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(57) ABSTRACT 

One or more embodiments provide for a composition that 
includes (i) organic material that is conductive or semi 
conductive, and (ii) conductor and/or semiconductor par 
ticles other than the organic material. The organic material 
and the conductor and/or semiconductor particles are com 
bined to provide the composition With a characteristic of 
being (i) dielectric in absence of a voltage that exceeds a 
characteristic voltage level, and (ii) conductive With appli 
cation of the voltage exceeding the characteristic voltage 
level. 
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VOLTAGE SWITCHABLE DIELECTRIC 
MATERIAL HAVING CONDUCTIVE OR 

SEMI-CONDUCTIVE ORGANIC MATERIAL 

RELATED APPLICATIONS 

[0001] This applications claims bene?t of priority to pro 
visional US. Patent Application No. 60/820,786, ?led Jul. 
29, 2006, entitled “Voltage Switchable Dielectric Material 
With Reduced Metal Loading,” the aforementioned appli 
cation being hereby incorporated by reference in its entirety. 

[0002] This applications also claims bene?t of priority to 
provisional US. Patent Application No. 60/826,746, ?led 
Sep. 24, 2006, entitled “Voltage SWitchable Device and 
Dielectric Material With High Current Carrying Capacity 
and a Process for Electroplating the Same,” the aforemen 
tioned application being hereby incorporated by reference in 
its entirety. 

[0003] This application also claims bene?t of priority to 
provisional US. Patent Application No. 60/949,179, ?led 
Jul. 11, 2007, entitled “Binders for Voltage SWitchable 
Dielectric Materials,” the aforementioned application being 
hereby incorporated by reference in its entirety. 

TECHNICAL FIELD 

[0004] The disclosed embodiments relate generally to the 
?eld of voltage sWitchable dielectric (V SD) materials. More 
speci?cally, embodiments described herein include VSD 
material that includes organic or semi-conductive organic 
?ller. 

BACKGROUND 

[0005] Voltage sWitchable dielectric (V SD) material has 
an increasing number of applications. These include its use 
on, for example, printed circuit boards and device packages, 
for purpose of handling transient voltages and electrostatic 
discharge events (ESD). 

[0006] Various kinds of conventional VSDM exist. 
Examples of voltage sWitchable dielectric materials are 
provided in references such as US. Pat. No. 4,977,357, US. 
Pat. No. 5,068,634, US. Pat. No. 5,099,380, US. Pat. No. 
5,142,263, US. Pat. No. 5,189,387, US. Pat. No. 5,248,517, 
US. Pat. No. 5,807,509, WO 96/02924, and WO 97/26665. 
VSD material can be “SURGX” material manufactured by 
the SURGX CORPORATION (Which is oWned by Lit 
tlefuse, Inc.). 
[0007] While VSD material has many uses and applica 
tions, conventional compositions of the material have had 
many shortcomings. Typical conventional VSD materials 
are brittle, prone to scratching or other surface damage, lack 
adhesive strength, and have a high degree of thermal expan 
sron. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] FIG. 1 is a block diagram illustrating components 
for use in a process of formulating VSD material, according 
to an embodiment of the invention. 

[0009] FIG. 2 illustrates a process for formulating a com 
position of VSD material having conductive or semi-con 
ductive organic material in a binder of the VSD material, 
under an embodiment of the invention. 
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[0010] FIG. 3A is a cross-sectional illustration of VSD 
material, Where the VSD material is formulated in accor 
dance With one or more embodiments of the invention. 

[0011] FIG. 3B illustrates a graph of basic electrical prop 
erties of clamp and trigger voltage for VSD material, in 
accordance With embodiments such as described With FIG. 
3A and elseWhere. 

[0012] FIG. 3C-FIG. 3E illustrate voltage by current per 
formance graphs of different examples of VSD material, 
responding to the occurrence of voltage events, under one or 
more embodiments of the invention. 

[0013] FIG. 4 illustrates another process by Which VSD 
material may include conductive or semi-conductive organic 
material that coats conductors or semi-conductors, under an 
embodiment of the invention. 

[0014] FIG. 5A and FIG. 5B illustrate hoW application of 
organic material to coat the surface of the metal/inorganic 
conductor or semiconductors can reduce the loading of such 
particles in the VSD material, under an embodiment of the 
invention. 

[0015] FIG. 5C illustrates a relatively disorganiZed distri 
bution of organic ?llers, re?ecting effects of organic ?llers 
distributed at the nanoscale Within a binder of VSD material, 
according to an embodiment of the invention. 

DETAILED DESCRIPTION 

[0016] Embodiments described herein provide for a com 
position of VSD material that includes conductive or semi 
conductive organic material. As described herein, the use of 
conductive or semi-conductive organic material enables the 
formulation of VSD material that has several improved or 
desired characteristics that are not provided by more con 
ventional VSD formulations. Among numerous other ben 
e?ts, the use of conductive or semi-conductive organic 
material as part of a VSD composition enables the reduction 
of metal loading as compared to more conventional VSD 
material. As such, electrical characteristics, such as trigger 
and clamp voltages, may be improved While at the same time 
enhancing the physical properties of the material. 

[0017] Accordingly, one or more embodiments provide for 
formulating VSD material that has bene?ts that includes, for 
example, one or more of the folloWing: (i) has improved 
mechanical properties, including having inherent properties 
of high compression strength, scratch resistance and non 
brittleness; (ii) improved thermal properties, (iii) has high 
adhesive strength; (iv) has good ability to adhere to copper; 
or (v) loWer degree of thermal expansion, as compared to 
more conventional VSD materials. 

[0018] One or more embodiments provide for a composi 
tion that includes (i) organic material that is conductive or 
semi-conductive, and (ii) conductor and/or semiconductor 
particles other than the organic material. The conductive/ 
semi-conductive organic material may be solvent soluble, or 
dispersed at nanoscale Within the composition of VSD 
material. The organic material and the conductor and/or 
semiconductor particles are combined to provide the com 
position With electrical characteristics of VSD material, 
including that of being (i) dielectric in absence of a voltage 
that exceeds a characteristic voltage level (alternatively 
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referred to as ‘trigger voltage’), and (ii) conductive With 
application of the voltage exceeding the characteristic volt 
age level. 

[0019] According to embodiments described herein, the 
organic conductive/semi-conductive material may be uni 
formly mixed into a binder of the VSD mixture. In one 
embodiment, the mixture is dispersed at nanoscale, meaning 
the particles that comprise the organic conductive/semi 
conductive material are nano-scale in at least one dimension 

(e. g. cross-section) and a substantial number of the particles 
that comprise the overall dispersed quantity in the volume 
are individually separated (so as to not be agglomerated or 
compacted together). 

[0020] Still further, one or more embodiments include 
VSD material having carbon nanotubes. In one embodiment, 
a binder of the VSD material includes carbon nanotubes that 
are substantially uniformly mixed, so as to be distributed at 
nanoscale. 

[0021] In another embodiment, a method is provided for 
creating a voltage sWitchable dielectric material. A mixture 
is created containing (i) a binder that is dielectric, (ii) 
metallic and/or inorganic conductor or semi-conductor par 
ticles, and (iii) conductive or semi-conductive organic mate 
rial. In creating the mixture, a quantity of each of the binder, 
the metallic and/or inorganic conductor or semi-conductor 
particles, and the organic material, is used. The mixture, 
When cured, is (i) dielectric in absence of a voltage that 
exceeds a characteristic voltage, and (ii) conductive in 
presence of the voltage that exceeds the characteristic volt 
age. The mixture may then be cured to form the VSD 
material. 

[0022] With an embodiment such as described, the char 
acteristic voltage may range in values that exceed the 
operational voltage levels of the circuit or device several 
times over. Such voltage levels may be of the order of 
transient conditions, such as produced by electrostatic dis 
charge, although embodiments may include use of planned 
electrical events. Furthermore, one or more embodiments 
provide that in the absence of the voltage exceeding the 
characteristic voltage, the material behaves similar to the 
binder. 

[0023] Still further, an embodiment provides for VSD 
material formed from the stated process or method. 

[0024] Still further, an electronic device may be provided 
With VSD material in accordance With any of the embodi 
ments described herein. Such electrical devices may include 
substrate devices, such as printed circuit boards, semicon 
ductor packages, discrete devices, Light Emitting Diodes 
(LEDs), and radio-frequency (RF) components. 

[0025] In an embodiment, the organic material is a 
fullerene. According to one embodiment, the organic mate 
rial is a single or multi-Walled carbon nanotube. 

[0026] As used herein, “voltage sWitchable material” or 
“VSD material” is any composition, or combination of 
compositions, that has a characteristic of being dielectric or 
non-conductive, unless a voltage is applied to the material 
that exceeds a characteristic voltage level of the material, in 
Which case the material becomes conductive. Thus, VSD 
material is a dielectric unless voltage exceeding the charac 
teristic level (eg such as provided by ESD events) is 

Feb. 7, 2008 

applied to the material, in Which case the VSD material is 
conductive. VSD material can further be characterized as 
any material that can be characterized as a nonlinear resis 
tance material. 

[0027] VSD material may also be characterized as being 
non-layered and uniform in its composition, While exhibit 
ing electrical characteristics as stated. 

[0028] Still further, an embodiment provides that VSD 
material may be characterized as material comprising a 
binder mixed in part With conductor or semi-conductor 
particles. In the absence of voltage exceeding a character 
istic 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. 

[0029] Generally, the characteristic voltage of VSD mate 
rial is measured at volts/length (e.g. per 5 mil). One or more 
embodiments provide that VSD material has a characteristic 
voltage level that exceeds that of an operating circuit. 

[0030] FIG. 1 is a block diagram illustrating components 
for use in a process of formulating VSD material, according 
to an embodiment of the invention. According to an embodi 
ment, conductive or semi-conductive organic material 
(“organic material”) 110 is combined With conductor(and/ 
or) semi-conductor particles 120 to form VSD material 140. 
As an optional addition, insulator particles may also be 
combined With the conductor/semiconductor particles 120. 
In one embodiment, the organic material 110 is combined 
With conductor/semi-conductor particles 120 that are non 
organic. Binder materials 130 may be combined With the 
organic material 110 and the conductive particles to form the 
VSD material 140. A VSD formulation process 150 may be 
used to combine the various constituents of the VSD mate 
rial 140. Formulation processes for combining VSD material 
With organic material are described beloW, With, for 
example, an embodiment of FIG. 2. 

[0031] In one embodiment, the binder 130 is a binder that 
retains the conductive/semi-conductive organic material 110 
and the conductor/semi-conductor particles 120. In one 
embodiment, the organic material 110 is dispersed as nanos 
cale particles. As dispersed nanoscale particles, the organic 
material 110 includes particles that are nanoscaled and 
individually separated from one another, rather than attached 
or agglomerated. The formulation process 150 may uni 
formly disperse the particles Within the binder of the binder 
130. 

[0032] In an embodiment of FIG. 1, the organic material 
is dispersed fullerenes. Examples of fullerenes that are 
suitable for use With one or more embodiments described 

herein include C60 or C70 fullerenes 112, sometimes 
referred to as Buckyballs. Such fullerenes may be function 
alized, to provide a covalently bonded chemical group or 
moiety. In another embodiment, carbon nanotubes 114 may 
be used, Which are cylindrical shaped fullerenes. The carbon 
nanotubes 114 may be of either a single or multi-Wall 
variety. Still further, one or more embodiments contemplate 
a quantity formed from a combination of different types of 
fullerenes, including carbon nanotubes. 

[0033] As an alternative or variation, another embodiment 
provides for conductive or semi-conductive organic material 
in the form of pure carbon compounds (other than those 
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depicted in FIG. 1). For example, the conductive or semi 
conductive organic material may correspond to one of 
carbon graphite, carbon ?ber, or a diamond poWder. 

[0034] According to one or more embodiments, other 
ingredients or components for use in the formation process 
150 include solvents and catalysts. Solvents may be added 
to the binder of the binder 130 to separate particles. Amixing 
process may be used to uniformly space separated particles. 
In one embodiment, the result of the mixing process is that 
the composition is uniformly mixed to disperse the particles 
at the nanoscale. Thus, particles such as carbon nanotubes 
may be separated out individually and distributed relatively 
evenly in the material. In order to achieve nanoscale dis 
persion, one or more embodiments provide for use of sonic 
agitators and sophisticated mixing equipment (eg rotor 
stator mixers, ball mills, mini-mills and other high shear 
mixing technologies), over a duration that last several hours 
or longer. Once mixed, the resulting mixture may be cured 
or dried. 

[0035] As an alternative or addition to use of nanoscale 
distributed particles, one or more embodiments provide for 
the conductive/semi-conductive organic material 110 to be 
solvent soluble. In one embodiment, the conductive/semi 
conductive organic material 110 is added to the binder and 
mixed With solvent. During the drying process, the solvent 
is removed, leaving the conductive/semi-conductive organic 
material 110 remaining uniformly mixed Within the cured 
material. An example of solvent soluble material is poly-3 
hexylthiophene. The solvent may correspond to toluene. As 
a result of the curing step in the formulation process 150, the 
poly-3-hexylthiophene remains in the VSD material 140. 

[0036] Thus, as an alternative or addition to fullerenes, 
numerous other types of conductive/semi-conductive 
organic material are contemplated for use With VSD mate 
rial, according to embodiments of the invention. These 
include: poly-3-hexylthiophene (as discussed above), Poly 
thiophene, a Polyactetylene, a Poly(3,4-ethylenediox 
ythiophene) poly(styrenesulfonate), a Pentacene, (8-hydrox 
yquinolinolato) aluminum (III), N,N'-Di-[(naphthalenyl)-N, 
N'diphenyl]-l,l'-biphenyl-4,4'-diamine [NPD, a conductive 
carbon graphite or carbon ?ber, diamond poWder, and a 
conductive polymer. 
[0037] Thus, as an alternative or variation to an embodi 
ment described, the organic material may correspond to a 
compound that is solvent soluble. 

[0038] According to another embodiment, other kinds of 
conductive or semi-conductive organic material may be 
used. These include conductive/semi-conductive monomers, 
oligomers, and polymers. By classi?cation, the conductive 
or semi-conductive organic material may correspond to 
variations of monomers, oligomer, and polymers of 
thiophenes (such as poly-3-hexylthiophene or Poly 
thiophene), anilines, phenylenes, vinylenes, ?ourenes, naph 
thalene, pyrrole, acetylene, carbaZole, pyrrolidone, cyano 
materials, anthracene, pentacene, rubrene, perylene, or oxa 
diZoles. Still further, the conductive or semi-conductive 
organic material may correspond to Poly(3,4ethylenediox 
ythiophene)/poly(styrenesulfonate), (8-hydroxyquinolino 
lato) aluminum (III), N,N'-Bis(3-methylphenyl-N,N'-diphe 
nylbenZidine [TPD], N,N'-Di-[(naphthalenyl)-N, 
N'diphenyl]- l , l'-biphenyl-4,4'-diamine [NPD]. 
[0039] The conductor/semi-conductor particles 120 may 
correspond to conductors or semi-conductors. One or more 
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embodiments provide for use of inorganic semi-conductor 
particles that include silicon, silicon carbide, or titanium 
dioxide, boron nitride, aluminum nitride, nickel oxide, Zinc 
oxide, Zinc sul?de, bismuth oxide, cerium oxide, iron oxide, 
metal or/and complexes selected from a group consisting of 
oxides, metal nitrides, metal carbides, metal borides, metal 
sul?des, or a combination thereof. 

[0040] The binder 130 may also be of various types. The 
binder 130 may be provided in the form of a binder that 
retains the conductor/semiconductor organic material 110 
and the conductor/ semiconductor particles 120. According 
to different embodiments, the binder 130 is formed from a 
material selected from a group consisting of silicone poly 
mers, epoxy, phenolic resin, polyurethane, poly(meth) acry 
late, polyamide, polyester, polycarbonate, polycrylamides, 
polyimide, polyethylene, polypropylene, polyphenylene 
oxide, polysulphone, solgel materials, and ceramers. 
According to one or more embodiments, the binder 130 is a 
binder that suspends and/or retains the organic material 110 
and the conductor/semi-conductor particles 120, as Well as 
other particles or compounds that comprise the VSD mate 
rial 140. Additionally, the binder 130 may include solvents 
and other elements not speci?cally described herein. 

[0041] VSD Formulation With Organisc Material 

[0042] Broadly, embodiments provide for use of VSD 
material that includes, by percentage of volume, 5-99% 
binder, 0-70% conductor, 0-90% semiconductor, and 0.01 
95% organic conductive or semi-conductive material. One 
or more embodiments provide for use of VSD material that 
includes, by percentage of volume, 20 to 80% binder, 
10-50% conductor, 0% to 70% semiconductor, and organic 
material that is conductive or semi-conductive and having a 
volume of the composition in a range of 0.0l-40%. Still 
further, one embodiment provides for use of VSD material 
that includes, by percentage of volume, 30 to 70% binder, 
l5-45% conductor, 0% to 50% semiconductor, and organic 
material that is conductive or semi-conductive and having a 
volume of the composition in a range of 0.0l-40%. 
Examples of binder materials include silicone polymers, 
epoxy, polyimide, phenolic resins, polyethylene, polypropy 
lene, polyphenylene oxide, polysulphone, solgel mateterials, 
ceramers and inorganic polymers. Examples of conductors 
include metals such as copper, aluminum, titanium, nickel, 
stainless steel, chrome and other alloys. Examples of semi 
conductors include both organic and inorganic semiconduc 
tors. Some inorganic semiconductors include silicon, silicon 
carbide, boron nitride, aluminum nitride, nickel oxide, Zinc 
oxide, Zinc sul?de, bismuth oxide, and iron oxide. Examples 
of organic semiconductors include poly-3-hexylthiophene, 
pentacene, perylene (or derivatives thereof), carbon nano 
tubes, C60 fullerenes and diamond. The speci?c formulation 
and composition may be selected for mechanical and elec 
trical properties that best suit the particular application of the 
VSD material. 

[0043] FIG. 2 illustrates a process for formulating a com 
position of VSD material having organic material, according 
to an embodiment of the invention. Initially, in a step 210, 
a resin mixture is created having conductive and semi 
conductive organic particles (or alternatively solvent 
solubles). The resin mixture may serve as the binder of the 
VSD material When formulation is complete. In one embodi 
ment, the organic material may correspond to carbon nano 
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tubes. The amount of organic material added to the mixture 
may vary, depending on the desired by Weight or by per 
centage by volume of the organic material in the formulated 
VSD material. In one embodiment in Which carbon nano 
tubes are used, the quantity of carbon nanotubes added to the 
resin results in carbon nanotubes having a percentage by 
Weight of less than 10% of the overall composition, and 
more speci?cally betWeen 0.01% and 10% of the formulated 
VSD material. More generally, the amount of organic mate 
rial added to the resin may be based on using organic 
material that has a percentage by Weight of the formulated 
VSD material that is less than the percolation threshold of 
the mixture. 

[0044] In step 220, metallic and/or inorganic conductors/ 
semiconductors are added to the mixture. As described With 
an embodiment of FIG. 1, numerous types of conductors or 
semi-conductors may be used. More than one kind of 
organic/semiconductor particle may be added. In one 
embodiment, Titanium dioxide (TiO2) is used as the (or one 
of the) primary types of conductive/semiconductive par 
ticles, along With additional conductor particles. Additional 
curative and catalyst constituents and insulative particles 
may also be added to the mixture. 

[0045] In step 230, a mixing process may be performed 
over a designated duration. In one embodiment, the mixing 
process is performed With mixing equipment, including 
sonic agitators, for a duration that that extends from betWeen 
minutes to several hours. 

[0046] In step 240, the mixture is applied to its desired 
target. For example, the mixture may be applied to across a 
5 mil gap betWeen tWo given electrodes of a particular 
device. At the target location, the mixture is cured into VSD 
material. 

[0047] As described With an embodiment of FIG. 1, the 
resulting VSD material has numerous improved mechanical 
properties over more conventional VSD material. For 
example, among other improvements that may result, the 
VSD material formulated in accordance With an embodi 
ment such as described may be less brittle, have better 
compression strength, adhere better to metals (particularly 
copper), and/or have better aesthetic properties. 
[0048] Example Formulation and Composition 
[0049] A compound in accordance With embodiments 
described herein may be formulated as folloWs: Organic 
material, such as carbon nanotubes (CNT) are added to a 
suitable resin mixture. In one embodiment, the resin mixture 
includes Epon 828 and a silane coupling agent. NMP (N-me 
thyl-2pyrrolidone) may be added to the resin mixture. Sub 
sequently, conductor or semiconductor particles may be 
added to the mixture. In one embodiment, titanium dioxide 
is mixed into the resin, along With titanium nitride, titanium 
diboride, a curative compound or agent, and a catalyst agent. 
The mixture may be uniformly mixed for a mixing duration 
that lasts hours (eg 8 hours) using, for example, a rotor 
stator mixer With sonication. NMP may be added as neces 
sary for the mixing duration. The resulting mixture may be 
applied as a coating using #50 Wire Wound rod or screen 
print on a desired target. In one embodiment, the coating 
may be applied across a 5 mil gap betWeen 2 electrodes. 
Subsequently, a cure process may take place that may be 
varied. One suitable curing process includes curing for ten 
minutes at 75 C, ten minutes at 125 C, 45 minutes at 175 C, 
and 30 minutes at 187 C. 
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[0050] Speci?c formulations may vary based on design 
criteria and application. One example of a formulation in 
Which carbon nanotubes are used for organic material 110 
includes: 

Epoxy Type Weight (g) 

CheapTubes 5.4 
Epon 828 100 
Gelest Aminopropyltriethoxysilane 4 
Total Epoxy 104 
Nanophase Bismuth Oxide 98 
HC Starck TiN 164 
Degussa Dyhard T03 4.575 
NMP 25.925 
Curative Soln. 30.5 
1-methylirnidazole 0.6 
HC Stark TiB2 149 
Millenium Chemical Doped TiO2 190 
NMP 250 
Total Solution 986.1 
Total Solids 715.575 
Epoxy:Arnin Equiv Ratio % Solids 72.6% 

*Curative Solution is a 15% by Weight solution of Dyhard T03 dissolved 
in NMP. 

[0051] Carbon nanotubes have the bene?t of being a high 
aspect ratio organic ?ller. The lengths or aspect ratios may 
be varied to achieve a desired property, such as sWitching 
voltage for the material. 

[0052] FIG. 3A is a cross-sectional illustration of VSD 
material provided on a device 302, Where the VSD material 
is formulated in accordance With one or more embodiments 
of the invention. In an embodiment, a thickness or layer or 
VSD material 300 includes basic constituents of metal 
particles 310, binder material 315, and carbon nanotubes 
320. As an alternative or addition to use of carbon nanotubes 
320, other organic material may be used, such as C60 or C70 
fullerenes (Which may or may not be functionaliZed). Addi 
tionally, the use of organic conductors and semi-conductors 
provide ability to use electron donor or electro acceptor 
molecules. 

[0053] Embodiments recogniZe, hoWever, that carbon 
nanotubes have considerable length to Width ratio. This 
dimensional property enables carbon nanotubes to enhance 
the ability of the binder to pass electrons from conductive 
particle to conductive particle in the occurrence of a tran 
sient voltage that exceeds the characteristic voltage. In this 
Way, carbon nanotubes can reduce the amount of metal 
loading present in the VSD material. By reducing the metal 
loading, physical characteristics of the layer may be 
improved. For example, as mentioned With one or more 
other embodiments, the reduction of metal loading reduces 
the brittleness of the VSD material 300. 

[0054] Furthermore, While an embodiment of FIG. 3A 
illustrates organic material in particulate form With the layer 
of VSD material, one or more embodiments contemplate use 
of an organic solvent soluble Within the binder 315. 

[0055] As described With an embodiment of FIG. 2, the 
VSD material 300 may be formed on device 302 by being 
deposited as a mixture on a target location of the device 302. 
The target location may correspond to a span 312 betWeen 
a ?rst and second electrode 322, 324. According to one or 
more embodiments, the span 312 is about (i.e. Within 60%) 
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3.0 mil, 5.0 mil, or 7.5 mil for applications such as printed 
circuit boards. However, the exact distance of the span 312 
may vary based on design speci?cation (e.g. gap distance 
may range betWeen 2-10 mil for printed circuit board 
applications). Moreover, some applications, such as semi 
conductor packaging, may use, for example, much smaller 
gap distances. Application of the VSD material in the gap 
enables handling of current that result from transient volt 
ages that exceed the characteristic voltage of the VSD 
material. 

[0056] Device 302 may correspond to anyone of many 
kinds of electrical devices. In an embodiment, device 302 be 
implemented as part of a printed circuit board. For example, 
the VSD material 300 may be provided as a thickness that 
is on the surface of the board, or Within the board’s thick 
ness. Device 302 may further be provided as part of a 
semi-conductor package, or discrete device. 

[0057] Alternatively, device 302 may be used With, for 
example, a light-emitting diode, a radio-frequency tag or 
device, or a semiconductor package. 

[0058] As described With other embodiments, VSD mate 
rial, When applied to a target location of a device, may be 
characterized by electrical properties such as characteristic 
(or trigger) voltage, clamp voltage, leakage current and 
current carrying capacity. Embodiments described herein 
provide for use of conductive or semi-conductive organic 
material in a mixture that enables adjustment of electrical 
properties such as described, While maintaining several 
desired mechanical properties described elseWhere in this 
application. 
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some cases When the VSD material is provided betWeen tWo 
or more electrodes, the trigger and clamp voltages may be 
measured as output across the VSD material itself. Thus, the 
on-state of the VSD material may be maintained by main 
taining the input voltage level at above the clamp voltage, 
for a duration that is less than the break doWn threshold 
energy or time. In application, the trigger and/or clamp 
voltages may be varied as a result of an input signal that is 
spiked, pulsed, shaped or even modulated over several 
pulses. Embodiments further recogniZe that another electri 
cal property of interest includes off-state resistance, deter 
mined by measuring current through operational voltages of 
the device. The resistivity of the off-state may correspond to 
the leakage current. A change in off-state resistivity as 
compared to before and after When the VSD material is 
turned on and olf signals degradation of the performance of 
the VSD material. In most cases, this should be minimiZed. 

[0060] Still further, another electrical characteristic may 
correspond to current carrying capacity, measured as the 
ability of the material to sustain itself after being turned on, 
then off. 

[0061] Table 1 and Table 2 several examples of VSD 
material, including VSD material composed With carbon 
nanotubes in accordance With one or more embodiments 
described herein. Table 1 and Table 2 each list generically 
measured electrical properties (meaning no differentiation is 
provided betWeen forms of input signal and/or manner in 
Which data for electrical properties is determined), as quan 
ti?ed by clamp and trigger voltages, that result from use of 
the VSD material in accordance With the stated composition. 

TABLE 1 

Example 1 Example 2 Example 3 Example 4 Example 5 Example 6 
Material Weight (g) Weight (g) Weight (g) Weight (g) Weight (g) Weight (g) 

Hyperion CP-1203 0 31.29 0 40.86 40.36 40.67 
Nickel INP400 216.27 221.49 0 0 71.07 71.02 

Momentive TiB2 0 0 55.36 55.4 36.25 36.18 

(formerly GE) 
Saint Gobain BN 0 0 0 0 11.26 11.35 

Epon 828 (Hexion) 40.13 10.09 51.06 12.18 0 0 
Degussa Dyhard T03 1.83 1.83 2.34 2.33 1.73 1.73 

1-methylimidazole 0.1 0.13 0.3 0.3 0.05 0.05 

imidazoledicarbonitrile 0 0 0 0 6 0 

Methylaminoantracene 0 0 0 0 0 6.02 

Millenium Chemical 0 0 85.03 85.79 68.62 68.15 

TiO2 

N-methylpyrrolidinone 80.37 80.46 83.5 123.4 108.8 98.9 

Gap 5 mil 5 mil 5 mil 5 mil 5 mil 5 mil 

Trigger Voltage 250 170 1475 775 530 550 

Clamp Voltage 100 70 1380 220 210 255 

[0059] FIG. 3B illustrates a graph of basic electrical [0062] 
properties of clamp and trigger voltage for VSD material, in 
accordance With embodiments such as described With FIG. TABLE 2 

3A and elseWhere 1n this application. Generally, the char- Example 7 Example 8 Example 8 
acteristic or trigger voltage is the voltage level (Which may Material Weight (g) Weight (g) Weight (g) 
vary per unit length) by Which the VSD material turns on or I 

. . . Nickel INP400 0 0 160.28 
becomes conduct1ve. The clamp voltage 1s typ1cally less Aldrich mum“ 0 0 15 
than or equal to the trigger voltage and is the voltage C60 soot 
required to maintain the VSD material in the on-state. In 
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TABLE 2-continued 

Example 7 Example 8 Example 8 
Material Weight (g) Weight (g) Weight (g) 

Cheaptubes Carbon 5.4 5.44 4.0 
nanotubes 
Nanophase Bi203 98 98.36 1.5 
HC Starck TiN 164 164.3 0 
Epon 828 (Hexion) 100 100 100.1 
Degussa Dyhard 4.56 4.56 4.65 
T03 
1-methylimidazole 0.6 0.6 0.3 
Saint Gobain BN 0 0 19.67 
Momentive TiB2 0 0 85.26 
(formerly GE) 
HC Starck TiB2 149 149 0 
Millenium 190 190 150.59 
Chemical TiO2 
Gelest SIA610.1 4 4.05 0 
Sexithiophene 0 1.03 0 
N- 275.9 275.9 226.4 
methylpyrrolidinone 
Gap 5 mil 5 mil 5 mil 
Trigger Voltage 460 520 700 
Clamp Voltage 348 413 380 

With respect to Table 1, Example 1 provides a composition 
of VSD material that is a basis for comparison with other 
examples. In Example 1, no conductive or semiconductive 
organic material is used in the VSD material. Furthermore, 
the VSD material has relatively high metal loading. Example 
2 illustrates a similar composition as to Example 1, but with 
the introduction of carbon nanotubes. The result is a reduc 
tion in trigger and clamp voltage. Trigger and clamp volt 
ages may be reduced by adding carbon nanotubes at a given 
(constant) nickel loading 
[0063] Example 3 also illustrates a VSD composition that 
lacks organic conductive/semi-conductive material, while 
Example 4 illustrates e?fect of including carbon nanotubes 
into the mixture, As shown, a dramatic reduction in the 
trigger and clamp voltages is shown. With regard to 
Example 3 and Example 4, both compositions illustrate 
compositions that have desirable mechanical characteristics, 
as well as characteristics of off-state resitivity and current 
carrying capacity (neither of which are referenced in the 
chart). However, the clamp and trigger voltage values of 
Example 3 illustrate the composition, without inclusion of 
carbon nanotubes, is di?icult to turn on and maintain on. 
Abnormally high trigger and clamp voltages thus reduce the 
usefulness of the composition. 

[0064] Examples 5 and 6 illustrate the use of organic 
semiconductors with carbon nanotubes. In Example 5, the 
organic semiconductor is imidaZoledicarbonitrile. In 
Example 6, the organic semiconductor is Methylami 
noantracene. 

[0065] Examples 7-10 shows various combinations of 
VSD material. Example 8 illustrates use of organic semi 
conductor (sexithiophene) and carbon nanotubes. Example 
10 illustrates a VSD composition having multiple types of 
carbon nanotubes of di?ferent VSD compositions, illustrat 
ing various e?fects from use of conductive or semiconduc 
tive organic material, according to embodiments of the 
invention. 

[0066] The performance diagrams shown with FIGS. 
3C-3E assume pulsed voltage inputs. The performance dia 
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grams may be referenced to the examples provided in the 
following table. 

TABLE 3 

Example 11 Example 12 Example 13 
Material Weight (g) Weight (g) Weight (g) 

Hyperion CP1203 21.0 0 1.0 
Hexion Epon 828 50.25 0 5 
Cabosil coated 40.33 26.33 0 
Aluminum 
ATA5669 0 0 13.76 
aluminum 
Degussa Dyhard 3.22 0.8 0.6 
T03 
Methoxyethanol 25.8 6.39 4.68 
1-methylimidazole 0.06 0.04 0.04 
Hexion Epon SU-8 0 19.55 14.32 
Methyl ethyl ketone 0 11.73 6.6 
Cabosil coated 0 15.31 0 
Alumina 

[0067] FIG. 3C is a diagram that illustrates a performance 
diagram for VSD material that has a relatively large quantity 
of concentration of carbon nanotubes in the binder of the 
VSD material, as described by Example 11. As shown by the 
diagram of FIG. 3C, the occurrence of an initial voltage 
event 372 in the range of 500-1000 volts results in the 
material turning on, so as to carry current. Application of a 
second voltage event 374 after the device turns off from the 
?rst event results in a similar effect as the initial event 372, 
in the material carries currents at relatively the same voltage 
levels. The occurrence of the third voltage event 376 after 
the device turns off the second time results in a similar result 
in the amperage carried in the VSD material as the ?rst two 
occurrences. As such FIG. 3C illustrates the VSD material of 
the composition in Example 11 has relatively-high current 
carrying capacity, in that the VSD material remains e?fective 
after two instances of switching on and o?‘. 

[0068] FIG. 3D correlates to Example 12, which is a VSD 
composition that contains no conductive or semi-conductive 
organic material. While the VSD material is e?‘ective in the 
?rst voltage event 382, there is no detectable non-linear 
behavior (i.e. tum-on voltage) when the subsequent second 
voltage event 384 occurs. 

[0069] FIG. 3E correlates to Example 13, which has fewer 
amount of carbon nanotubes. The light addition of such 
conductive/semi-conductive organic material improves the 
current carrying capacity of the VSD material, as shown by 
the amperage of the ?rst voltage event 392 and the lesser 
(but present) amperage of the second voltage event 394. 

[0070] Coated Conductive or Semi-Conductive Particles 

[0071] One or more embodiments include a formulation of 
VSD material that includes the use of conductive or semi 
conductive micro-?llers that are coated or otherwise com 
bined onto a periphery of a metal particle. Such formulation 
allows for additional reduction in the siZe of the metal 
particle and/or volume that would otherwise be occupied by 
the metal particle. Such reduction may improve the overall 
physical characteristics of the VSD material, in a manner 
described with other embodiments. 

[0072] As described below, one or more embodiments 
provide for the use of conductive organic materials as 
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micro-?llers that coat or bond metal or other inorganic 
conductor elements. One objective of coating the inorganic/ 
metal particles With organic particles is to generally main 
tain overall effective volume of conductive material in the 
binder of the VSD material, While reducing a volume of 
metal particles in use. 

[0073] FIG. 4 illustrates a more detailed process by Which 
VSD material can be formulated, under an embodiment of 
the invention. According to a step 410, the conductive 
elements (or semi-conductive) that are to be loaded into a 
binder for VSD formulation are initially prepared. This step 
may include combining organic material (eg carbon nano 
tubes) With particles that are to be coated so as to create a 
desired effect When the end mixture is cured. 

[0074] In one implementation, separate preparation steps 
are performed for the metal and metal oxide particles. Under 
one embodiment, step 410 may include sub-steps of ?ltering 
aluminum and alumina poWder. Each of the poWder sets are 
then coated With an organic conductor to form the conduc 
tive/semi-conductive element. In one implementation, the 
folloWing process may be used for aluminum: (i) add 1-2 
millimole of silane per gram of Aluminum (dispersed in an 
organic solvent); (ii) apply sonic applicator to distribute 
particles; (iii) let react 24 hours With stirring; (iv) Weigh out 
Cab-O-Sil or organic conductor into solution; (v) add suit 
able solvent to Cab-O-Sil and/ or organic conductor mix; (vi) 
add Cab-O-Sil and/or organic conductor to collection With 
Aluminum; and (vii) dry overnight at 30-50 C. 

[0075] Similarly, the folloWing process may be used by 
used for the Alumina: (i) add 1-2 millimole of silane per 
gram of Alumina (dispersed in an organic solvent); (ii) apply 
sonic applicator to distribute particles; (iii) let react 24 hours 
With stirring; (iv) Weigh out Cab-O-Sil or organic conductor 
into solution; (v) add Cab-O-Sil and/or organic conductor to 
collection With Alumina; (vi) dry overnight at 30-50 C. 

[0076] According to an embodiment, carbon nanotubes 
may be used in coating or preparing the conductive ele 
ments. The carbon nanotubes may be biased to stand on end 
When bonded With the metal particles, so as to extend 
conductive length of the particles, While at the same time 
reducing the overall volume of metal needed. This may be 
accomplished by placing a chemical reactive agent on the 
surface perimeter of the metal particles that are to form 
conductors Within the VSD material. In one embodiment, 
the metal particles may be treated With a chemical that is 
reactive to another chemical that is positioned at the longi 
tudinal end of the carbon nanotube. The metal particles may 
be treated With, for example, a Silane coupling agent. The 
ends of the carbon nanotubes may be treated With the 
reactive agent, to enable end-Wise bonding of the carbon 
nano-tubes to the surface of the metal particles. 

[0077] In step 420, a mixture is prepared. Binder material 
may be dissolved in an appropriate solvent. Desired viscos 
ity may be achieved by adding more or less solvent. The 
conductive elements (or semi-conductive elements from 
step 410) are added to the binder materials. The solution may 
be mixed to form uniform distribution. Appropriate curative 
may then be added. 

[0078] In step 430, the solution from step 420 is integrated 
or provided onto a target application (ie a substrate, or 
discrete element or a Light Emitting Diode or Organic 
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LED), then heated or cured to form a solid VSD material. 
Prior to heating, the VSD material may be shaped or coated 
for the particular application of the VSDM. Various appli 
cations for VSD material With organic material coating 
metallic or inorganic conductors/semiconductors exist. 

[0079] FIG. 5A and FIG. 5B illustrate hoW application of 
organic material to coat or bind the surface of the metal/ 
inorganic conductor or semiconductors can reduce loading 
of such particles, under an embodiment of the invention. 
FIG. 5A is a simpli?ed illustration of hoW conductor and/or 
semiconductor particles in a binder of the VSD material can 
be surface coated With carbon nanotubes. As shoWn, con 
ductive element 500 includes a metal particle 510 and a 
metal oxide or other optional inorganic semi-conductor 
particle 520. The metal particle 510 may have a dimension 
represented by a diameter d1, While the metal oxide particle 
520 may have a dimension represented by d2. In an embodi 
ment shoWn by FIG. 5A, conductive organic ?llers 530 (eg 
carbon nanotubes) are bonded or combined With a periphery 
of the respective particles 510, 520. As the bonded organic 
?llers 530 are conductive or semi-conductive, the effect is to 
increase the siZe of the particles 510, 520 Without increasing 
the volume of those particles in the binder of the VSD 
material. The presence of the organic ?ller enables conduc 
tion, or electron hopping or tunneling from molecule to 
molecule When voltage exceeding the characteristic voltage 
occurs. The conductive element 500 may in fact be semi 
conductive, in that conductive element 500 may have the 
property of being collectively conductive When a character 
istic voltage is exceeded. 

[0080] In FIG. 5B, a conventional VSD material is shoWn 
Without addition of organic material. Metal particles 502, 
504 are relatively closely spaced in order to pass charge 
When voltage exceeding the characteristic voltage is applied. 
As a result of more closely spaced conductors, more metal 
loading is required to enable the device to sWitch to a 
conductor state. In comparison to an embodiment such as 
illustrated by FIG. 5A, under a conventional approach 
shoWn by FIG. 5B, the particles 510, 520 are spaced by glass 
particle spaces (e.g. Cab-O-Sil), an embodiment such as 
shoWn in FIG. 5A substitutes metal volume With conductive 
?llers 530 that are conductive, have desirable physical 
properties, and have dimensions to adequately substitute for 
metal. 

[0081] FIG. 5C illustrates a relatively disorganiZed distri 
bution of organic ?llers (e.g. carbon nanotubes), re?ecting 
hoW the organic ?llers, When uniformly dispersed at nanos 
cale, inherently produce results that are similar to those 
desired from the simpli?ed illustration of FIG. 5A. A 
description of FIG. 5C may re?ect embodiments such as 
shoWn and described With FIG. 3 or elseWhere in this 
application. As shoWn, a number of uniformly distributed 
conductive/semi-conductive ?llers 530 enables suf?cient 
touching and/or proximity to enable a conductive path for 
handling current, including through electron tunneling and 
hopping. This alloWs improvement in electrical and physical 
characteristics, particularly in relation to reduction of metal 
loading in the binder of the VSD material. Moreover, When 
particles are evenly dispersed at nanoscale Within the binder, 
less organic material 530 is needed to produce the desired 
electrical conductivity effect. 
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[0082] Conclusion 

[0083] Embodiments described With reference to the 
drawings are considered illustrative, and Applicant’s claims 
should not be limited to details of such illustrative embodi 
ments. Various modi?cations and variations Will may be 
included With embodiments described, including the com 
bination of features described separately With different illus 
trative embodiments. Accordingly, it is intended that the 
scope of the invention be de?ned by the folloWing claims. 
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, even if the other features and 
embodiments make no mentioned of the particular feature. 

What is claimed is: 
1. A composition comprising: 

organic material that is conductive or semi-conductive, 
Wherein said organic material is either solvent soluble 
or dispersed Within the composition at nanoscale; and 

conductor and/or semiconductor particles other than said 
organic material; 

Wherein said organic material and said conductor and/or 
semiconductor particles are combined to provide said 
composition With a characteristic of being (i) dielectric 
in absence of a voltage that exceeds a characteristic 
voltage level, and (ii) conductive With application of 
said voltage exceeding said characteristic voltage level. 

2. The composition of claim 1, further comprising a 
binder, and Wherein the organic material and the conductor 
and/ or semiconductor particles are distributed in the binder. 

3. A composition comprising: 

a binder; 

organic material that is conductive or semi-conductive, 
Wherein said organic material is either soluble in the 
binder or dispersed as nanoscale particles Within the 
binder; and 

conductor and/or semiconductor particles other than said 
organic material, said conductor and/or semiconductor 
particles being distributed in the binder; 

Wherein said organic material and said conductor and/or 
semiconductor particles are combined to provide said 
composition With a characteristic of being (i) dielectric 
in absence of a voltage that exceeds a characteristic 
voltage level, and (ii) conductive With application of 
said voltage exceeding said characteristic voltage level. 

4. The composition of claim 3, Wherein the conductive 
organic material and the conductor or semiconductor par 
ticles are substantially uniformly distributed in an overall 
thickness of the binder. 

5. The composition of claim 3, Wherein the organic 
material includes single and/or multi-Walled carbon nano 
tubes. 

6. The composition of claim 3, Wherein the organic 
material includes C60 or C70 fullerenes. 

7. The composition of claim 3, Wherein the organic 
material includes a conductive or semi-conductive mono 

mer, oligomer, or polymer. 
8. The composition of claim 3, Wherein the organic 

material includes electron donor and/or electron acceptor 
molecules or polymers. 
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9. The composition of claim 3, Wherein the organic 
material includes a compound selected from a class of 
thiophenes, aniline, phenylenes, vinylenes, ?ourenes, naph 
thalene, pyrrolv, acetylene, carbaZole, pyrrolidone, cyano 
materials, anthracene, pentacene, rubrene, or perylene. 

10. The composition of claim 3, Wherein the organic 
material includes a compound selected from Poly(3,4ethyl 
enedioxythiophene)/poly(styrenesulfonate), (8-hydrox 
yquinolinolato) aluminum (Ill), N,N'-Bis(3-methylphenyl 
N,N'-diphenylbenZidine [TPD], N,N'-Di-[(naphthalenyl)-N, 
N'diphenyl]- l , l'-biphenyl-4,4'-diamine [NPD]. 

11. The composition of claim 3, Wherein said organic 
material includes a pure carbon compound corresponding to 
one of carbon graphite, carbon ?ber, or a diamond poWder. 

12. The composition of claim 3, Wherein the conductor 
and/or semiconductor particles includes a metal or a metal 
complex. 

13. The composition of claim 12, Wherein the metal 
complex is selected from a group consisting of oxides, metal 
nitrides, metal carbides, metal borides, metal sul?des, or a 
combination thereof. 

14. The composition of claim 3, Wherein the conductor 
and/or semiconductor particles include a titanium com 
pound. 

15. The composition of claim 14, Wherein the conductor 
and/or semiconductor particles include titanium dioxide. 

16. The composition of claim 14, Wherein the titanium 
compound includes titanium diboride or titanium nitride. 

17. The composition of claim 3, further comprising inor 
ganic semi-conductor particles distributed in the binder. 

18. The composition of claim 3, Wherein the inorganic 
semi-conductor particles include particles selected from a 
group consisting of silicon, silicon carbide, boron nitride, 
aluminum nitride, nickel oxide, Zinc oxide, Zinc sul?de, 
bismuth oxide, cerium oxide, iron oxide. 

19. The composition of claim 3, Where at least some of the 
conductor and/or semiconductor particles are surface 
bonded by said organic material. 

20. The composition of claim 19, Wherein said organic 
material that surface coats the conductor and/or semicon 
ductor particles includes carbon nanotubes. 

21. The composition of claim 20, Wherein the conductor 
and/or semiconductor particles includes one of titanium 
dioxide, titanium nitride, titanium diboride. 

22. The composition of claim 19, Wherein said organic 
material that surface coats the conductor and/or semicon 
ductor particles includes organic conductive particles that 
are grafted onto a surface of individual conductive particles 
in the binder. 

23. The composition of claim 3, Wherein the binder 
material is formed from a material selected from a group 
consisting of silicone polymers, epoxy, polyimide, polyeth 
ylene, phenolic resin, polypropylene, polyphenylene oxide, 
polysulphone, solgel mateterials, ceramers. 

24. The composition of claim 3, Wherein said organic 
material includes a chemical moiety that covalently bonds to 
the binder. 

25. A voltage sWitchable dielectric material having a 
quantity of carbon nanotubes distributed therein. 

26. The voltage sWitchable dielectric material of claim 25, 
further comprising a binder, and Wherein the quantity of 
carbon nanotubes is distributed as part of the binder. 

27. The voltage sWitchable dielectric material of claim 26, 
further comprising titanium dioxide distributed in the binder. 



US 2008/0029405 A1 

28. A composition comprising: 

a binder that comprises at least a portion of a binder of the 
composition, the binder having a volume in the com 
position that is in a range of 20 to 80% of a composition 
volume; 

conductor particles, having a volume of the composition 
in a range of 10% to 60% of the composition volume; 
and 

organic material that is conductive or semiconductive and 
having a volume of the composition in a range of 
0.01-40%; 

Wherein the binder, conductor particles, and organic mate 
rial combine to provide the composition With a char 
acteristic of being (i) dielectric in absence of a voltage 
that exceeds a characteristic voltage level, and (ii) 
conductive With application of the voltage exceeding 
the characteristic voltage level. 

29. The composition of claim 28, Wherein said organic 
material is a solvent soluble in the binder. 

30. The composition of claim 28, Wherein said organic 
material is distributed as nano-scaled particles in the binder. 

31. A method for creating voltage sWitchable dielectric 
material, the method comprising: 

creating a mixture containing (i) a binder that is dielectric, 
(ii) metallic and/or inorganic conductor or semi-con 
ductor particles, and (iii) conductive or semi-conduc 
tive organic material that is distributed in the mixture as 
either a solvent soluble or as nano-scaled particles, 
Wherein creating the mixture includes using a quantity 
of each of the binder, the metallic and/or inorganic 
conductor or semi-conductor particles, and the organic 
material so that the mixture, When cured, is (i) dielec 
tric in absence of a voltage that exceeds a characteristic 
voltage, and (ii) conductive in presence of the voltage 
that exceeds the characteristic voltage; and 

curing the mixture. 
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32. The method of claim 31, further comprising applying 
the mixture to a target location on a device, and Wherein 
curing the mixture includes curing the mixture at the target 
location. 

33. The method of claim 32, creating a mixture includes 
creating the mixture using fullerenes as the organic material. 

34. The method of claim 31, Wherein the fullerenes are 
functionaliZed C60 or C70. 

35. The method of claim 31, Wherein the fullerenes are 
carbon nanotubes. 

36. The method of claim 31, Wherein the metallic and/or 
inorganic conductor or semi-conductor particles are selected 
from a group consisting of copper, aluminum, nickel, and 
steel, silicon, silicon carbide, boron nitride, aluminum 
nitride, nickel oxide, Zinc oxide, Zinc sul?de, bismuth oxide, 
cerium oxide, iron oxide. 

37. The method of claim 31, Wherein the metallic and/or 
inorganic conductor or semi-conductor particles includes a 
titanium compound. 

38. The method of claim 31, Wherein the metallic and/or 
inorganic conductor or semi-conductor particles includes a 
titanium dioxide. 

39. A voltage sWitchable dielectric material formed by: 

creating a mixture comprising (i) a binder that is dielec 
tric, (ii) metallic and/or inorganic conductor or semi 
conductor particles, and (iii) conductive or semi-con 
ductive organic material that is distributed as either a 
solvent soluble or as nano-scale particles in the mix 
ture, Wherein creating the mixture includes using a 
quantity of each of the binder, the metallic and/or 
inorganic conductor or semi-conductor particles, and 
the organic material so that the mixture, When cured, is 
(i) dielectric in absence of a voltage that exceeds a 
characteristic voltage, and (ii) conductive in presence 
of the voltage that exceeds the characteristic voltage; 
and 

curing the mixture. 

* * * * * 


