbodlnqﬂgi}? ?F

LoesTi o

varistor p
ot her endestritead snambemncludedgsmaeaasfdthmparabkd tomstituaritssofSUED as
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[ 0084] CONDUCTOR SHELL AND CONDUCTOR- ON- CONDUCTOR CORE

k in @ manner described with prior embodiments. In one

embodiment, the VSD material includes nanoparticles, such as carbon-

nanotubes as particle constituents. The nanoparticles (0.6g) are mixed into

the polymer binder (e.g. EPON 828 or difunctional bisphenol
A/epichlorohydrin by HEXION) (70.8g) and GP611 epoxy functional

dimethylpolysiloxane copolymer, by GENESEE POLYMERS CORP.) (70.8g). A
solvent such as N-methyl-2-pyrrolidone is added (140g). Appropriate curing

and catalyst agents are applied and mixed uniformly. A pre-mixture is

formed comprising nanoparticles (e.g. carbon nanotubes), resin and solvent.

78.5g of TiOz and 2.6g of isopropyl tri (N-ethylenediamino) ethyl titanate
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[ 0085] I n many cases, conductive cores made of different materials in a

| ayered structure can provide desirable electrical or physical properties
for partiwol2ar2/sessposi ti ons or applications of VSD mat ePcalus2Hone@tanpl e,
it is often desirable to incorporate conductive particles with different

sizes a § ] | Chy r

el ectri %esgggggrqlﬂégg\éﬁgolgg%@cgrrﬂ%ﬁbgﬁ';B,%'ﬂogg\ﬁ%ﬁ?ﬁgﬁﬁgﬁﬁr lg'\e/cl; esngSD

f or nul atgxadizdthNi ipacticttss (proddedssetbrag spatitdgp@rtivieonstitgehts) are ehen
formed frominsul ating, sem conducting or conducting material, and (ii) one
or nor e addrd WHaI8xA8l of addiienalhBO NG 142.3get Be® o Mbhlg Wager that is

advant agsatiind $6 ciielB fhidirn HRHEBRENG MR 8% BERSoRE Bra < can

be choseqyddtRiAY &Y 188G tHBdERiedbSd841FEd difdrnhitd, BptidrdIgSsomiehYidRf hfay
particles, nmetal particles, and graphite. The overall si'ze of the core

shel | ed glsotbe desirabye tanggmphovemixgn croneters to mcroneters, and have

vari ous shapes (i ncl udi H'got hose sel ected by design). [0087£Dependi ngl on the
mat er i alAGETENISdx an eAPRENEN; the fepmUlplensEraultadnpéShs Brkesidlothat: he

o ocesscORIBEELR} Korb Sl eI rERifiard triddfhrDPltBchr, aptih@nttely
preci pi t3f 39und bedaedd WARRIe B¢RPPIroxamately 2178 fore@ Imeleg®s iviiteR0 pad

i mrersion plating, electroless plating or electrolytic plating. Based on
conduct idianyeterheeiasared dae ai rangnzasiopr boegudbel ity requirenents,

[ ayer (o) O0KRT; Elmeser DAt FL daRaTusTea R, AL AR RE SHEREE al for
he bi ndbp T SeRduct R bartiofe el HrBIOTRIE] Wfgind 2 L Rar RIBHOR  Ner

surface foph the ahiedinmdteriahespecificallye F1@. By sibustrdtesiVSD enatdridlnieaving |
| ayer to the core particle should be sufficient to withstand the shearing

force dutickgl vore sbethpaiticdes pwbess $heeshell soatarialgstrickekoxide.)FI@088] | n

SO TR TR i 15, PR SH Y SRR SRAPHELP AN, RHRL] pBRHaE, Rl tes
illustrates titanium oxide shells formed on nickel. The examples further
show that the shells may be formed to different sizes. Reduction in size may
enable greater quantities of the core particle to be used. The shell material,
more preferably, is a metal oxide composed of two different metal oxide
materials in the shell leading to synergistic electrical properties. For
example, nickel metal particles can be treated and coated to form a nickel
metal core and NiOx-ZnO shell. The shell would have better conductive
properties than NiOx alone and better insulative properties and an ZnO only
shell. Another example would be a nickel metal core and a NiOx-TiOx shell.
NiOx has a lower band gap but TiOx is extremely durable under high voltage
pulsing, is hydrolytically stable, and is corrosion resistant. Hence,
synergistically enhanced shell properties can be enhanced by mixed metal
oxide shell construction.
[0083] As an alternative to embodiments described, the core of the core
shell particle may comprise a varistor particle, such as zinc-oxide or
titanium dioxide. Still further, other embodiments may mix varistors and

core shell particles such as described herein.

21



that is a netal of a second kind. FIG 4 illustrates an enbodi ment in which
a core shell particle 400 includes a shell |ayer 420 fornmed from ni ckel

mat eri al ,wendi2z3ewse 410 forned from copper. Wil e ot hePCRAIS2019/060%07
materials may be substituted for the copper/nickel structure shown,

enbodi o ' ' [ ' VRRD~H adrd mer
matrix ( sé§ggu%§é®nétgg $§F#\i}l'§|§|@og@é?ﬁ@%t @rc?(%\](‘n’;gn co%éjl}gt {Eve
parti cl eSHEbh RARTICIES hand, can have undesirable results when included in
VSD material in finished form Silver and zinc, for exanple, have )

pr opensi Q088 ]1ni grlax Bahesaresegondugtiyeicares Madeudhdifferanithnakerals in a

i ncl ude ot her ,parti.cles | eadi ng,to ticl e .agploneratign that nakes the
VD 1 or ararFo Rt Een BREY R SeRBle g BRE R R A R R R e

poor el agirticehr BoARSSSiLBRS & KBKIiEAtioRERACY TP TatERGPIFOE BxbiRlec PR Nas
the propensity to corrode. In selecting the exterior shell |ayer,

enbodi nesften rdasicableetot imeorpocdted condbotitie (partededmath wiffepahty szesraatd i x
with other particles, and (ii) relatively common. Accordipgly, a

conposi tshapes iInvan/ ah armaulation N pedarse adheve taneetd elacirisak |
structur&oﬁ]erﬁlg 4, enables a conductive particle constituent that has
desi rabl'e Ar&2t eri stics of nickel (e.g. ease of processing in resin
systen) ,[(O86]"C! e raNegifesommé &rmbbdimdnts prevede bNVSMefdrlRITRIN ahaen,
di spersed uni form copper particles that vary in size between 0.1 to 5.0

m cr onetiackideshaoressimltedpastiple gomprisiogt(ipa cersctaronedfoers sulatingzi ng
the sane_ techni gue, 30 to 900 nrn nickel gg{g“.c)lses can be fora&d. I.n

cont r astSEMHE 9 ofr oAU gagHAl, LOBGT T1Qrer addiianalishell
passil V?tlh%rsf tHE h%)%eséﬂ M5t RO Eh Xt Iﬁgé?'t}ﬁét 89 RN 0 FBR ?:o%‘éFchRFe

nodi fyi ng'nol ecul es) and resin matrix chem stry nust be carefull'y designed
to avoi dnaf@eal.eSucleaonduttiver paatities| pravige prdverttaiges suurdasibeing for
exanpl e, undesirably high viscosity. To be used in a VSD fornul ation, one
consi dertaltf’ia@rﬂeflﬁrSlZEh@ﬂﬁ‘gSlaapﬁ TherCors matgrialeicanshatshesendfroasivarigite to

o St SRt RRISER 5 Shied sl Rlah SR TS, £l BARTS, oFP O
el ectri cglagHi@Perhé %’i/é?fallas?ii@%fzjtglge””é@g? kagma%@udéé hesy PAREECrSA $ubb.

sizes inmcronmeters are often a result, copper particles with
m cr onetraicreonaetdrisdio riarmineteds,-ardd maveowatieus)sHapase (inojuding sl
reduction reactjon can be used as the tenplate particles to grow a shell of

ni ckel 198le¢tediBYiesigB) same reaction medi um and process. After the

f ti i ck i Lat q. [

bar el J0G871, 7 6 Deddfitind Bt Bt Rt IAPRICRERE SRR | oc can
be US_Gd pﬁ‘bc@s@é@%ﬁ bé%d@f td %ﬂﬂ?@f@bhtéﬁéhefl%%/émf @f'fhb&idrfdh&fvé@@re
material. Electroless nickel plating, an auto-catalytic chem cal technique,

can be wwlladpaepdest Suitatyerprefcassek dbr aireatingncpadudtive conefsiedl. 1 n one
appr oach fter ahsarbing of |ead.(or .platinumo al | adi ...catal yst qnto
o arid et bhnge whenial SaGinEatBy: shrmcal yaPor RO TS As Priveical
(el D . : T o f
ke | S depoBithht SN BIdiT IS, BRctoIREs TABRG on btz © | or
| ayer ofplapipigoBasic ohhéaridhestsvity hehentieaksheddtivigy Bnd procedsabiity, for the

VSD fornmul ation. [0089] As an alternative or variation to enbodi nents
descr i bd@quirRimenhgudifteremn-typesueh aretabcandpe ichosenuis {eres thencordiciivaer

o AT 1 B AT SR
particl &3 -GARPEDS &i\f/T@Tsﬁ'eﬂCI%p/%r?B?e FelEdrald ﬁ?ﬁt@?iﬁ@?!o! id ¥d bbnipHtitier, the
core sheIIr particles may conprise (1) a netal core, ||L5 one or nore shell

| ayers, withltindi binddr beasatrvnéerpt alresirehhatirey systeand, wiith pravitkbat oxi de
shell layer. The netal oxide shell |ayer may be fornmed on the core shell

parti cl dugthefesurfaBeMACH ication o fyrtiararos@ RerdResTandeadhesion ohthme

i mpl ene i t.he r . parti a i i

| P! e et e P& Sk ShOEAS Beb SrRIORE S Sl e SERRRTng
shel | meprée during Y S feprrilahsh! pridedst(&.§. sBni BBNAesrgless)i bed with
prior enbodi nents. [0090] As a variation to conductor-on-conductor, the
core may®@88Jr medrf somes embedinaentd, weneerdicior-anccamduchormare siell |

| ayers may be formed from sem -conductive materjal. .ln one odi nent, the
core mateTtiale ICHGRA) B GRietvgh 5 8 cuER) of et iand, 998, Clha Ssiedl laiveior o
of the shell layers is forned froma meoggl oxi de of a second type. In one
enbodi nent, the core is forned fromTi and the shell includes at |east
one layer formed from ATO (antinmony in oxide). Still further, other

i npl enentations include zinc oxide, bismuth oxide, in oxide, nickel oxide,

g =) A a2 " I ORN = ~\ T 1



[ 0091] According to sone enbodi nents enbodi nent, a conductive core is

provi ded sem -conductive shell |ayers of different types. Mre
speci fi cavbyo12z3nmBal core nay be provided with rnultipl @CshiskeiolososeT s, with
each shel|l layer being of a different type. In one inplenentation, each

shel 1 | gyl 5% H’r%t%‘i’%ff H%ﬁb PredYy nﬁﬂstf—z%'rh@es éﬁeerﬁB‘é'd'imeﬂf%swﬁgﬂ?éi >¢

different types o or “exa core nmay correspon

nmet al  sumreashell peeticly 400p|nerud@end S| H\ﬁﬁ 420dpraed ficia rkicker st | ayer
formed fromzinc oxide and a second | ayer fornmed from another metal oxide

conbi natm@ﬁe(léhgan@l@ec@mﬂ1i0nf§1r@d@@ feenmeopper- THNIlgsether smials pager s
oo st afbBFeRs Mak bk sindfiuirsd Bl ahp e/ e Pl TS MR er can be
forned férﬂ@oﬁ'uﬁferﬂé'r‘é%o@hlz”é EIK&% (Qﬁﬁléﬂe(ﬂayﬁdlﬂe'\ﬁﬁéﬁfmf%dl b %“ES dymipi l e a

nore resistive exterior“shell lTayér is forned over the inner shell layer.

[0092] Awmabrint(as racguirad |mNSIrfermuIab|msean)ilovlrher sommurdeondattleet her

t he conductor core, or one of the one or nore shell is surface
ﬁtsowh@

modi f i ePAIGRTI @ALhs %%fn@@ndsﬁaﬂd"%\f%wm@sﬂ@'@dﬁéu Bridcidad in

Paver myBeokeRal LAY fabRi S vl FnB ity [ gfrnleE BRYEE R ot
pol yner tgheligratdy@hefiiRedan & poryidr firedlatidye{whrsimapinaddabettert he

core, with o?her material form ng an exterior shefl | ayer), or an exterior
| ayer. |parkihes) depdingite,particleaggiemerhtion thatemakses they$D formalation

-li.nk 3] . VSD TERI AL APPLI CATI S 00
apol | catlNEHECERELET FUPICCisbbIaT Lrakane GEF Sk anfathen SHESL th any
of the R 3SR BB GIdhs [ BeBRRII MY cosgepwa@eﬂes oR5BALEy T or

VSD nmat €ri to be provid on substra evi ces rint rrcu

boards, t@e@@mdéucmrsemmehe akteeitt shelblayeas embodnhlehms geeoghiye cs, as
wel | as nore sgemflc applications such as LEDs and radi o-frequency devi ces

(e.g. RAhetinig ¢I ispth (Hustade ing ﬁ@lyrasmmaaﬂxdmghr@t@qgrwttféefmandd@)of
VSDmatterllal_fl| Iu as _descyi bed he[eln with a, .l |qug/ ¥1§E3 aj l,ay,

or gani ¢ TE\aYEneRditoany AsrAinglvact copmwasition of Yamhifateral dHatohor et i ¢
di spl ay, m@fud&chwé"c%ﬂ%lu‘&d)l”’%bré %heﬁ%t*aué&WeCSfSdeha RAHAMIES %ntl[]EfiVé' ng
the VSD materi a be to enhance handling of trandient and overvoltage
condi ti qmm’tldelmnaslttmyat dhat basi désifablecoleatacterisbichef rigkel Caig oeaie:)ofVSD
mat eri al includes netal deposition, as described in U S.  Pate

6, 797, 12®'QC@SE'n9<H§6%'I@y5\($M¢|n&}7 byt Hﬁ'@g9slarﬂ9¥hﬁ6rfﬁtaéﬁr'ﬁb”‘r Eﬁe@@'ﬁeénl ANet s
entiret y?"nplementatlon, dispersed uniform copper particles that vary in size

between 0.1 to 5.0 micrometers can be formed by a polyol reduction
reaction process. Utilizing the same technique, 30 to 900 nm nickel particles
can be formed. In contrast, the copper core is chemically reactive even after
chemical passivation (such as silver coating or passivating by organic
surface modifying molecules) and resin matrix chemistry must be carefully
designed to avoid unwanted reactions or controllable processing conditions,
for example, undesirably high viscosity. To be used in a VSD formulation,
one consideration for the metal filler is relatively stable and resistance to
oxidation during processing at elevated temperatures (for example, 200 °C)
in ambient atmosphere. On the other hand, to achieve the required
electrical properties of a VSD formulation, metal filler particles with sizes in
micrometers are often desired. As a result, copper particles with micrometer
size (for example, 1 - 3 micrometers) formed by the polyol reduction

reaction can be used as the template particles to grow a shell of nickel layer
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[0095] FIG 5A illustrates a substrate device that is configured with VSD
mat eri al having a conposition such as described with any of the enbodi nents
provi ded Wereizm3o33 shown by FIG 5A, the substrate deviPCe/US0@0o6NESPONdS
to, for exanple, a printed circuit board. A conductive |layer 510 conpri sing
el ectro 3 Later |

hi cknessinp (0 o BRAcSREReBlATTang fockRl SABRRFRESOIMIRITRE A \sp
mat er i alsHelDlywavang reachimpshe iappropetatesoviestr paeticlel dibe gfigr ekahiysle 3
enbodi nents descri bed herein) may be provided on substrate 500 (e.g. as
part of -aScBlieramgerst theteanductive pasticiasotanide vaegrassarmemdfctivesui t abl e

el ectrical _ eyent . 0, D | at eral sw bet ween el ect rodes. 512 t hat
over | ay RrejRRorsLdens ot #Rrpleidn SEVERE malaTar SrEhles e, as o
|ateral Qetipey i#PBLES-cValyic ERBMikS! tedaguRd catbe Wit fo HEJdsH 8Nbyer
transient el ectrical event' takes place. In one application, one of the

el ect r odEsnisk2l atlog gn partickd suefidicet Hat ora agpieath, afggroalpsoniiagefolead

devi ce. The groundi ng e] ectrode 512 interconnects other conductive e]enments

512 (t hdordrlatisera it eallagiugap catalyst @ipoeitids surfacs (foroexamrie; allican

t he VSD . i i Lot ; ti . |t of
the tr ardilte b S B el 3 ot S e Fra B BB B o2t P2 53
ext ends ddlgfibhheargbeuitdroduet@ebrfddm hickdiNhgek b tHe plarask Shrfake. After
substrate 500. The via provides electrical connectivity to conplete the

ground ghehfarmatiertafnickel shetlHaygr af i prg pelatet thidkn 693, theheopshielin of
the VSD | ayer that underlies t ap 518. bridges the conductive el enents
512, so FIEH%ICI@II%??'F'QﬁQi IIQrI’tt?@ ggi)r ?ngmu is grounded, thus protecting
conmponent oyl deAd SRS [ A q t : Chi by e s 512
t hat con‘gpi se h?@cgﬁcﬂg?ﬁ/&gwgggw ﬁ%ﬁ&ﬂf&&gﬁﬁc&% é#?ﬁéﬁ%’?@g@ a

conf i guragriducton-oMrcomductondeetistell syrecturescode diefluithen raotifiedise. that a
configuration shown, a conductive ‘Lj_%yer 560 conprising el ectrodes 562, 562

i s di striheurespegtive ahalls ief dhecisslividual pasticies indade aametpdoxide Vaper.
material , 570 and dielectric material 574 .0. B-stage material) ma
over | ay A St SR HameihaiRie s She) BathRs fatuttss o
mat ef | almefdl-BBYe HrtPalifet ACOULRIShENCBASHIES the LORCEREATSbRICIEd may
contact wth the VSD l'ayer 570. Surface el ectrodes 582, 582 conprise a

conduct icempaiger (i p@0nmtaVicded, (in) ensuwif awaeoshelhéagersstinaluelibg§at [East
surface el ectrodes 582, 58 also overlay a layer VSD material 571. One

o or e IGEGHH Shell Giver: ANl 3 e Gt she L Ayesdt e BHiaL OXde

I t j I I f ] r 570, 571
ar e pos ¥ TURERE Ry Bs B SL 8GN S Bdre SRR STe B S AV et F e
across a/#HeuSpPicH efrritREidMS, FoRrtEimyte,| RYBHE iRPHlenStams, tHaasrent
el ectrical events of sufficient magnitude reach the VSD naterial. [0098] As

an al t erstwtli particlegarneacomprisadsof 30 aldopparacae, iy e niaa! shalk, anddiii)
arrangenent faqr i.ncor ing.VSD naterial , into a bstrate. A substrate
586 1 noch pUs Xidel SRl Bhe DigkapReehalb e hdie Egard s core MeJlr o of
conduct g%gugﬁfr%ri'ng‘%éﬁgﬁn\%ﬁ%sclr{béw@vit Ir Mo fherftee of the conductive

| ayers IS enb en a transient electrical event reaches the |ayer

of VSD n0@903l A8G vatiasurt thesndertvcioneonddchsr, diesco e ntpn thectdrmeed
| ayers 588, 598. The vertical switching configuration nay al so be used to

i nt er corfhedt seBrgoBedUgEvel reatarisl tand chemar nrere shehpyers aay s foreged
conductiye | a

SOl Bl s Co e TRV B Bkl S QUP S BBl AR, bad Cokeanfrelial s ®
accor dargerydd Q’W%@%%@(Iﬁ@%é Ifﬁ‘gEIsﬂﬁ)é' Bn'aa%n@%rpr"ﬁb\f*bd@fdthézbﬁell

6
illustrates a device 600 including su ate 610, conponent 640, and
opt i onallayersa$s rmedhfoom agr@kal oXRi2 vhieeseadnd@Hpél bn oo edalbodiment, any
of the enbodi nents described) may be incorporated into any one or nore of
many | odRE epre is frned rijO'&‘t 07 s e helhinglydes atdeast QRedANBEL h t he

wthin dormed felo B rONE bRy GRS ReTu R ingr fins tBRTHEnbatons O
include zinc oxide, bismuth oxide, tin oxide, nickel oxide, Indium tin oxide

(ITO), Antimony zinc oxide (AZO), or any other metal oxide material
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VSD material may be incorporated into the casing 650. In each case, the VSD
mat eri al 605 may be incorporated so as to couple with conductive el enents,
such as tweaceidmeis, when vol t age exceedi ng the char act eciraise@oweisiage i s
present. Thus, the VSD material 605 is a conductive elenent in the presence

ool caT g EIRATERDth thRph Rt b HRaPaR chte /8T dhBcsnel

exanpl e, lagepponent 640 may correspond to an LED that illum nates fromthe
substrate 610. The positioning and configuration of the VSD material 605 on
subst r at0@98 Inefceerdingds soa gmpedimeata embrdianent,ra eandugkiye, core is
termnals (i

or ovi dec S e bR e BT B oGt BNt Ry nES FIGHE Phscieding = ac
an al t enataneord a8 pRIALER wityrAtple ehefnal ers DRTtPeach thdporlyerve

and negative |eads of the LED device, apart froma substrate. Sti
further ,baing off ardifferenbodperin e omptamieotatien, aacbr sfaall tay&iDs, formedhi ch
case VSD material pm provi ded, for exanple, underneath an organi

b
| i ght - erfAiP B ﬁd@%ﬁb@%@%ﬁ@?hak the shely ltawerégc@rnapfléewﬁff@raﬁatﬁpﬁgpfmcﬂeﬁal

ol 1 cat ek For sRtnBle; 1R SOREMAT ORI B et Sucheas Hicks! 9T 1y
be i nmpl efspiead aMd bh¥'Shamet eiayatosipHsea filetqalBetomhed BbhezirdbRideent s

of this application. [0102] Alternatively, the device 600 may correspond to
a wir el evyd coseaond syenfammeddroguanobien meildl @Xidequambinatient(efg caneon

device. Wth d i rel i i devi h .
radi o aAnERHEsALRINAY (HF Haw Ces SRS At UEs % S3e daARISR? &t i on

| _ ; |
Componer e NRDCTRFSEIGHSHERY (Id 88'ol 6 CATRAMGANCRID AP BRI

over charge or events. cases, conponent corres

chip or emdrebésstiepimmet shell day epepansa forheldhfrode vige oxilé erndtkekbyidd he
use of VSD material 605 may protect other conponents from charge that may

be causddayngHessanpesistRrN®@AN0 Wiride aeafel kesisidve exdatios Aheatblaysesrisespond
to a batft e@'ﬁe and tne VSD %%@ 605 may be provided as a trace el enent
on a surP %PV{Bﬁé} SULSE at Yo protect against voltage conditions

that aripod29m AsHdteley Vteation ABK C@"Hﬂﬁiééﬁ{b i FVilda! thdtn
accor danlggow?gh errbodcls ments descri beg rein may eI iﬁp%sg?fentleg for use as
VSD nmat ezittadér the coeductoradreewir omecohthguret oomodesbellbagers, 19. SurfBatent
Application No. 11/562, 222 (incorporated by reference herein), wh

) jch
descr i bd®odlifhed 69§nFM%ﬁﬂ?@'é{W%ﬁssQntO\mPéﬂ%§h§cﬁﬁﬂﬂﬂ®afic@ﬁecfé\ﬁ|k8§r'iﬂﬁ||iech

. | | . IO
componerttB PRI SHEIL et Fne To Palioh e e BRI gnaf S I it pe
devi ce. FhgoMBRATR BrhahnedTISBFited Wit Prasresmitiddimdiftse aTROPBIYmePshell

positioned to electrically couple to the conponent in the presence of a
vol t age lagat neaythxhas interiottsiellalayen.(d.916aimsti abodtuthé @oredwiticotibon nay

correspond.tq ackaged device, or, alternatively, a sem co ctor package
PO T e L R SR eel! T s StaD8T Ay Stk SRETGEd L
th ) _ ; _ ¢ Qi ) )

Lhe SasgHARIRBLLAE sy il OO RABIRS o SA0sRed PElRed 10
det ai | i i & t anyi ng drawi ngs, variations to
spec: fi ﬁ%%&W%gP;W@aﬁwiﬁéﬁ@magéeg her\tlav: n.g I tvi sI i n!t ended
that the scope of the invention is defined by the follow ng clainms and
their ecﬁ.QQﬁF‘ant%'.UnF@'FQLlfeﬁﬁﬁl'@?t'Pf‘Si@'ébm@ﬁ@m%ﬁﬂtlﬂﬁétﬁav Brnaterial in

feature descri .epther indivj | l.y_or, a ‘ f . enpodi_nent, can be
conbi neoa%%?ﬂag?%ewﬁhn%? iocjj:[}glel é'qﬂ)g’s%ﬁeﬂi% $%§$jﬂﬁ%§,hegg'%gﬁl gagﬁcﬁaﬁ’er
embodi MeshBodifentsaNTR/NEE foF VIS Fhhberigl &P BRI prRivViaed heubdtiite dewekyde
the inventor(s) fromclaimng rights to such conbi nati ons.

such as printed circuit boards, semiconductor packages, discrete devices,

thin film electronics, as well as more specific applications such as LEDs and

radio-frequency devices (e.g. RFID tags). Still further, other applications

may provide for use of VSD material such as described herein with a liquid

crystal display, organic light emissive display, electrochromic display,
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What is clainmed is: 1. A conposition of voltage switchable dielectric (VSD)
mat eri al conprising: a polyner binder; and one or nore types of
particl eswoizeparsaisd in the binder, the one or nore type®COfUSP@ONG@IES

i ncluding a concentration of core shell particles that individually

conpri Seelétﬁrrc?@h%?EﬁcfQEEFa%féPB‘aER'tﬁ ﬁé'd’ﬁvé‘@? %G&h‘?:[exﬁcéé r‘PFue s%”d

(ii) one or I'ncl an exterror for

conduct ifoe malmfnglth@fVSDsamredlatlyﬂaytﬂjettolehrmrﬁcf@hantllm@aof tﬂ'amst@ndaﬂtll ve
material of first type the conductive material of the second type

i ncl udi ryefiveli@ge con ¢l@%o$ﬁﬁta§|f6ﬁYo@ﬂ§¢élvlﬁhlESWﬂ#@lhﬁ wothehduct i ve
material_of.the firs clude oppe The conpositi £
wher ef n RGP OR Y Rt e N RE R eal g ighe 8 Toraredinghe M s
concent rgdiepit NG5, 797 %2?%04.@(’@5@9@‘{%@%% Heedly mCoﬁ*PSrél@H)%' tion.

4. The conposition of claim1, wherein the one or nmore she | ayers of the

i ndi vi duafecamee ghdlsl eplargtiygl es i ncl udes a ni ckel oxide layer. 5. The
conposition of claiml1l, wherein at |east one of the core or one of the one

or nore HIGY5]! aFEG s5hsilitgtizes dedbstettel@evite!thde i3 dReIfiytRed with VSD
material having a composition such as described with any of the
embodiments provided herein. As shown by FIG. 5A, the substrate device
500 corresponds to, for example, a printed circuit board. A conductive layer
510 comprising electrodes 512 and other trace elements or interconnects is
formed on a thickness of surface of the substrate 500. In a configuration as
shown, VSD material 520 (having a composition such as described with any
of the embodiments described herein) may be provided on substrate 500
(e.g. as part of a core layer structure) in order provide, in presence of a
suitable electrical event (e.g. ESD), a lateral switch between electrodes 512
that overlay the VSD layer 520. The gap 518 between the electrode 512
acts as a lateral or horizontal switch that is triggered ‘on’ when a sufficient
transient electrical event takes place. In one application, one of the
electrodes 512 is a ground element that extends to a ground plane or
device. The grounding electrode 512 interconnects other conductive
elements 512 (that are separated by gap 518) to ground as a result of
material in the VSD layer 520 being switched into the conductive state (as a

result of the transient electrical event).

[0096] In one implementation, a via 535 extends from the grounding
electrode 512 into the thickness of the substrate 500. The via provides
electrical connectivity to complete the ground path that extends from the
grounding electrode 512. The portion of the VSD layer that underlies the
gap 518 bridges the conductive elements 512, so that the transient
electrical event is grounded, thus protecting components and devices that
are interconnected to conductive elements 512 that comprise the conductive

layer 510.
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6. The conposition of claim1, wherein at |east one of the core or one of
the one or nore shell layers is surface nodified to include a cross-I|inked
pol ynmer. wo@o20B236630363PCT/ US2010/ 060617 7. The conpo®Criusaciofemiai m 1,
wherein the one or nore types of particle constituents further conprises
non- cor p e r r c&?}%g The
conposi ti on o ?fé g? ﬁlutsPPéteg ateﬁéﬂﬁ gl?%gbﬁoﬁewt?]%ﬁeg 0 par'{i}vé Iay@rl

const i t uebedided irea mramamammrgumﬂjd shenn,cd @Snﬁlﬂ@tw@rl@yer 560
nano- di nensi oned particles. 9. The conB_o& tion of claim 8, wherein the

nano- di rREHBPEISEID shectrerdes 362 hbgHs dipeributed Mathingashtcksessmor gani c

par 1 o GBSt Da P B ot VR adt Al S7q el Rieb e AR R F 7 ('8
wher el n § heagBearRteABICINPEYebyPRd bAliScAa8S CorRIMA d HyldiendnEBfiapes

non-core she particl’es that 1 nclude Boron. 12The conposi‘tion of claim1,
wher ei n laherooné dieletbrie mapedalbb7gamaycakso be included, such as directly

underneath or in contact with the VSD layer 570. Surface electrodes 582,
582 comprise a conductive layer 580 provided on a surface of the substrate
550. The surface electrodes 582, 582 may also overlay a layer VSD material
571. One or more vias 575 may electrically interconnect
electrodes/conductive elements of conductive layers 560, 580. The layers of
VSD material 570, 571 are positioned so as to horizontally switch and bridge
adjacent electrodes across a gap 568 of respective conductive layers 560,
580 when transient electrical events of sufficient magnitude reach the VSD

material.

[0098] As an alternative or variation, FIG. 5C illustrates a vertical
switching arrangement for incorporating VSD material into a substrate. A
substrate 586 incorporates a layer of VSD material 590 that separates two
layers of conductive material 588, 598. In one implementation, one of the
conductive layers 598 is embedded. When a transient electrical event
reaches the layer of VSD material 590, it switches conductive and bridges
the conductive layers 588, 598. The vertical switching configuration may
also be used to interconnect conductive elements to ground. For example,

the embedded conductive layer 598 may provide a grounding plane.

[0099] FIG. 6 is a simplified diagram of an electronic device on which VSD
material in accordance with embodiments described herein may be
provided. FIG. 6 illustrates a device 600 including substrate 610, component
640, and optionally casing or housing 650. VSD material 605 (in accordance
with any of the embodiments described) may be incorporated into any one
or more of many locations, including at a location on a surface 602,
underneath the surface 602 (such as under its trace elements or under

component 640), or within a thickness of substrate 610. Alternatively, the
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constituents further conprises active varistor particles. 13. The
conposition of claim1, wherein the binder is fornmed froma conductive

pol yrmer. wo4012A3e3aposi ti on of voltage sw tchabl e di el eeCrius2¢1v8)s1mat eri al
conprising: a polyner binder; and one or nore types of particles

c . & pol ymer bi pes of parti
Conoent 1ot PaneRE BhPAaL b Mot pBrafed B (O ERs(la B0 h Each PEse HHE,°

conduct iwSDomatenial 6O ntdy e igeoeporated 6 Jasote couph®ndtts kehldulctiyer s,
including an exterior layer formed froma netal oxide. 15. The conposition
of cl ai relementiserstich asérastlerdsorbesnedltagapxceading the dmrasteristie

layers t\po%agljen% lf)?‘gsgr'mﬁkﬁhlm, %/r\i% %}Eg’nqug’r?§|P§6éLf§zao%85888 |\1/é element in
the presence of a specific voltage condition.

[0100] With respect to any of the applications described herein, device
600 may be a display device. For example, component 640 may correspond
to an LED that illuminates from the substrate 610. The positioning and
configuration of the VSD material 605 on substrate 610 may be selective to
accommodate the electrical leads, terminals (i.e. input or outputs) and other
conductive elements that are provided with, used by or incorporated into the
light-emitting device. As an alternative, the VSD material 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, underneath an organic light-emitting diode (OLED).

[0101] With regard to LEDs and other light emitting devices, 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

such as described with other embodiments of this application.

[0102] Alternatively, the device 600 may correspond to a wireless
communication device, such as a radio-frequency identification device. With
regard to wireless communication devices such as radio-frequency
identification devices (RFID) and wireless communication components, VSD
material may protect the component 640 from, for example, overcharge or
ESD events. In such cases, component 640 may correspond to a chip or
wireless communication component of the device. Alternatively, the use of
VSD material 605 may protect other components from charge that may be
caused by the component 640. For example, component 640 may
correspond to a battery, and the VSD material 605 may be provided as a
trace element on a surface of the substrate 610 to protect against voltage

conditions that arise from a battery event. Any composition of VSD material
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16. The conposition of claim 14, wherein the one or nore shell |ayers

I ncl ude a nickel layer and a nickel oxide |ayer. 17. The conposition of

cl ai m 14, wotheraizmsBhe core i s conductive and fornmed fromCTtaspen/060618. The
conposition of claim 14, wherein at | east one of the core or one of the one

comost tory B EEwith ETHREMERS JSStiben HRERHT Fady B HiPlemehted fBE (e

or nore dehk VePamatesial fomddvideoand deviak cofifitpuratitths dhscdbagddsi Ui$n of
claim 14, wherein the core is serni conductive and forned froma netal oxide

of a firRatenfpppligatiomdiei hltfel cd2bincosperatachbyrrefgrener: herein), avlich

f d f t al i de. of d t .21, Th Lt f clai
20, "wher S e DOPRERUIS R ltnBRERHOnE il irelis ol B S
conposi tWHItrancQJrB%)Férl%lVSW?ﬁgﬂé}iélhe one or nore shell layers include

Antinmony 1 n oxide (A 23. The conposition of claim 20, wherein each of

t he cor t . th . layers |s f ,de
Lhe ST TqHRY, A5 RBRosbyENT SHRblo eSO Muloecb A0 a0 ket
ni ckel @y, d6r exathpra, i d dpsdrdee SehcontictoP e viddICTIREVGSD (MEEdriailebani um
di oxi de (Ti02), and Antinony in oxide (ATO).
may be integrated with the component, or positioned to electrically couple
to the component in the presence of a voltage that switches the material on.
[0104] Still further, device 600 may correspond to a packaged device, or
alternatively, a semiconductor package for receiving a substrate component.
VSD material 605 may be combined with the casing 650 prior to substrate

610 or component 640 being included in the device.

[0105] Although illustrative embodiments have been described in detail
herein with reference to the accompanying drawings, variations to specific
embodiments and details are encompassed herein. It is intended that the
scope of the invention is defined by the following claims and their
equivalents. Furthermore, it is contemplated that a particular feature
described, either individually or as part of an embodiment, can be combined
with other individually described features, or parts of other embodiments.
Thus, absence of describing combinations should not preclude the

inventor(s) from claiming rights to such combinations.
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24. A conposition of voltage switchable dielectric (VSD) materi al
conprising: a polyner binder; and one or nore types of particles

di sper sedwOreotsoisBnder, the one or nore types of parti eCeaSenoloswiing a
concentration of core shell particles that WD 2012/ 030363PCT/ US2010/ 060617
i ndi vi dughlo¥ i %Qﬂ@i%é& i§1) a conductor core formed from conductive material,
and (ii) a mrlti-Ta ered shell that includes at |east one |ayer of

conductive material. 25. The conposition of claim24, wherein the
mufti-layered shell includes the at |east one |ayer of conductive nmaterial
as an ext-efi@Mmpaskion &f aoltagss switihabdesbslactea (MSfé) anateripl arepsising he
mufti-layered shell includes at |east one |ayer of material that is

conprised of a@ipekginer binder; and
one or more types of particles dispersed in the binder, the one or

more types of particles including a concentration of core shell particles that
individually comprise (i) a core formed from conductive material of a first
type, and (ii) one or more shell layers, including an exterior layer formed
from conductive material of a second type that is different than the
conductive material of first type, the conductive material of the second type
including nickel.
2. The composition of claim 1, wherein the conductive material of the
first type includes copper.
3. The composition of claim 1, wherein the one or more types of particles
are dispersed in the binder in a concentration that is at or above a
percolation level of the composition.
4, The composition of claim 1, wherein the one or more shell layers of
the individual core shell particles includes a nickel oxide layer.
5. The composition of claim 1, wherein at least one of the core or one of
the one or more shell layers is surface modified to include a polymer.
6. The composition of claim 1, wherein at least one of the core or one of
the one or more shell layers is surface modified to include a cross-linked

polymer.
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27. The conposition of claim26, wherein the conductor core is formed from
mat eri al that includes copper. 28. A conposition of voltage sw tchable

di el ect riwoQvBDBoIwat eri al conprising: a pol ynmer binder; PamaS2010/06@me or
nore types of particles dispersed in the binder, the one or rmre types of

particl ep Tﬁé'db‘?hpgsﬂlcﬁ%‘?%fﬁlh"f‘t %h@f—elﬁ%ﬁ% shel & ﬁ?cgm 2

i ndi vi dual [y co a conductor core orrre uctlve materl al ,
and (ii) amJItl-I ered shel | . that includes fII’S@ taI oxi de | ayer and
a secondHIHLERED rl‘lfb?feqomﬁatsqssnenchgﬁe el P@H'F FsererepRAuEirge
| ayer. 29. The conposition of claim28, wherein the first netal oxide
| ayer hawr senhifdardunttoesectri cal resistance that the second nmetal oxide
llayer. 30. The conposition of claim28, wherein the first netal oxide

llayer isgfor gk (of %IBI%Fpéf e%lm :flwﬂ_@‘%lﬁctﬁléoéhé d?*h"Rfreoﬂsy?é@ ﬁ@pa\‘ﬁ@"eei n

the first netal oxi ayer Is formed fromnickel oxide

COMDOS U QL P P IGERIdket i 28! s BarBRleLthdt/Ste hiFlGHes

dimensioned particles.
9. The composition of claim 8, wherein the nano-dimensioned particles
are high-aspect ratio organic or inorganic particles.
10. The composition of claim 1, wherein the nano-dimensioned particles
include carbon nano-tubes.
11. The composition of claim 1, wherein the one or more types of particle
constituents further comprises non-core shell particles that include Boron.
12. The composition of claim 1, wherein the one or more types of particle
constituents further comprises active varistor particles.
13. The composition of claim 1, wherein the binder is formed from a
conductive polymer.
14. A composition of voltage switchable dielectric (VSD) material
comprising:

a polymer binder; and

one or more types of particles dispersed in the binder, the one or
more types of particles including a concentration of core shell particles that
individually comprise (i) a conductive or semi-conductive core, and (ii) one
or more shell layers, including an exterior layer formed from a metal oxide.
15. The composition of claim 14, wherein the one or more shell layers

include one or more layers that include nickel.
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16. The composition of claim 14, wherein the one or more shell layers
include a nickel layer and a nickel oxide layer.

17. The composition of claim 14, wherein the core is conductive and
formed from copper.
18. The composition of claim 14, wherein at least one of the core or one of
the one or more shell layers is surface modified to include a polymer.
19. The composition of claim 14, wherein at least one of the core or one of
the one or more shell layers is formed from a metal oxide.
20. The composition of claim 14, wherein the core is semiconductive and
formed from a metal oxide of a first type, and wherein one or more shell
layers of the shell are formed from a metal oxide of a second type.
21. The composition of claim 20, wherein the core is formed from
Titanium dioxide (TiO,).
22. The composition of claim 21, wherein the one or more shell layers
include Antimony tin oxide (ATO).
23. The composition of claim 20, wherein each of the core and at least one
of the shell layers is formed from a metal oxide selected from a group
consisting of zinc oxide, bismuth oxide, tin oxide, nickel oxide, Indium tin
oxide (ITO), Antimony zinc oxide (AZO), Titanium dioxide (TiOz), and
Antimony tin oxide (ATO).
24. A composition of voltage switchable dielectric (VSD) material
comprising:

a polymer binder; and

one or more types of particles dispersed in the binder, the one or

more types of particles including a concentration of core shell particles that
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individually comprise (i) a conductor core formed from conductive material,
and (ii) a multi-layered shell that includes at least one layer of conductive
material.

25. The composition of claim 24, wherein the multi-layered shell includes
the at least one layer of conductive material as an exterior-most layer.
26. The composition of claim 24, wherein the multi-layered shell includes
at least one layer of material that is comprised of nickel.
27. The composition of claim 26, wherein the conductor core is formed
from material that includes copper.
28. A composition of voltage switchable dielectric (VSD) material
comprising:

a polymer binder; and

one or more types of particles dispersed in the binder, the one or
more types of particles including a concentration of core shell particles that
individually comprise (i) a conductor core formed from conductive material,
and (ii) a multi-layered shell that includes a first metal oxide layer and a
second metal oxide layer that is different from the first metal oxide layer.
29. The composition of claim 28, wherein the first metal oxide layer has a
different electrical resistance that the second metal oxide layer.
30. The composition of claim 28, wherein the first metal oxide layer is
formed from zinc oxide.
31. The composition of claim 28, wherein the first metal oxide layer is
formed from nickel oxide.
32. The composition of claim 28, wherein the first metal oxide layer

includes alumina.
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