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BACKGROUND OF THE INVENTION
Field of the Invention
[0001}] The present invention relates generally to the field of electronic devices and
more particularly to over-voltage protection.
Related Art
[0002]  Semiconductor devices comprising a semiconductor die or chip are casily
affected or destroyed by over-voltage events. Examples of over-voltage events include
electrostatiq 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.
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carrying a static charge touches a sem conduct or
device. Line transients include power surges on AC
power |ines, and can al so be caused by events such as
closing a swtch or starting a notor. 100031Voltage
(R ¢ haptosmgineneskadripemenatasturiag ¥oltagt sweitchetduwticlggsric materials
.nonlinear resistance materials, are materials that

isrfe fiffeel HioYymise il @ high letield fonatdl ipartiptas lorviainsar thaperappoinn
application of a sufficient voltage, known as a switch
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dielectric materials is to fill a polymer with a high
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threshold, typically nore than 40% by vol une.
cddnfortunately, voltage switchable dielectric materials
manufactured in this way can begin to | eak current at
normal operating voltages. Al so, manufacturing such
vol tage switchable dielectric materials can be
probl ematic. The nmetal particles nust be uniformy
di spersed throughout the polynmer and snal
concentration variations can significantly dimnish
the properties or produce unacceptable variations in
el ectrical properties. Wile uniformty can be
improved with long mxing tines, long mxing tines are
undesi rabl e for nunerous reasons including the cost.
SUMVARY OF THE | NVENTI ON



[ 0005] The present invention provides fornulations for
vol tage' switchable dielectric materials that provide
st epped responses to different |evels of
wayshswelsages. An exenplary voltage sw t chabk@yszonzozoss:
dielectric material of the invention conprises a
dielectric matrix material and three sem conductive
mat eri al s di sposed within the matrix material. Each of
the three sem conductive nmaterials is characterized by
a different bandJd¥Me¥er §F THRRNVGINHRY seni conducti ve
material s can conprise, for exanple, inorganic
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range of about 2eV to 3eV. In sone of these
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particles characterized by an aspect ratio of at |east
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materials characterized by different bandga I es.
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dielectric material further conprises particles o
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invention also provi thods for fabricating
“vgfﬁggéqgﬁpﬁ%ﬁ§5W5”3%E§$%?Hic materials, as well as
tage..sw tchable dielectric nmaterials mad t hese
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second,,ﬁnd,thind sem conductive materials to a resin,
CHRRESHG HHeoIRatHX nrterp! anf Bvq sepagonduclivgymaterial eharasieped by
different bandgap energies. In these embodiments, the voltage 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



sem conductive materials are uniformy dispersed in
the resin, and curing the resin. Here, each of the
first, second, and third sem conductive materials is
wahanagesi zed by a different bandgap ener gy pefiystBashos:
one of the first, second, or third sem conductive
materials can conprise a solvent sol uble organic
material. In some enbodi nents, mixing is perfornmed
with a rotor-stator m xer and/or includes sonication.
by heaspeat Foig of afedstd:1 hEhe itagerwdiehablidiivieptra moénadpen Hage a
the resin during mxing. Curing the resin, in sone
vpluee agreasage iohednduive parpoisd inlpst then abesi 33, heome pilstanak.i t y
of curing periods, where each successive curing period
[00§8lat Ahhprgieer intanpealed proed¢shamhddi éor fabeivitag soleige i ng
peri od. BRI EF DESCRI PTI ON OF THE DRAW NGS 100091FI G
switdhidwdickeitic onsrisbctsivatiak volisguwwaichatdt dialgarisimatzdiiablhde by
dielectric material according to an exenplary
thessyodhaBnAneket gy intethen toaprise QLR Hrdt Gecodd) aad #hipl ot of
current as a function of voltage applied to an
seendenmplaivy mardaeld iknertin Afhixmg\ied redg entl Wictithadt®d, and third
dielectric material. [00111FIG 3 is a flowchart
soneUnE6®IvE afatedils @fe vaifoRNNGidpRA MK i, Md\ida88resin. Here,

each of the first, second, and third semiconductive materials is characterized by a
different bandgap energy. At least one of the first, second, or third semiconductive
materials can comprise a solvent soluble organic material. In some embodiments, mixing
is performed with a rotor-stator mixer and/or includes sonication. The method can
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
is cross-section of an exenplary voltage sw tchable
wh sheekidsc material applied to a gap betweencyWRaon7020682
el ectrodes according to an exenpl ary enbodi nent of the
invention. [00131FIG 5 is cross-section of two
el ectrodes di sposed on a | ayer of a voltage sw tchable
dielectric naterial according to an exenpl ary
enbodi nent ofBRIFE UESGBMTIGN. OF BEFR CRI PTI ON OF
THE | NVENTI ON [ 00141The present invention provides
[909P hul E1G drigovor crowtseetipaal vigvt eftvalircs seiteliablstdiglestric material
materials. The fornul ations are characterized by two
agsPrchigy te ag efamplasn embagdieent of themwentionduct i ve materi al s
distributed within a dielectric matrix material. The
(APl colifuctis yplonslicarntmiasa Binetiogelf ealtage appbiet Bvan exemplary
di fferent bandgap energies in order to provide the
embalilentnja valagagyaichuiil¢ dibladstiemdiegdlect ric material with
a stepped response to different |evels of
[N & - vBIG.ages flowhbarsepiceandorcs il avseiat for maltise € asltagake
the formof particles, but are not limted thereto.
swiitdheb!n diclevieik ynatetialS toraiag ehltt ek rep s te@ibb dimestadT thdnvention.
soluble in, or mscible with, the dielectric matrix
[(eazjer i AIG. 4Roertastsattionns ar@iempRAl doytageaivihabR: difleduidRaterial
el ectrically conductive and/or insulating materials.
applies OYERap OOAENB cSectredes h@BSNngQH &n Senfphiey SARAURLM: YOLOT
sem conductive materials conprises particles
invb@aract eri zed by an aspect ratio of at least 3 or
greater. Such high aspect ratio particles allow for an
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conductive particles relative to prior ar
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formul ati ons include a Tower |eakage current at nor
operating voltages, as well as generally inproved
properties for electronics applications such as
capaci tance, dielectric constant, crack resistance,
and coefficient of thermal expansion. [00151FIG 1
schematically illustrates a fornmulation for a voltage
swtchable dielectric material 100 according to an
exenpl ary enbodi nent 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
sem conductive materials having di fferent bandgap
energies, and particles 160 of an insulating naterial.
It will be understood that even though FIG 1 shows a
formulation including five different types of
particles 120, 130, 140, 150, 160,



formul ati ons of the invention may omt the conductive
particles 120 and/or the insulating particles 150.
O her enbodi nents only include particles 130, 140 of
wowmnsesisonducti ve naterial s having differepbrhandgahss:
energies, rather than all three particles 130, 140,
and 150. It wll be appreciated that the shapes,
si zes, and nunbers of the particles 120, 130, 140,
150, 160 are nerel | lustrative and not nmeant to be
repr esent aPEVALGED %’r@%?ﬂ@f& |t THEAPMYENTION.
&}016]Further while FIG 1 illustrates particles 130,
(40461 18be prescabin eine pievidesforraulatiang fos voltage whildhaledielectric
understood that one or nore of the particles 130, 140,
mp&yialsahhbemepice e chiredieried by termircosediffoentdypes bie
material that is at least partially soluble in, or
serig@ridbéteve wiatdmals diseribaret mithinrpadieedtad madi® maSuah The
sem conductive materials nmay not present as discrete
sqyacendodtivs materinis aretshlectedatorhiaxe diiftentbahdgad Eherdies is onter to
enbodi nents, but are shown as particles for the
ppuidp deassubiingivbltags swathabin defeyic njaddib Y hestgped iespodse to
120, 130, 140, 150, 160 are uniformy dispersed
differentighadeiif dvirevoimges) Xhemhadondctild Matenalé e teaedbmest
illustrated by FIG 1 such that sone particles 120,
pdB8es, BdkQre b® QmatEthe@EP ARl vdly) 8 Wbt &Rubive AR iRk bX
material 110, while other particles 120, 130, 140, 150

s@ite in[loGAIBIRE With! thbdieRaria RRirkShaterhl UmafioR b nally can
conductive path of |east resistance through t
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t hrough sone of each of the particles 120, 130, 140,
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matrix material 110 are organic poly
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pol yher, phenolic resin, epox ol
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pol ycarbonate acry
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lemge %e}ﬁpzﬂ %Q%Aa?gfera%llﬂlg fvgl?a%es, 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 materals having different bandgap energies, and
particles 160 of an insulating material. 1t will be understood that even though FIG. 1

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



One particul ar epoxy that works well is EPON Resin

828, an undiluted clear difunctional bispheno

Al epi chl orohydrin derived |iquid epoxy resin that can
vaededened with an appropriate curing agentpor®RuR7/020682
di el ectric inorganic polyners are also suitable for
the matrix material 110 such as sil oxane, and

pol yphosphazi nes. (0019] I n sone enbodi nents, the
particles 120 of the conductive material conprise a
forulgtionsgyftheipyeatiopamay anif the pendective ppréiples éﬂ(m%ume insulating
ni ckel, silver, gold, titanium stainless steel,
patplend iQmOt}mﬁ@méPﬁﬂmy@S et neiyfle padidiesr1 38140 abveo semticondustive
for the conductive particles 120 include TiC, Ti N, and
mpfespls havisgiliflatshicbapdgap endraess iather fham all theceparticles [t 3G 14®@nd
of the conductive material is on the order of 2

16@. clt mikbe(dpprevibiel €hat the sipacst sindsgsid hRAbo$ of thepateleui?D) 136,
material shown in FIG 1 are shown as slightly

180, dAgdbteare nfdrel g jllubtaariveigndarnt mspe cibergirésentgtieatfany pdidaular
), it will be understood that the particles 120 of
farlmeladanduct i ve material are not limted to a slightly
el ongat ed shape. In various enbodi nents, the particles
(0026} of Fhdier,caiid FOG. MelugiaicepdradlesGa0, QIOMI0IcT Cerficallafe
rangi ng from spherical to highly el ongated, or can
el inelludeimnasrstb&d thithué bhiaRoobf b aReses BOO2AD] Titean be
particles 130, 140, 150 of the sem conductive

rdpRk el Wil sn @i PRAidosHREvOhattRd @l BlhslchayirnAIaRERaR or
energies wthin the range of approximately leV to 6eV,
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I|n1t|ng The bandgap energy is the energy required to
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t he conduction band. Exanples of suitab
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ﬂartlcé 20 of the conductive materjal conprise
YRS esp54eh syipieioEsanis pgm*ﬁrsa%chéleéewnwiwr
conduct i ve carbon nanotubes, both single walled and
PhENPHG e ICP Y, P?'WYF‘B‘PT@M(mﬁ%i ry'earrebeadde, prlygsstal
nanow res. Exanples of materials that form nanorods
PArarterapRabney eideneplyiaids pplapthnene pelepromerenemiyphenykene

oxi de, titanium di oxide, silver per, tin, and
o;@@ﬂ .olysu[phone ceramer {a solgel/polymer composﬁe? and polyphenylene sulfone.



1002211 n ot her enbodi nents, one or nore of the
particles 130, 140, 150 of the sem conductive
mat eri al s conprise high aspect ratio particles.

wioxaoglzessi ncl ude sem conducti ve carbon nanobgp@gﬂmwmﬂmsz
senm conducti ve nanorods, and semnm conductive nanow res.

In still other enbodlnents, bot h the conductive
particles 120 and at |east one of the particles 130,
140, 150 of the sem conductive materials conPrlse hi gh
Oge pstieula£pe ey U porles vesd is RGN iesin 1§88, papadiloted sleaiifunat@oal
140, 150 can have an aspect ratio of at least 3:1. In
bisplkpmolariehlorehitdsin denived ifuidspexyotsit tet cpabe hardasd 420an
130, 140, 150 have an aspect ratio of at |least 10:1,
amme C@l‘inglm@t- Bomk 0GR TNIMosmal flypars drehlgssuitable for the
characterized by a small est dinension no greater than
mBOBmaterpa bl (edusloasdosmmplaoy pdyflesphaniyesof t he particl es
120, 130, 140, 150. In various enbodi nents, at | east
[0 ofn sbhve epdndimehte Shel@@iclek 300 oflOcondbddivl mu@rial comprise a
smal | est di nension | ess than 100nm or 50nm |In sone
mienb t Quitelds meats ih@aktcogerRl@findrheiqkal; fiivetd, @sld 1Rdhiund, 3inless
140, 150 are characterized by a dianeter of about
st2)utromidi) aAQH6BI0ARI POe! dUHARIO 2 RAS &2 tHeQORAL vV rafticlds
further enbodi nents, any of the particles 130, 140,
13060cl0de TiBETI®R AACTIBA UL kiivBlePRER el sthe For iR haBRIB N DS (BN
organic material. Incorporating organic materials

cOMdLdive ndaREaITRbA k% ofdRE & B crolaa-@z)c hile %Lﬂaﬁlcleg 1B ¥Qhd age
switchable dielectric material 100 with superior
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dielectric material 100 that only ncl tdeg |norg Alc
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expansi on and thermal conducti vi ty
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highly elongated, or can even include a distribution of shapes.

{6020] The particles 130, 140, 150 of the semiconductive materials are particles of
materials having bandgap energies within the range of approximately teV 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, NiQ, SiC, ZnO, BN, C {either
in the form of diamond, nanotubes, or fullerenes), ZnS, Bi,03, Fe;03, CeO,, 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



el ectrically sem conducting carbon nanot ubes and
fullerenes (e.g., C60 and C70). Full erenes and

nanot ubes can be nodified, in some enbodi nents, to be
wioumeodiisenal i zed to include a coval ently bondegrgRant&dks:
group or nmoiety. O her exanples of organic

sem conduct ors i ncl ude pol y-3-hexylt hi ophene,

pol yt hi ophene, pol yacteyl ene, poly (3, 4-

et hyl enedi oxyt hi ophene), pol y(styrenesul fonate),
elongitiadleafehave B #Hper e3tp greatsothrmbl Wivol ageinurs understodd thpt the
and N, Wdi -[ (napht hal enyl') - N, Vdi phenyl ] -1,

particlpy Bive it 14 of thediemivordac{iwWPBiterialsadiiotarcoma lilmjted oragiglitly
sem conductors can be derived fromthe nononers,
clohgatpdribaps, [myadiopotngradingenisf antylof tippenticles Bi0all 4t @50 of the
phenyl ene, vinylene, fluorene, naphthal ene, pyrrole,

s etnyhdive matcainkb azobes, shaperagiiigdomnesphenykahio high eelbgdagd, or
ant hracene, pentacene, rubrene, perylene, and

caneaeh nolude a Semibutah of klepes. or gani ¢ material s are

consi dered to be photo-active organic materials, such
[tag1]pol Kidoinephdodimehtd QG]atttleg @PRsfahe doRlWdEive MARLRICOMPAle
i nvention provides for a wide range of fornul ations
hiigh adpettngloydeicldl Quahhie viectd @sig tolieti e RRBUE hdndBibes, both single
sem conductive and insulating materials. For exanple,

while! av@ kB w RIRKCRNEBEEE, @dtal hBRroB! drinerlMhRiidl. Hdhptads
vary from about 5 to about 99% and can include O to

maRRAst thEORRR WanbRddd AR @ nafovi R HERlE ¥&ton ARER! zilrf't‘ilmon?1 Al oxide,
about 0.01 to about 95% by vol une of sem conductive

tiARLAdickid, silkt Bbgpet NS Bii@ad ranges, any or all of
t he conducti ve and sem conductive materi als can

ri b ' i 9e0h0a0! .
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above, the particl 130, 140, 150 of the
mE%ﬁ%%Bﬁﬁﬂ@ﬁr@@- tgﬁp s are characterized by
| fferent bandgap energies . to provide the voltage
[0 %alt c rﬁﬁf’éca ipé%@@farﬁhafa%%r%? pat smalgstimension op gpaegthan
response to over-voltages. FIG 2 illustrates the
SUpmpisa dlsp be prapleredier any of e aartides BA W% K& W Jareties es
130, 140 of the sem conductive materials. In FIG 2,
enphRdimegist a fastapme oEde pastielprel 2001 30ald: ki ehapmalest dimension
dielectric material 100 is plotted against the current
legshlan 10Pam 9t Qnay dn setng iataiiske atdpast soterol grepattisles 420, 180 140,
wll conduct. It twill be understood that the
158)agecohpraetatized b d distnatee of abbuti2lemy ol t age swit chabl e
dielectric material 100 could have been plotted in
pl ace of the current in FIG 2 and woul d have resulted
in the sane illustration



1002911 n the illustrated exanple, an over-voltage
event having a peak voltage above a first threshold
(V1) will be sufficient to cause the particles 130 of
wdawgemigonductive material with the | owest pbandgaanhés:
conduct but will not be sufficient to cause the
particles 140 of the sem conductive nmaterial with the
hi gher bandgap to conduct, unless the peak voltage

al so exceeds a second threshold (V2). The concept can
[¢R4} eadn S fusthes pbediments, emnefiteg pastipdesviB@.H 40.HERef be nore
types of particles 130, 140, 150 of the sem conductive
seraie@dpetive magesigls coheompeisesn qg@ldoryatamdu It epentingragaiyap
energy. The difference in the bandgap energies of the
materiplo wsthgghd mand uetarigiel |datrerchdt is awolidgedetténblc delet e

vol tage difference fromone threshold to the next. In
necne! Wivodisnmnbspropratiesicompardewith b edltage svichaideiditlcstsic
materials, the material with the | owest bandgap energy
rhgsialal 00 drad g p ire hdesgyorp@Bcmbthaals. 28\h pidpatissh@ideahe W t h

t he hi ghest bandgap energy has a bandgap energy
copffeatney ofttieamnal 3@ Msnsian dnd themaEeilidtivgy, et ddléotic dagam, the
bandgap energy in the range of about 2eV to 3eV.

frb @03 Qduplntes capMBIsionRUEIH, ot Bt sl 1tONIHRSo ABhROdS for
maki ng voltage switchable dielectric materials. FIG 3

(008512 T ERUEIIAIOE of @it eS@BdmaLEeH iRfudd forkl 8NBkRA ¥udiak hod
300 for making a voltage switchable dielectric

clg@tiedly dmicdliuinplc@B o AdhoMBES . ﬁH?ui[@Jn@J (el 336oaarn9 cggded to
a resin such as EPON Resin 828 with a silane coupling

FRG8REs anilEnot@el Qﬂ%emd%édqln%oﬁ@@mbm&{%e td Munctionalized to
conductive, sem conductive, and Insulating mater; ars

irdRAEK bcp/%fénlﬂbl% Bed chBRicSE w%ét}’ V@th%@&hl@i Sf o¥&Hic

conpri se el I nor gan C partic or ga
se%ﬂfot\?g%{tcﬁg‘ cf?lﬁe ggl?agl%gylmgpﬁgdeﬁﬁﬁgm@f 8%{ pggﬁét%deng é"’%@ 4-
ook Bl ob b b reaP AR B ulspinctinotpgh
aﬁ%ﬁ’ﬂ@%ﬁgF & ?%ﬁﬁe e codoiny vy J’%*E@Qt% harps

e °°°”fbdr{l‘°a%w2°§%%lfctm i d?nveﬁ?mmft@ Wby

0‘2%?%436&“ e R AR Rx&‘u%%ﬁ%é? y! -
na%}{{hglgxlug 8'3%? 2 acetyleer[% calb%zgig,npy? rlolsgone cy r(oI rﬁz?ten dl’mril:l%agelij}é,i n9
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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and/ or catalyst agents to the resin. A suitable curing
agent is a 15% by wei ght sol ution of Dyhard TO3
di ssol ved in NVP. 100321The quantity of conductive
wanghhoaseLem conductive particles added to thectRShddrodokk:
Step 310 will depend, at least in part, on their
aspect ratios. The greater the aspect ratio, the | ower
the necessary quantity. For exanple, carbon nanotubes
havi ng aspect ratios in excess of 1000 may be added in
mgtegialapid abgutOttto ghqut 9% sy velumpofsemisoahictiyaneteriia g¥itif
carbon nanotubes in the final conposition of between
theprolipadgateEsoaan dr Abefiie coadactiveand eensicondsetiva cmeriatsiyen
quantity of carbon nanotubes that is added to the
coraprfsp piryclsuwtih aspaat ratle@l widbaght. ey within dyec whadcangpsrany or
nanot ubes in the final conposition is about 1%
alPapi the edmaepndirdtive roweinls aspwotpriscatrgns reaeriabe added in a
quantity that will result in a weight percentage in
[(0RY fi hadomeembodintentsthohatgr eatedsl itl b amires adeor20% to about
. exanple, particles with an aspect ratio of about 10
8@y belumddeddictvamapdad) tbhiyriss ubdut £0% s aboar 00OV eurhd) @nd
final forrmulation with about 25 wei ght percent or nore
thefserpidaliupietrhatdrass. colPAIVNDabout 7oy SbRFhe3 2Besct he
resinis mxed for a period on the order of mnutes to

ediBodirBenfLoag inchic AUtk pbRei@ANEMAR WO bAPS TS hdikBve
wi thin which the particles having an aspect ratio of

patliclbORis asBecR f28 04108 dt RadtI3Nn thie %Fé SEBoWotN B totabSut 48R Mhese
M xi ng can include, for exanple, sonication and

ertb¥dthen$d h Ghrthdl Mbie a AIGHhHE pRRAlgSHUBRbnERv BhidDE
added during the m xing. [0034]%ollomnng m xi ng, the

midledAISrthd Sin@PRab&d 0lo@vAo 6t 4@F | ocation and the resin
is cured ina Step 330. The m xture can be appli ed,

[00®4) eXAMRLEd al}_we,gll(:‘é'[ﬁﬁ[&iegrl'%(ﬂtijl(%]%S@SftHé’seMi&%gt\f@igg%a{eﬂgs

coating. A suitable wre for e Wre woun

ar® Ofrd Bz B W@ﬁ@re{uﬁogﬁdrgﬁétgne\f@eiésﬁo pé@id?%%it%&gﬁ%&%@g

process exposes ur o a pluralit curing

diﬁ%@%tﬁg ?‘éverim%f) @Jtitjﬂ a%?egﬁcél‘;tgs%ﬁtgsﬁ gd (yv%r-%’l{alg&g [ﬁ)ﬁg mgset#a?eg 3%6 a

tenperature revious—curi
<R D2 LA B EPLTTEAP biy
o G546 9 RSP e AP e
is %lotted 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] [n the tllustrated 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

H



1003511 n the Step 330, the desired | ocation can be,

for exanple, on or within a printed circuit board, a
sem conduct or package, a semni conductor device, a radio
wo squeey identification (RFID) tag, a |ightcemiidtibss:
di ode (LED), a display backplane, a discreet surge
suppressi ng device, or an internedi ate conponent
produced during the fabrication of any of these.
[0036]FIG. 4 illustrates an exenplary application in
PRHFEH140 of &WSS@@OW@‘@WF@I Witk thedighpchandgap td eindu®Oinjess
di sposed in a gap 410 between an el ectrode 420 in

the neat voltegd alworpsdd eseondribregholr (Yuh dhanohcapt cet beteadiige
430 that is biased relative to ground. Such an

cxtencat treframtlatvanwilk thused ntoge ppotof pirtiflus30abidut SOatyhe
circuit or device against over-voltage events. The
senaibdrdgeivs wiategihlajxach chiambiedtadiby ardbffeernt aind4fenegn. Die
formed in the gap 410 by applying and curing a uniform
diffexencr i@ thedtmndiap endrgiech faxoneion sehicoffReed miteridd al. 2
- and 3, within the gap 410. 10037] Anot her arrangenent

deternsfeaivdlagddiferefice iRBT ehethreghbldad @& n2R Qb dheaf®odiments
di sposed on a | ayer 520 of voltage sw tchable
thelt iatledd thice samit@klualve afateials,URSHbRES wIBGhe IHRER baddBS energy
| ayer 520 of the voltage swi t chabl e di el ectric

havatiRarde@p e ﬁe@%l@ﬁ thaAr2eeckh MateR® WitHRE hidtR: B3 algxéner%y has a
an

appl yi ng curing a uniform m xture, as descri

baagapeen¥iel Breh @SMBCSevt, AndthErembini A mbiB%a) PRSI @aE ensdd i in the

The el ectrodes 500, 510 can then be fabricated on"th

rahfY&Taba49e VYo fRNVeENti onal neans. For exanple, a seed
Iayer can be deposited on the |ayer 520, a mask

Olt er ’ﬁﬁéjpr@s\éﬁrm\;en§mlsﬁs§)%r$@&c§ e Atfbgg ol nﬁkl é%ﬂaﬁ@ de Isch%)qg ’

formed by electroplating. ternat

d:lel@é/t t ngtgﬂgpeFmtlstaeﬁjowcg%eﬁﬁg?r{?ﬂ'tfog og%g (?191? Al 3052

een patterne ayer e VO

mgﬁ%% Fc,esvg cﬁ!{befe éieiﬁlﬁrip’%t agén g g <p gf(] arlﬂ;ls rgagena chré ve

sw
ag@a;ggﬁéguysem Bk RElE g?ggﬁf?o%wgg(g@ iGageht The Sarfdud &
gl t | t tch .
m%ﬂ e2°fl.w?‘udn§?eecpr1% ot Rl g dessipe

145 t nt Ca
abgt : u %mnc%dluﬁté\)e%ﬁt%rgbsecaxggar%;gﬁgBllttéir BO@&%!&P?I’FIEIE orggmc
he, f f h
PR S e aB BRI e P e o bt poy 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
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speci fic enbodi nents thereof, but those skilled in the
art will recognize that the invention is not limted
thereto. Various features and aspects of the
vabaweedescri bed invention may be used indi vipdyalsharrBoes:
jointly. Further, the invention can be utilized in any
nunber of enV|ronnents and applications beyond those
descri bed herein wi thout departing fromthe broader
spirit and scope of the specification. The
agHecsRta X bage i toathel regina i wiablaguaing egsabis dil itglby weight gydution of
regarded as illustrative rather than restrictive. It
[MﬁWﬁTBédﬁé&ﬂﬁnmﬂéﬁ’that the terns "conprising," -
"including,” and "having," as used herein, are
@EéblfﬂbanWVUWWEem@edﬂm@n@ewwaadmh@hwmmnwéﬂd@ﬁdmemmwmn

of art. Wat is clainmed is: 1. A voltage
sk &Habillalepind] a ddastiie para e theakhspeamupios s Thggreaer the aspect
dielectric matrix material; a first

ragienthe ovau e invessagt @antay. Bdrakactle cirbedndaytubesfhaviag aspect
bandgap energy and di sposed within the matrix

ravigt Brdxedss of 1000 mag bs edied th s@uEntte fdueill remlti®mk eighl percentage
di sposed within the dielectric matrix material and

ofhravoncibrratee th thy figal s@aRiohanslgagn abait gy 1 Bishd e5R010%. In
than the first bandgap energy; and athird

sasingaRdd Ciel qientRbRAtb3h netckpes@st ivaddbd © thdy@sifli@hEthhd the
matri x material and characterized by a third bandgap

weRRBl [@Yycefliafd &Tcebbn hilRMbENE tld Tt cotplsiSRCO Mchub BN d 92 cles
ener gi es. 2. The voltage switchable dielectric

witB ek 8dpe@fratfol @408 el adWhIBh &l Barkify h:ft'uﬁlﬂes@?m ORI Gl ¥fage
mat eri al di sposed within the dielectric matrix

in"tR¢ Bhdl BbmSRINBh bB8eatB3hdn! 18bE S or example, particles with an aspect ratio

of about 10 can be added in a quantity sufficient to provide the final formulation 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



3. The voltage switchable dielectric material of claim
| further conprising an electrically conductive
mat eri al di sposed within the matrix material.

wo 20ifiesc0l t age switchabl e dielectric materi glorRisaehahis:
1 wherein the dielectric matrix material is selected

froma group consisting of silicone polynmer, phenolic
resin epoxy, polyurethane, poly(meth) acrylate,
an1de pol yester, polycarbonate pol yacryl am des,
dz Qe qeeh SHEADIRAURDE BIRECSS PIBPIgYSs Bisypostrion. Db yimeanpriag e
X|de olysulphone cer aner, Polyphenylene sul f one,
| Pgﬂfrdcﬁ%é? ad AanipEe GrRESptetAt haS °C, a 45 minBe cuFing peididiaades
switchable dielectric material of claiml| wherein the
‘Serdnd? pandyapine petafet L8 9Gh t he range of about 2 eV to
3 eVv. 6. The voltage switchable dielectric
[Hbkr i & thoftep B, theSlesired laitior dae bé,iforsixabpiadgap wetharagy
is less than 2 eV and the third bandgap energy is
pgnieditisuit bivad a3emMondugir paktggesemidondivadyldevich, ehgitd ri c
material conprising: a dielectric matrix materi al;
frequency identification (RFID) tag, a light emitting diode (LED), a display backplane, a
discreet surge suppressing device, or an intermediate component produced during the
fabrication of any of these.
[0036]  FIG. 4 illustrates an exemplary application in which a voltage switchable
dielectric material 400 is disposed in a gap 410 between an electrode 420 in electrical
communication to ground and an electrode 430 that is biased relative to ground. Such an
arrangement can be used to protect just about any circuit or device against over-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
layer 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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particles of a first sem conductive materi al
characterized by a first bandgap energy and di sposed
within the matrix material, the particles of the first
weEmIgORdEct i ve material further characteri zegrR¥@ 20682
aspect ratio of at least 3:1; and a second

sem conductive material disposed within the dielectric
matri x material and characterized by a second bandgap
en%%géidifferent than the first bandgap energy.

thg m s\pg¢1t eagferngehithed e £ 20 ofitlel vollageise tomb rdieddctiif mabraal m
7 further conprising an electrically conductive
capeheanddg condineips e dpplyink a nuitable voltage theretm t@rce abnductive, the

9. The voltage switchable dielectric material of claim
clgctygies ¥i0nS t0rvan fan be plaied divdetly heto therlgter SN @iy ¢dri ve
material include particles of a material selected from
cledimphtingiirac dn sats tvbltege ek itchialii g Hielcvwet edrinia netdakeibed in more
mul tiwal | ed nanotubes, fullerenes, sem conductive
devagihiorlifdRatenaNd. 6897, 1616 rotitt:t ¢ errana0awiigStructure using Udtagd he
vol tage switchable dielectric material of claim?7
Swhehnbie DidléverisEantigl.’sem conducti ve material include
particles of a material selected fromthe group

[00B8]Si St thgfoefgomizlspetitatid, the GRBNIRA T ERIbed QIR Fefitbidkiisle,
alum numnitride, nickel oxide, zinc sulfide, bisnuth

spadifie embddi@ehtOhEEEE, bltURGSs bieMedaX ind @st wlldfbcbddi 2Mhdd e invention
di oxi de. 11. The voltage switchable dielectric

isB{ 18h it theddto C V@i dls feaQTRY Repbdd€o ABRPRG e-described invention may
be used individually or jointly. Further, the invention can be utilized in any number of
environments and applications beyond those described herein without departing from the
broader spirit and scope of the specification. The specification and drawings are,
accordingly, to be regarded as illustrative rather than restrictive. It will be recognized

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

intended to be read as open-ended terms of art.
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ratio of the particles of the first sem conductive

material is at |east 1000: 1. 12. A vol tage
swi tchable dielectric material conprising: a
dielectric matrix material; particles of an

electrically conductive material disposed wthin the
matrix material and characterized by an aspect ratio

of at |least 3:1; a first sem conductive nateri al
Whehiackotetriszed by a first bandgap energy and di sposed
within the matrix material; and a second

sem conductive material disposed within the dielectric

matri X navelkdgakwandbrNacagtie raaed Rnissgcond bandgap

energy different than the first bandgap energy.

13.2 drplectiio magigemaiiitle habl e diel ectric material of

cl aj ) L Ret . I.cles, heghrLeal

LR AOSULD RARRL o Bhy L SUSEAE L o
disppeerswighinnlge whtriglnecdrial;cal | y conducti ve nanor ods,

nanow res, single walled nanotubes, nultiwalled.

ot e e i B PR g R P pfgmatera
andehhhabakiderydi Rt@itvahdeapRhetl Al fdént @laitne Fidr WRELP Aelohe

first sem conductive material includes particles of a
andpgterial selected fromthe group consisting of

Si |4 (GO serfibhd @i AL s B&rd%%ﬂ?tix e qfecu lﬂm‘ig%erial and
nitride, nickel oxide, ZIﬁC sul f1de, bilsnuth oxide,
charagtgrizasidiycrethird rdndgiap amirgynididifeosai than the first and second bandgap

energies,

2. The voltage switchable dielectric material of claim | wherein the first
semiconductive material disposed within the dielectric matrix material comprises

particles,

3. The voltage switchable dielectric material of claim 1 further comprising an

electrically conductive material disposed within the matrix material.

4. The voltage switchable dielectric material of claim 1 wherein the dielectric
matrix material is selected from a group consisting of siticone polymer, phenolic resin,
epoxy, polyurethane, poly(meth) acrylate, polyamide, polyester, polycarbonate,
polyacrylamides, polyimide, polyethylene, polypropylene, polyphenylene oxide,

polysulphone, ceramer, polyphenylene sulfone, siloxane, and polyphosphazine.

5. The voltage switchable dielectric material of claim | wherein the second

bandgap energy is in the range of about 2 eV to 3 eV.

6. The voltage switchable dielectric material of claim 5 wherein the first

bandgap energy is less than 2 eV and the third bandgap energy is greater than 3 eV,
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15. The voltage switchable dielectric material of
claim 12 wherein the first sem conductive nmateri al
conprises particles also characterized by an aspect
ratio of at |east 3:1. 16. The voltage
switchable dielectric material of claim12 wherein a
vol ume percentage of conductive particles is |ess than
about 35.

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.

8. The voltage switchable dielectric material of claim 7 further comprising an

electrically conductive material disposed within the matrix material.

9. The voltage switchable dielectric material of claim 7 wherein the particles
of'the first semiconductive material include particles of a material selected from the
group consisting of single walled nanotubes, multiwalled nanotubes, fullerenes,

semiconductive nanorods, and semiconductive nanowires.

[0.  The voltage switchable dielectric material of claim 7 wherein the second
semiconductive material include particles of a material selected from the group consisting
of silicon, silicon carbide, boron nitride, aluminum nitride, nicke! oxide, zinc sulfide,

bismuth oxide, iron oxide, tungsten oxide, and titanium dioxide.

t1. 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.

12, A voltage switchable diclectric material comprising:

a dielectric matrix material;

particles of an electrically conductive material disposed within the matrix material
and characterized by an aspect ratio of at least 3:1;

a first semiconductive material characterized by a first bandgap energy and

disposed within the matrix material; and
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a second semiconductive material disposed within the dielectric matrix material

and characterized by a second bandgap energy different than the first bandgap energy.

[3.  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.

(4. 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.

5. 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.

16.  The voltage switchable diclectric material of claim 12 wherein a volume

percentage of conductive particles is less than about 35.



