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SAVE BACKGROUND OF THE I NVENTION Field of the

I nvention [0001] The present invention relates

generally to the field of electronic devices and nore

particularly to over-voltage protection. Related Art

FORIUL ATIANSROBCY OL TAE SWIT(HkABLE PIELECTRIC MATERIAL
HARANE RS PR olTALE RuSbONSEAND MR BB FOR MakanG

over-vol tage events i nclTHE SAMEctrostatic di scharge
(ESD), line transients, and |ightening strikes.
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electrostatic discharge (ESD), line transients, and lightening strikes. Electrostatic
discharge commonly occurs when a person carrying a static charge touches a
semiconductor device. Line transients include power surges on AC power lines, and can
also be caused by events such as closing a switch or starting a motor.
[0003] Voltage switchable dielectric materials, also known as nonlinear resistance
materials, are materials that normally behave as dielectric materials, but upon application
of a sufficient voltage, known as a switch voltage, will rapidly become electrically
conductive. The ability of voltage switchable dielectric materials to switch between non-
conductive and conductive states makes these materials well suited for over-voltage
protection applications. One requirement for most applications, however, is that the
voltage switchable dielectric material cannot appreciably leak current below the normal

operating voltage of the device in which the voltage switchable dielectric material is

employed.



vol tage switchable dielectric material cannot
appreciably | eak current bel ow the normal operating

wao olmsaga2df the device in which the voltage sweTOaim®020682
dielectric material is enployed. WD 2008/ 036423
PCT/ US2007/ 020682 [0004] A common net hod for
manuf acturing voltage switchable dielectric materials
is to fill a pol r wth a high | evel of netal
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switchable dielectric material of the invention
cosonprises a dielectric matrix material and three

sem conductive materials disposed within the matrix

mat eri al .



Each of the three sem conductive materials is
characterized by a different bandgap energy. Any of

wao bessameronducti ve materials can conprise, foPCT/US2007/020682
exanpl e, inorganic particles, organic particles, or a
sol vent soluble organic material. In sone enbodi nents,
one of the sem conductive materials has a bandgap
energy in the ra<8e of about 2eV to 3eV. In sone of
t hese enmbodi ment SYUMMARY MG THERMMMNUEN ve nateri al
has a bandgap energy less than 2eV, and a third
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3eVBUREAE ofthERAHRIdMhdnfY, B sedoh@ seEsdctiRd MhteAdl ha® 8 bandgap
characterized by an aspect ratio of at | east 3 1. In

I
en?rlg?? th ah B@@eandea'mgg émﬁgﬁducg{;@?qglfenglhﬁs 5%% g§/ %%ater

s al 50 conprises particles charact

s AR
corrrrl?)}'lggxlg gr|1 el%?tglczl;]l yvc?onductlve material disposed within the matrix material.

[0006] Another exemplary voltage switchable dielectric material of the invention
comprises a dielectric matrix material and two semiconductive materials characterized by
different bandgap energies. One of the semiconductive materials comprises particles
characterized by an aspect ratio of at least 3:1.

[0007] Still another exemplary voltage switchable dielectric material of the invention
comprises a dielectric matrix material and two semiconductive materials characterized by
different bandgap energies. In these embodiments, the voltgge switchable dielectric
material further comprises particles of an electrically conductive material disposed within

the matrix material and characterized by an aspect ratio of at least 3:1. In some of these

embodiments, one of the semiconductive materials also comprises particles characterized



vol une percentage of conductive particles is |l ess than
about 35, in sone instances. [00081 The present
WO poogfsd4en al so provi des nethods for fabricatiPQr/us2007/020682
voltage sw tchable dielectric materials, as well as
vol tage swtchable dielectric materials made by these
nmet hods. An exenpl ary nethod conprises adding first,
second, and third sem conductive materials to a
byragobpect ratig iohat lease 3l e Jha voltage lswitbhable dielectric gwtamd] camrtdve a
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each of the first, second, and third sem conductive
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[0009] FIG 1 shows a cross-sectional view of voltage
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exenpl ary enbodi nent of the invention. [0010] FIG 2
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further comprise adding a solvent to the resin during mixing. Curing the resin, in some

instances, includes exposing the resin to a plurality of curing periods, where each

successive curing period is at a higher temperature than the previous curing period.



swi tchable dielectric material according to an
exenpl ary enbodi nent of the invention. [0012] FIG 4
WO 2008088283 secti on of an exenplary vol tage sw t BCEDE®07/020682
dielectric material applied to a gap between two
el ectrodes according to an exenpl ary enbodi nent of the
invention. [0013] FIG 5 is cross-section of two
el ectrodes di sposed on a | ayer of a voltage
swit chabl e di EEQESQR&BIEPNQFBH,E&MW@‘I%S an
exenpl ary enbodi nent of the invention.
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formul ati ons. Benefits that can be derived fromthese
formul ations include a | ower | eakage current at
woersmbesaper ati ng vol tages, as well as gener al PET/US2007/020682
i mproved properties for electronics applications such
as capacitance, dielectric constant, crack resistance,
and coefficient of thermal expansion. [00151 FIG 1
schematically illustrates a formulation for a voltage
swi t chabl @EBAHLERDESCREAHONOFIDIEINYENTHINt 0 an
exenpl ary enbodi nent of the invention. In FIG 1, a
[06#e] r i XThegiresenainvdntion ipsoviides lf@thuldtions fuavbitadeasittRdblodiekectric
conductive material, particles 130, 140, 150 of three
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energies, and particles 160 of an insulating
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ows a formnulation Inc I Ng erent types

of rt.icl 120Q. 1 40, 1 6. WD 2008/ 036423
seieoPREREoTRDs Hieals Rveilersd thnestp R IO
omt the conductive. particles 120 and/ or the
IOV s PN YAl ge SPEhapis e BRE Malsab T eBPishiesponse to
include particles 130, 140 of two sem conductive
diffesensdevelsotioaei- yrjtages: flbe semicpadnegupmateainlgicas take therferm of
than all three particles 130, 140, and 150. It wll
pabieleappit el et Bohited dterdtheAkérages]y, sisaespnductdvaimateenkcaoie
the particles 120, 130, 140, 150, 160 are nerely

solubleUfs,tor diikoisle iigh, Meldidi@aid mht@ixigatéreidl B&@iidl@iony 6ptidnaBii¥an
particular formulation. [0016] Further, while FIG 1

alsblihdiSde M caiscald 'E:Bxilcﬁllcﬁvge Adfbr idshfitind RRAteRfalsS qﬁrlh&ﬁ@%&;dil}ﬁ@nts, at

materials, it"wll be understood ' that one or nore o

RS AR S B ARl Dol
by%%rats;i)e%l rlaYio %%nglls% Iop gregt%r. Such high aspect ratio particleS allow for an
overall reduction of the volume percentage of conductive particles relative to prior art
formulations. Benefits that can be derived from these formulations include a lower
leakage current at normal operating voltages, as well as generally improved properties for
electronics applications such as capacitance, dielectric constant, crack resistance, and
coefficient of thermal expansion.

[0015] FIG. 1 schematically illustrates a formulation for a voltage switchable
dielectric material 100 according to an exemplary embodiment of the invention. In FIG.
1, a matrix material 110 is filled with particles 120 of a conductive material, particles
130, 140, 150 of three semiconductive materials having different bandgap energies, and
particles 160 of an insulating material. It will be understood that even though FIG. 1

shows a formulation including five different types of particles 120, 130, 140, 150, 160,



m scible with, the matrix material 110. Such

sem conductive materials nmay not present as discrete
wW@2008i03d4es Within the matrix material 110, in BOMES2007/020682

enbodi nents, but are shown as particles for the

purposes of illustration only. [0017] The particles

120, 130, 140, 150, 160 are uniformy dispersed

throughout the matrix material 110 in the enbodi nent
foimulationg af the inygntiorGnay omitdle eanductiyepartigles 1l 2@ prdéorithginsulating
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150 are in contact with one another. Thus, a typica
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PCT/ US2007/ 020682 One particul ar epoxy that works
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[0017] The particles 120, 130, 140, 150, 160 are uniformly dispersed throughout the

matrix material 110 in the embodiment illustrated by FIG. 1 such that some particles 120,
130, 140, 150 are completely insulated by the matrix material 110, while other particles
120, 130, 140, 150 are in contact with one another. Thus, a typical conductive path of
least resistance through the.voltage switchable dielectric material 100 will pass through
some of each of the particles 120, 130, 140, 150.

[0018] Some suitable dielectric materials for the matrix material 110 are organic
polymers. Examples of such suitable organic polymers include silicone pblymer,
phenolic resin, epoxy, polyurethane, poly(meth) acrylate, polyamide, polyester,
polycarbonate, polyacrylamides, polyimide, polyethylene, polypropylene, polyphenylene

oxide, polysulphone, ceramer (a solgel/polymer composite), and polyphenylene sulfone.



metal . Suitable netals include copper, alum num

ni ckel, silver, gold, titanium stainless steel,
waebkoosnsasey and al | oys thereof. Qther suitabl e PelX/E81081/620682

for the conductive particles 120 include TiC, TiN,

and TiB2. A suitable particle size for the particles

120 of the conductive material is on the order of 2

mcrons (). Wiile the ?arti cles 120 of the conductive
Oneepagticuler eptyovihatiworks el i ERQN BeginS2%angindiguted glear difunctional

el ongated, (i.e, having an aspect ratio greater than
bisphenal 1A /epiidhlorbleydrimdieris¢dliqhid badx ytrésn hat ¢andedarde?éd with an

the conductive material are not limted to a slightly
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particles 0 of the conductive material can conprise
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can even inc e a dist tion o shapes. [00201
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128 emolwdeldGeTiNy gnaviBer iAa$ustable phuigle sie, foNh©parSicles 120 6f the
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cohdilctie¢ marsihl is 80 the dBiet@3 2 nnerdnB (u)Caile the piiticled N20 ofxhel
conpounds of indiumdiselenide. In particular, TiQ2
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particles 120 of the conductive material can comprise a shape ranging from spherical to

highly elongated, or can even include a distribution of shapes.

[0020] The particles 130, 140, 150 of the semiconductive materials are particles of
materials having bandgap energies within the range of approximately 1eV to 6eV, though
this range should not be viewed as strictly limiting. The bandgap energy is the energy
required to excite an electron out of the valence band and into the conduction band.
Examples of suitable semiconducting materials include Si, N1O, SiC, ZnO, BN, C (either
in the form of diamond, nanotubes, or fullerenes), ZnS, Bi,0s, Fe;03, CeO3, TiO,, AIN,
and compounds of indium diselenide. In particular, TiO; can be undoped or doped, for
example with WO;, where doping in this instance refers to a surface coating. While the

particles 130, 140, 150 of the semiconductive materials shown in FIG. 1 as slightly



particles 130, 140, 150 of the sem conductive

materials also are not limted to a slightly
webwsga4esl shape. | n various enbodi nents, any BET/UR07/020682

particles 130, 140, 150 of the sem conductive

materials can be a shape ranging fromspherical to

hi ghly el ongated, or can even include a distribution

of shapes. [0021] In sone enbodi ments, the particles
elohgatedf(1.¢,heveamabpedtirate greatenrthar 1)c vl iagain b undersiepbibat the

rati o particles such as electrically conductive carbon
paniietl A@el), X df the seglieonduet vieeshtariadk alzd dre noEirhee to a slightly

full erenes, netal nanorods, or netal nanow res.

eldns@e® biepe Ofn vaiRLS EMBoEmEMALant; OF thepaniI8d 30,2148/ DIO0 of the
nanow res include boron nitride, antinony tin oxide,

AT e e 0B 30 i
arti.cl.es 130.. 140 0 of the sem conductive
Cal?rﬁYeé'rIP%{\“ie %%%‘PP%@ %ﬁ%??es-s pect ratio particles.

Exanpl es i ncl ude sem conductive rbon, nanot ubes, )
(004 )i c dRdawe cdodigeaisols pattigles 1800 aondupGye material'comprise

nanowi res. In still other enbodinents, both the )
highmsplest ratipepapiplasisueteas cleetrical cenductyssqarkomaapptubgseboth single
particles 130, 140, 150 of the sem conductive
walled end muRi-waliqd; fidlereneg) imeted pacirodsadi roetap@nbwoke sExatapjes of
of the particles 120, 130, 140, 150 can have an aspect

mdtéHal thelf forth nhriesds aAd/br nardowike IR IWRIBDOLENTRIAS, anGRDn tin oxide,
nore of the particles 120, 130, 140, 150 have an

tité{ﬁﬂﬁ%oxicfe?ﬁii\@r,%pﬁér, dreasd got@: 1, 100:1, or 1000: 1.
0023] Nanoscal e particles, characterized by a

[
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| ess than 100nm or 50nm I n sqone instances, at |east
seicppdystive p@b%@qnpgqbg% sq_rg@gndpgg\"e 11a419{0ds, and semiconductive
nanowires. In still other embodiments, both the conductive particles 120 and at least one
of the particles 130, 140, 150 of the semiconductive materigls comprise high aspect ratio
particles. Any of the particles 120, 130, 140, 150 can have an aspect ratio of at least 3:1.
In some embodiments, one or more of the particles 120, 130, 140, 150 have an aspect
ratio of at least 10:1, 100:1, or 1000:1.
[0023] Nanoscale particles, characterized by a smallest dimension no greater than
500nm, can also be employed for any of the particles >120, 130, 140, 150. In various
embodiments, at least some of the particles 120, 130, 140, 150 have a smallest dimension

less than 100nm or SO0nm. In some instances, at least some of the particles 120, 130, 140,

150 are characterized by a diameter of about 20nm.



150 are characterized by a dianmeter of about 20nm 9
WD 2008/ 036423 PCT/ US2007/ 020682 [0024] In still

wo eoosloar2enbodi ments, any of the particles 130PCTU82007/020682
150 of the sem conductive materials can conprise an
organic material. Incorporating organic materials
within the matrix material 110 can result in a voltage
switchable dielectric naterial 100 with superior
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[0§25] y ( sExangriessaflof ganat seinjcopédurtters dmh;de forms of carbon such as
(8- hydroxyqui nolinolato) alumnum(lll), and

eldNtrNaHfi senhicorRblinEdagtivsnl nandlubéscting F@llerdres le.g., Co and Cro).
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ethylenedioxythiophene), poly(styrenesulfonate), pentacene, (8-hydroxyquinolinolato)
aluminum (III), and N,N’-di-[(naphthalenyl)-N,N’diphenyl]-1, 1’-biphenyl-4,4’-diamine
[NPD]. Additionally, organic semiconductors can be derived from the monomers,
oligomers, and polymers of thiophene, analine, phenylene, vinylene, fluorene,
naphthalene, pyrrole, acetylene, carbazole, pyrrolidone, cyano materials, anthracene,
pentacene, rubrene, perylene, and oxadizole. Some of these organic materials are
considered to be photo-active organic materials, such as polythiophene.
[0026] In general terms, the present invention provides for a wide range of
formulations that include the above described conductive, semiconductive and insulating
materials. For example, the volume percentage of the matrix material 110 can vary from

about 5 to about 99% and can include 0 to about 70% by volume of a conductive
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consi dered to be photo-active organic materials, such

as pol yt hi ophene. [00261 In general terns, the present
WO poogfsd4en provi des for a wide range of for nuP@EL/US2987/020682

that include the above described conductive,

sem conductive and insulating materials. For exanple,

the vol une percentage of the matrix material 11,0 can

vary from about 5 to about 99% and can include 0 to
maggrialitand @bousP.Q1db abeut 96 Yab yoihutu off sgmicpddyve 0Ggyrabs A¥ghin

PCT/ US2007/ 020682 material, and about 0.01 to about
th&36 boday rangks) amy of albefithe ocmducmie\aad merheonducdve Métehials can

t hese broad ranges, any or all of the conductive and
comPABEIUGRIES WitleadPoét@AtiPbSat FAR 3. GO Withih tRék brddd@angsk tany or

aspect ratio of at least 3. Also within these broad

all' R RAEEmi R u@ive nirkdriaRfcah Bsmg 0 & hieMfismaterial s

can conprlse organlc mat er | 00271 In sone

[0%0 nrtn% em gld}]eB réhe mn%'] ma%rl 1]1% o rrélcltssagﬁutl%%qo about

to aBout >vol ume, conducti iVaP

ongonpri se about 1096to bout . 50% b vqu

304 ¥liiEcen t‘ﬁ%\f"éﬁ“ﬁﬁ%"%ﬁ? Yostpto abosis st OL?’O%“H?G and
vol une. These enbodi nents can include a vol une

thgyeerieandnejive gnaterinttiepmprise 0%rig/abputg 8 ‘@bﬁﬂ@é?-i Viaese
particles with aspect ratios of at least 3 in the

embadigensfcaa lehideC. vdlirhd peradntage ofl Ondudiinesmd/oe sdyoidomdbative
can further include a vol unme percentage of

paftiRies GathcHapddt Yio® b @neast 3 (fbthe kdngt 6 abdut 0101%a6gBowdH0%. These
about 0.01%to about 40% [00281 As noted above, the

en%ﬂi%e%ts%n Fither dftfhde h3B1Me fe@nf g%?%ﬁé’&fdhyﬁve organic

materials are characterized by different bandgap

5P SRe AP g pBets Teble O clect i
[0(@8?i Aé L(l)tgc? 'a:\lgoaxlfte She par?lcles 130, 140, 150 of the semiconductive materials
are characterized by different bandgap energies to provide the voltage switchable
dielectric material 100 with a stepped response to over-voltages. FIG. 2 illustrates the
stepped response for a formulation with two particles 130, 140 of the semiconductive
materials. In FIG. 2, the voltage applied to the voltage switchable dielectric material 100
is plotted against the current that the voltage switchable dielectric material 100 will
conduct. It will be understood that the electrical conductance of the voltage switchable
dielectric material 100 could have been plotted in place of the current in FIG. 2 and
would have resulted in the same illustration.

[0029] In the illustrated example, an over-voltage event having a peak voltage above

a first threshold (V) will be sufficient to cause the particles 130 of the semiconductive

material with the lowest bandgap to conduct but will not be sufficient to cause the

11



st epped response for a fornmulation with two particles
130, 140 of the sem conductive materials. In FIG 2,
w0 beswadsege applied to the voltage sw tchabl ePCT/US2007/020682
dielectric material 100 is plotted against the
current that the voltage switchable dielectric
material 100 will conduct. It will be understood that
the electrical conductance of the voltage sw tchable
patickss d 40 of the pemisondictivomateal with e &igheebangdiarn toe@ndyst, unless
pl ace of the current in FIG 2 and would have
the peak ivokapeialsoteliecedaasecohd tis¢shaldi(¥p). THe@2Adept cantbeareadily
illustrated exanpl e, an over-voltage event having a
exRAddd t¥ ForinABRioAb AVt thide bi héfe tipbsOF partidles V30, mo 1150 the
sufficient to cause the particles 130 of the

sertRBhERAV fialotifls, dH6h Ehdrbtentlel Bgtal?l?ffér%’%% Lgag%ﬁﬂgﬂl 0

conauct e suf lent to ca

W R T

conduct nl e the eak V.0 | so e ceeds a
delegmigfidhe yalagsBF fe(‘?ﬁz mARE L }Eﬁﬁﬁi‘e%ﬁf’ Xplnsgmgiempodiments
extended to fornul ati ons.vmth three or nore types of
thas inclyde|trse sapicondygtiveimaterngls, ithmatseal vwightheg éqwg andgap energy
materi als, each characterized by a different bandgap
hagmbarglgap dikeegy ks thar 2636 ¢hd mateha viatindig hjghestdagfdgap endrgy has a
vari ous sem conductive materials will determ ne the

baidplap @@ g ¢l cfch et tHaf eV | il thd@niabfi g Meletlal s b bendpay tenerkin the
some enbodi nents that include three sem conducti ve

raﬂ@%to%ﬂ;&h%vtt@%\ﬁﬂte” al with the | owest bandgap energy
has a bandgap energy less than 2eV, the material wth

L e LN
dlekfect dcgmgl)teng]ler fiG. | nlstal'f)‘l%wc{lgrp %%re(s)énta?ﬁ%%uotf a% %\(/entqaary method 300 for
making a voltage switchable dielectric material. In a Step 310 various materials are
added to a resin such as EPON Resin 828 with a silane coupling agent. The various
materials can include the conductive, semiconductive, and insulating materials described
above. The semiconductive materials can comprise either inorganic particles, organic
particles, or organic materials dissolved in a solvent. For instance, poly-3-
hexylthiophene can be dissolved in toluene. The conductive and the semiconductive
materials can optionally comprise high aspect ratio particles.

[0031] In Step 310, the various materials can be added sequentially, all together, or in
various combinations. In some embodiments, high aspect ratio particles are added first,
followed by the remaining materials. Step 310 can also include adding a solvent to the

resin, such as NMP (N-methyl-2 pyrrolidone). Step 310 can also comprise adding curing

12



[ 00301 The present invention also provides nethods for

meki ng voltage switchable dielectric materials. FIG
WB@2008/036423 owchart representation of an exenpl apgT/DE100TR0682

300 for maeking a voltage switchable dielectric

material. In a Step 310 various materials are added

to a resin such as EPON Resin 828 with a silane

coupling agent. The various mnaterials can include the
and/oncaidystagents orthe msisu ¢t surteblegndng agsot iai 13 baweightdodution of

descri bed above. The sem conductive materials can
Dybhargir03sdisselvied @ NMRor gani ¢ particles, organic

particles, or organic naterials dissolved in a

[0632] VeNthe duahtitydF toiiubiveldior 3emidedilctivé Wﬁ@ﬁad@i@@ tdX8e resin
di ssolved in toluene. The conductive and the

I
mSEECETHBH o S o Ry e

rat%o EJ Hw?rng(e) neceasa?x/cgu%pm%e P%r g[zbamr?a? %gr%grtl In?not%es ﬁavmg aspect

rrous co

ﬁbodlnen gh aspect. ratlo rt| es are added
Fatfq IR EXCESY Gff 1@8&@@%& PR ip @it @amxf LF?‘&F 0 2 wpIghy pefegntage
can al so include adding a solvent to the resin, such
of garbapmenciibee i fipalspmpetitienopidietweanapoy i) 1¢aaAndgboyt 10%. In
conprise adding curing 12 WO 2008/ 036423
soRETHstiB2E) theQRAEBL of canbiiromanombed thattis adfed tts theaesimis such that the
resin. A suitable curing agent is a 15% by wei ght

wesgt Yercertag@d of chhbioa hanothbes Gh the FindEsbmpasitidris Ib30BRL. Phiicles
guantity of conductive and/or sem conductive particles

widdgeer dsPedt PRids @S Pe addld Bt £Quaddf) hd willdeRRNA v@tlgﬂt Béretntage
in part, on their aspect rati os. The greater th

in ﬁx%qﬁ]%f coxﬁp%"sfu‘én of E&nofk’l‘%ﬁ 1E>f2‘3 FPECTY fu%?eg "v\!lﬁé’an ;S’Jct ratio

, car avi ng rati os

of %(g,ﬁﬁﬁ c?x{]be;zg%gﬁi gha%/ qlﬁlgp esH?fg;éeélt to prgvﬁg Ehetﬁ/na Ponnui,a\lntion with

about 25 weight percent or more of such particles.

[0033] Next, in a Step 320, the resin is mixed for a period on the order of minutes to
hours (e.g., 8 hours) to produce a uniform mixture within which the particles having an
aspect ratio of at least 3 are uniformly dispersed within the resin. Mixing can include, for
example, sonication and rotor-stator mixing. Additional solvent can also be added during
the mixing.

[0034] Following mixing, the mixture is applied to a desired location and the resin is
cured in a Step 330. The mixture can be applied, for example, by screen printing or by
wire wound rod coating. A suitable wire for the wire wound rod coating process is a #50
wire. An exemplary curing process exposes the mixture to a plurality of curing periods,

wherein each successive curing period is at a higher temperature than the previous curing

13



of carbon nanotubes in the final conposition of

bet ween about 0.01% and about 10% In sonme instances,
wo b@sqsamt ity of carbon nanotubes that is addeRCT/US1008020682

resin is such that the weight percentage of carbon

nanot ubes in the final conposition is about 1%

Particles wth |lower aspect ratios can be added in a

quantity that will result in_a weight percentage in
perip Onagich switablssuring PrasessEMIdeXsy intsHeqession 10gninute curing

exanpl e, particles wwth an aspect ratio of about 10
pedahatlie °4ildé € minuta copiregyperiod as IS G iaditminutepnong periddrae 175

final forrmulation with about 25 wei ght percent or
°Ciiridea 30 mirdedcupidgipeib®at- 1870033] Next, in a Step 320,

the resin is mxed for a period on the order of

[06957UT e thOSte g%,sthe( sfted 10BattAas be [fBr BARHHE 8n Br Withindf M

m xture wth whi ch the particles having an aspect
ri%%tdic%cﬁ)lﬁkgatrd laes%gxtico%dl?rtgr l'zlirc]f.(f granle}(nigc;n%ﬁggts c?eq'icve\:'i ; haid?o the
PIPESion XI' g can |n€iud%, ¥t exanpl e, Soni tation

and rot or.-st at 1xi ng... Addi tional . s nt .can al so
fregieny st ARG RF éagn%ﬂgﬁb?mmsﬁ?d%@mvﬁ diPiny Rckglane, a
the mxture is applied to a desired |location and the
disceest HrgassuppigeRE (4vies, St angntegpediatp gomponent Rroguagd aring the

applied, for exanple, by screen printing or by wre
fabmwanch ofcayobétesng. A suitable wire for the w re wound

rod coating process is a #0 wre. An exenplary

[0636] i NOFI®. AGKmsSrareX P Seanpldre applidatioreint whieh P volkak istvitcldble
curing periods, wherein each successive curing period

didl&tiid mateRhIOIOis Higpored al aug/ 410Rtvi 3R ah ERVIrEUE20UR ERBtridA
WO 2008/ 036423 PCT/ US2007/ 020682 period. One such

o5 B0 SRS, S s B o S
angr(legreirr?e%t gatn b]ézussecpto pallfot%?t jlrlrsit gg&ﬁ ag)l'J (r;llrcrhgt (R%reiligg aga}atins Zéer-voltage
events. The voltage switchable dielectric material 400 can be formed in the gap 410 by
applying and curing a uniform mixture, as described above with respect to FIGs. 2 and 3,
within the gap 410.

[0037] Another arrangement is shown in FIG. 5 where electrodes 500, 510 are
disposed on a layer 520 of voltage switchable dielectric material on a substrate 530.
Here, the layer 520 of the voltage switchable dielectric material can be formed on the
substrate 530 by applying and curing a uniform mixture, as described above with respect
to FIG. 3, on the substrate 530. The electrodes 500, 510 can then be fabricated on the
1ayer 520 by conventional means. For example, a seed layer can be deposited on the

layer 520, a mask patterned over the seed layer, and the electrodes 500, 510 formed by

electroplating. Alternately, the seed layer can be omitted from the prior method. After
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C, and a 30 mnute curing period at 187 C. [00351 In
the Step 330, the desired | ocation can be, for

We@x@spb@23 on or within a printed circuit boarBCT/EHS2007/020682
sem conduct or package, a semni conductor device, a radio
frequency identification (RFID) tag, a light emtting
di ode (LED), a display backplane, a discreet surge
suppressi ng device, or an intermedi ate conponent

theomaskuhee Yeanpattamped,he lajerti20 obtheomltage switchatfle distestric material
[00361 FIG 4 illustrates an exenplary application in

catvbie madaconduiétgdyapplyinpalbuitable iveltage thidréto Mhes caldudbe, ths
di sposed in a gap 410 between an el ectrode 420 in

eleRtr8dds 500,29 10 caR PEHbe pRitddlirebQy 64t0 Wiapdrd 20N MR IR Frde
430 that is biased relative to ground. Such an

el&frBﬂW%g{} @Hto%ltg%%i{cﬂalﬁé QERE icinRdriALRY Heéﬂ)f?]d in more

clrcult” or evi ce agal nst over-voltage events. The

vQql.t wi {ch i el.ectric rial 400 can.b
acpo 28Tl N G4 IEURE ST Cae SRRt Votage
uni form m xture, as described above wth respect to
Swtichgble DielegtrigMalegal hi n t he gap 410. [00371 Anot her
arrangenent is shown in FIG 5 where el ectrodes 500,
[0838D arla thejfosgpoinadpesifigationythe imypuriawfis describefbwriafernagsite
dielectric material on a substrate 530. Here, the
spécifyeembRidmerts theeeof,dlut thgse skiletdah dis] agt whillekexgnize ¢hat the invention
material can be formed on the substrate 530 by
is RRMINitedgharetd. Sufibiofedtuted bhdidpedts ¥f e abov@sded@ et iledtion may
above with respect to FIG 3, on the substrate 530.
be L0& iﬁhﬁ%ﬁ@g@@om& FaftRerCRP ifvefforPan bR Rkilicat i dnP RuthB& of
I 520 nti onal

ayer onvel nmeans. For exanple, a seed ~
ol RGeS APl P P g e
B R e S SR R e
accordingly, to be regarded as illustrative rather than restrictive. It will be recognized

be AN 154

that the terms “comprising,” “including,” and “having,” as used herein, are specifically

intended to be read as open-ended terms of art.
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14 WO 2008/ 036423 PCT/ US2007/ 020682 the mask has been
patterned, the |ayer 520 of the voltage sw tchable

waelr@Bead4ed c material can be nmade conductive DbRCT/US2007/020682

appl ying a suitable voltage thereto. Once conducti ve,
the electrodes 500, 510 can then be plated directly
onto the layer 520. Methods for electroplating
directly onto voltage switchable dielectric materials
are described in nore deflAIM$n US Patent No.

6, 797,145 entitled "Current Carrying Structure using

Whinlis dagmedSni t chabl e Diel ectric Material." [0038] In

1.

2.

3.

the foregoing specification, the invention is

d@%lfdg@@&ht&ﬁablb dik&Fie MaRriaPeoniRRElgf | ¢ enbodi ment s
t hereof, but those skilled inthe art wi |l recognize

thatacﬁéi@ctﬁ@é@ﬂfx‘xﬂﬁemdls not limted thereto. Various
features and aspects of the above-described invention
used Further, the
o BT SRR e o bthefie i i Bt B enckfand
envi ronments and ap{l)-;f:l cations beyond those descri bed

herei n widtSReEd MY MasTitkhe  broader spirit and
scope of the speC| f| cation. The specification and

dr avisagpnd aemicondustive miategirldisposedwithia gl dielgetrig matrix material

illustrative rather than restrictive. It wll be

recogni zend chanaterizbdby e sevend bandgap snengy, différentiha thedirst

and "having," as used herein, are specifically

i nt endedbhmigap efi®a adg open-ended terns of art. 15 WO

2008/ 036423 PCT/ US2007/ 020682 CLAIMS What is clained

I'S. a third semiconductive material disposed within the dielectric matrix material and
characterized by a third bandgap energy different than the first and second

bandgap energies.

The voltage switchable dielectric material of claim 1 wherein the first semiconductive

material disposed within the dielectric matrix material comprises particles.

The voltage switchable dielectric material of claim 1 further comprising an electrically

conductive material disposed within the matrix material.
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1. A voltage switchable dielectric materi al
conprising: a dielectric matrix material; a first
wa@eossosndiicti ve material characterized by a fiPGI/US2007/020682
bandgap energy and disposed within the matrix
material; a second sem conductive material disposed
within the dielectric matrix material and
characterized by a second bandgap energy different
4. tThervoltage switchable digledigimpnateraal gf/claiantl whetehi thel dielectric matrix
sem conductive material disposed wthin the dielectric
mat materighisaelealed @och a gloap asristing eflsiliyona pblyinted, phanslapsin,
energy different than the first and second bandgap

ene reﬁd))@ls pol reﬁﬁﬁe \ely(Rel) s fateh aolly Sintde S otfdstet, polycarbonate,

mat eri al claim 1 wherein the first sem conductive
t
ma ?Hyg{;ry%gﬁng%fsgcq?ﬂla 2 tplglgemgleq%%o%%ﬂ\?&in@?oﬁ%enylene oxide,

Switc dlelectrl cl.aim1 fur

cowﬁpﬂgﬁﬁnEO%nceé?ra%ft bfluBinylen e 51 Gisrntnd olyPhosphazine.

di sposed within the natrlx material. 16 WO 2008/ 036423

PCT/ US2007/ 020682 4. The vol tage swi tchabl e

dielectric material of claim1l wherein the dielectric
5. niderviokageesvaichalile disleswicanrateriil pf olainnl yhergp the aerosd bangigep

silicone polyner, phenolic resin, epoxy,

pol yuergy xinehe poge/¢frabbin)2edap ¥t e, pol yam de,

pol yester, polycarbonate, polyacrylam des, polyim de,

pol yet hyl ene, pol ypropyl ene, pol yphenyl ene oxi de,

pol ysul phone, ceraner, pol yphenyl ene sul f one,

6. SideQORAS swiltHat1O LK RERRRRAZIAI S claim 5 wherein the first bandgap energy

is less than 2eV and the third bandgap energy is greater than 3eV.

7. A voltage switchable dielectric material comprising:

a dielectric matrix material;

particles of a first semiconductive material characterized by a first bandgap
energy and disposed within the matrix material, the particles of the first
semiconductive material further characterized by an aspect ratio of at least
3:1; and

a second semiconductive material disposed within the dielectric matrix material
and characterized by a second bandgap energy different than the first

bandgap energy.
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5. The voltage switchable dielectric material of claim
1 wherein the second bandgap energy is in the range

wo@Rooabase3 2eV to 3eV. 6. The vol tage sw t chabl BCT/US2007/020682
dielectric material of claim5 wherein the first
bandgap energy is less than 2eV and the third bandgap
energy is greater than 3eV. 7. A voltage sw tchable
dielectric material conprising: a dielectric matrix

8. ridie evpltage; switghabl e dielsctoif nzatdrial of claioni wthduemiprisingsanealgctrically
characterized by a first bandgap energy and di sposed
Wi t bomducties mmteriaDdispateedrwishin tHehgatfimhiateziabs of the first
sem conductive material further characterized by an
aspect ratio of at least 3:1; and a second
seniconductive naterial di sposed within the dielectric

9. e bita ?\?&hfyle dlé té}%ﬁ 8fél§n€rﬂ7 Q)C/reémstﬁé Mcl‘@é‘@?‘tﬂéﬁ’irst
energy erent t an t I rst andgap en rgy.

2008/036 PCT/ US2007/ 02068

St R e

conpri sin n el ec cal | onductive nmateri

di s [Sosgn ngiof Ringle predignorsberinmated rgnovghe, efeagse

sw t chabl e dlelectrlc material of claim7 wherein the

par s¢rgicendugtive ranofqdssnd semispedistive RANPwingat er i al

include particles of a material selected fromthe

group consisting of single walled nanotubes,

mul tiwal [ ed nanotubes, fullerenes, sem conductive

10NTROKOlEEe satthabidiclectelt aiaterial S¥ul4id T Wherein the second

semiconductive material include particles of a material selected from the group
consisting of silicon, silicon carbide, boron nitride, aluminum nitride, nickel

oxide, zinc sulfide, bismuth oxide, iron oxide, tungsten oxide, and titanium

dioxide.

11. The voltage switchable dielectric material of claim 7 wherein the aspect ratio of the

particles of the first semiconductive material is at least 1000:1.
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10. The voltage switchable dielectric material of
claim7 wherein the second sem conductive materi al
WO pBsig2particl es of a material sel ected fronP€TES2007/020682
group consisting of silicon, silicon carbide, boron
nitride, alumnumnitride, nickel oxide, zinc
sul fide, bismuth oxide, iron oxide, tungsten oxide,
and titanium dioxide. 11. The voltage sw tchabl e
12diAevadiege $witahable dicdéctraf materaleompnbiagei n t he aspect
ratio of the particles of the first sem conductive
mat adieddctricSmatrix|aaial;1000: 1. 18 WO 2008/ 036423
PCT/ US2007/ 020682 12. A voltage switchable dielectric

?ﬁﬂn@ies spmae&hmy BndlicBl&fiatekis] dBfoséXwitRihehéd Rhtrix material
particles of an elecCtrically conductive materi al

di sposed,\§ %lﬁhﬁ etrﬂgd?? ﬁf)emﬁtﬁ)rdf%lt leaﬁpdl .characterized

by an aspec Fa1 60 east 3:

b anadE SR iR Ml e BRI R ﬁggwgig?rr etey and

mat eri al ;. and a _second sem conduct jve materi al

di sposedditPessd withinsthg mafrsematepalndnd i x material  and
characterized by a second bandgap energy different

t has sedpad semispndustineigaisrialrdisngged wighin theadiglegtrig gatrix material
switchable dielectric material of claim 12 wherein the
parti cl esndéhardveerized by b sécond bandgamehecd)i differrnt than the faste
sel ected fromthe group consisting of electrically
conduct i B@dg eﬁ@gys nanow res, single walled

nanot ubes, tiwall ed

13. The voltage switchable dielectric material of claim 12 wherein the particles of the
electrically conductive material are selected from the group consisting of

electrically conductive nanorods, nanowires, single walled nanotubes, multiwalled

nanotubes, and fullerenes.

14. The voltage switchable dielectric material of claim 12 wherein the first
semiconductive material includes particles of a material selected from the group
consisting of silicon, silicon carbide, boron nitride, aluminum nitride, nickel

oxide, zinc sulfide, bismuth oxide, iron oxide, and titanium dioxide.
15. The voltage switchable dielectric material of claim 12 wherein the first

semiconductive material comprises particles also characterized by an aspect ratio

of at least 3:1..
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nanot ubes, and fullerenes. 14. The vol tage sw tchabl e
dielectric material of claim12 wherein the first
wa@eossosadiicti ve material includes particles ofPEr/us2007/020682
mat eri al selected fromthe group consisting of
silicon, silicon carbide, boron nitride, alum num
nitride, nickel oxide, zinc sulfide, bisnuth oxide,
iron oxide, and titaniumdioxide. 15. The voltage
switchable dielectric material of claim 12 wherein the
first sem conductive material conprises particles
16alThe vohmpeaettehidblediclogtria massiabof claiat 12owhaéinatvolimaspercentage
3:1. 19 WD 2008/ 036423 PCT/ US2007/ 020682 16. The

vol togéndavfivecanitl& isliced @ah kbsut PRt erial of claim 12
wherein a volunme percentage of conductive particles is
| ess than about 35. 17. A nethod for fabricating a
vol tage switchable dielectric material conprising:

addin n

17, Qtllnel%o{i lf&r%bnc%ﬁriéygoltag gﬁ' tmaﬁg:h gggtﬁggg{é%éfe%oo rpélsmgn d
thir con tlve terials bein aracteri ze
T R ey e e Fienm fehiot e
the fi rst second and third sem conductive material s
are uni fistregond; @rpsiethgéaemlﬁondﬁlétwee@atﬁﬂalah@ng aharprierized by a
resin. 18. The nethod of claim 17 wherein m xing
i ncl udes dgtenént handgap ededgy; The et hod of cl aim 17
wherein mxing is perforned with a rotor-stator m xer.

mixing the resin until the first, second, and third semiconductive materials are

uniformly dispersed in the resin; and

curing the resin.
18. The method of claim 17 wherein mixing includes sonication.
19. The method of claim 17 wherein mixing is performed with a rotor-stator mixer.
20. The method of claim 17 wherein curing the resin includes exposing the resin to a
plurality of curing periods, wherein each successive curing period is at a higher

temperature than the previous curing period.

21. The method of claim 17 further comprising adding a solvent to the resin during

mixing.
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20. The nethod of claim 17 wherein curing the resin
i ncl udes exposing the resin to a plurality of curing
W@eoososiE?23 wher ei n each successive curing peri ORCT/FSZN7/620682
hi gher tenperature than the previous curing period.
21. The nethod of claim 17 further conprising adding a
solvent to the resin during mxing. 20 WO 2008/ 036423
PCT/ US2007/ 020682 22. The met hod of claim 21 wherein
22t Ae gwthodraf clonpi ivdeeimthgselvgnt-comprisesY -mgdnd-2 pysrolidens.
met hod of claim 17 further conprising adding a
conductive material to the resin before mxing the
resin. 24. The method of claim 17 wherein at |east one

230fThe heetddroFiclaih 9 Gither @6mpiiigladdbd coRaaetRieinvRerial to the resin
materials conprises a solvent sol uble organic

mat g ixi ¥l tage switchable dielectric
rraterfoa m%%thgéestrﬁe process of: adding first, second,

and third sem conductive materials to a resin, each of
the first, second, and third senm conductive materials

bei ng characterized by a_ different_bandgap energy;

24niLhe ngtltq%ﬁﬁ@éwd7 Fotn gieast pecq! The, GEsh SeFonifal M 1
sem conductive materials are uniformy dispersed in
t he seraisppductimeimeigripls gompBses @splyentzgluble organic material.

25. A voltage switchable dielectric material made by the prbcess of:
adding first, second, and third semiconductive materials to a resin, each of the
first, second, and third semiconductive materials being characterized by a
different bandgap energy;
mixing the resin until the first, second, and third semiconductive materials are
uniformly dispersed in the resin; and

curing the resin.
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