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[onThis invention relates to the field of current-carrying devices and
conponentwo 2bn/g3a8o6i cul ar, the invention relates to a ceCrAske10@546$2 ng
device in concert with a voltage switchable dielectric material.

METAL DEPOSITION

BACKGROUND OF THE INVENTION

Field of the Invention

[01]  This invention relates to the field of current-carrying devices and
components. In particular, the invention relates to a current-carrying device

in concert with a voltage switchable dielectric material.

Description of the Related Art

[02]  Current-carrying structures are generally fabricated by subjecting a
substrate to a series of manufacturing steps. Examples of such current-
carrying structures include printed circuit boards, printed wiring boards,
backplanes, and other micro-electronic types of circuitry. The substrate is
typically a rigid, insulative material such as epoxy-impregnated glass fiber
laminate. A conductive material, such as copper, is patterned to define
conductors, including ground and power planes.

[03]  Some prior art current-carrying devices are manufactured by layering a
conductive material over a substrate. A mask layer is deposited on the
conductive layer, exposed, and developed. The resulting pattern exposes
select regions where conductive material is to be removed from the substrate.

The conductive layer is removed from the select regions by etching. The



Description of the Related Art Jo2lCurrent-carrying structures are
general ly fabricated by subjecting a substrate to a series of manufacturing
steps. Bxxopbamsefossuch current-carrying structures inclaadaspeionsssd2 circuit
boards, printed wiring boards, backplanes, and other m cro-electronic types
of circuitry. The substrate is typically a rigid, insulative material such
as epoxy-inpregnated glass fiber lamnate. A conductive material, such as

copper, is %&1@ Ryoed shiosedalils re?r?dl%ii,clte%ﬁﬁ giﬂ(}?ﬂeﬂ?gdﬁg}é&ro‘?‘ﬂﬂéj and powver

pl anes. Jo31Sonme” prior art current-carryi evi ces are manufactured by

| ayering a conductive material over a substrate. A mask |ayer is deposited
on the condifgdiugidve mperial ey fsswdiacaptthgsvbstopedn ather peeiati ng pattern
exposes sel ect regions where conductive nmaterial is to be renoved fromthe
substrate. JheesedHeletBlebay@cedsSs iAMDY pbsiPfaihRSEliRE& arldegidRNS by

etching. The
on a substrate. A plating solution is applied to enable conductive material to
adhere to the substrate on selected portions of the substrate to form patterns
of conductive lines and pads.
[04] To maximize available circuitry in a limited footprint, substrate devices
sometimes employ multiple substrates, or use both surfaces of one substrate
to include componentry and circuitry. The result in either case is that
multiple substrate surfaces in one device need to be interconnected to
establish electrical communication between components on different substrate
surfaces. In some devices, sleeves or vias provided with conductive layering
extend through the substrate to connect the multiple surfaces. In multi-
substrate devices, such vias extend through at least one substrate to
interconnect one surface of that substrate to a surface of another substrate. In
this way, an electrical link is established between electrical components and
circuitry on two surfaces of the same substrate, or on surfaces of different
substrates.
[05]  In some processes, via surfaces are plated by first depositing a seed

layer of a conductive material followed by an electrolytic process. In other

processes, adhesives are used to attach conductive material to via surfaces. In



mask | ayer is subsequently renoved, |eaving a patterned |ayer of the
conductive material on the surface of the substrate. In other prior art
pr ocesseswoaniialsesvbr ol ess process is used to deposit comrduatseme/obi68es and
pads on a substrate. A plating solution is applied to enabl e conductive
material to adhere to the substrate on selected portions of the substrate
to formpatterns of conductive lines and pads. [4] To nmaxim ze avail abl e
circurtry Iie.a (hémetsetﬂefbigﬁalggfwn%ntﬁyPﬁgﬁﬁa% &Nétﬁ%ﬁ%e?@ﬁﬁté”es enpl oy
mul ti pl e substrates,” or use surfaces of one substrate to include
conponentry and C|rCU|try The result in either case is that multiple
substrat e s@efhmee@l innasuee devi ce need to be interconnected to establish
el ectrical comunication between conponents on different substrate

surfaces. |06SONRrERY ha@Sials k&BMES tObel¥ivas vRIAYé Sedciibiddieraguict i ve
| ayering extend through the substrate to connect the nultlple surfaces. In

mul ti-substrat e, eV|c§E; such. vi as extend throu st one substrate to
i nt er connectHaSs g feesn geed Hapr Qs e Yt tP(Pr‘é Glof’ﬁrc‘éo Eﬂgeanot her
substrate. In this way, an electrical link is established between

el ectri cal pomeinanBscaaseolihetldctrycabreststancs pré@aess, dies¢ hetadaiearsubst r at e,
or on surfaces of different substrates. [5] In sone processes, via

surfaces l eB'tS‘%{%‘é JB¥€ i ge Q%%Q?EOH "1 &aﬁ{jﬁg 1 ﬁﬂl‘rﬁﬁ%"sftat?c Giohdpet i ve

mat eri al i C’'proces rocess adhesi ves

are used to attach conductlve naterlal to via surfaces. In
or power surges. Accordingly, voltage switchable dielectric materials are

included in some devices, such as printed circuit boards. In these devices, a
voltage switchable dielectric material is inserted between conductive elements

and the substrate to provide over-voltage protection.



t hese devices, the bond between the vias and conductive materi al
in nature. [06]Certain materials, referred to bel ow as vol t age

mechani ca

swi t chablwoadnalsetosi ¢ mat eri al s,

S

have been used in pri oPCERMUS2@6M5E85 t O

provi de over-voltage protection. Because of their electrical resistance
these materials are used to dissipate voltage surges from for
ghtning, static discharge, or power surges. Accordingly,
dielectric materials arg\fghrged i n sone devices, such as
printed circuit boards. In these devices, a voltage switchable dielectric
material is inserted between conductive elenments and the substrate to
provi de ovePUyvolYaipets gpdodipega inchgigamrihod for fabricating a current-

properties,
exanple, Ii
swi tchabl e

carrying formation. Several embodiments address fabricating formations on
or with a Voltage Switchable Dielectric Material (VSDM). A VSDM may
include a characteristic voltage, whose magnitude defines a threshold below
which the VSDM is substantially electrically insulative, and above which the
VSDM is substantially electrically conductive.

[08] A method may include providing a conductive backplane, forming a
layer of VSDM on at least a portion of the conductive backplane, and
depositing an electrically conductive material on at least a portion of the
voltage switchable dielectric material. A conductive backplane may include a
metal, a conductive compound, a polymer and/or other materials. In some
cases, a conductive backplane may include a substrate. In certain
embodiments, a conductive backplane may also act as a substrate. In some
cases, a substrate may be removed after deposition.

[09] Deposition may include electrochemical deposition, and may include
creating a voltage greater than a characteristic voltage associated with the
VDSM, causing current to flow and deposition and/or etching to occur.

[010] In certain embodiments, a package (e.g., a polymer) may be attached to
a VSDM and/or associated current-carrying formations. In some cases,

components (e.g., a substrate) may be removed after attaching a package.

vol t age



[ 7] Various enbodinents include a nethod for fabricating a current-carrying
formation. Several enbodi nents address fabricating formations on or with a
Vol t age SwbtehaisbsweDi el ectric Material (VSDM . A VSDM nRETiuseé 10084682
characteristic voltage, whose magnitude defines a threshold bel ow which the
VSDM i s substantially electrically insulative, and above which the VSDMi s
substantially electrically conductive. [8] A nmethod may include providing
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material on at |east a portion of the voltage switchable dielectric
materi al . AmewsrHalsorhese spparpilisnke degiradncl ude a metal, a conducti ve
conmpound, a polyner and/or other materials. In sone cases, a conductive

backpl ane @ i NRlYEe etbodiabkB! LmelHddC@niAsas prRedginERNSOMA conductive
backpl ane may al so act as a substrate. In sone cases, a substrate may be

renoved after deposit.ion. 9]. Deposi tion may.i ncl ud | ect rochem cal
Hepostti on. deng it madh LarT Ahete R PRt Rt Sty

characteristic voltage associated with the VDSM causing current to flow
and deposi tdeposaing/aomatetriahomagt leastagoution poth ihtarmedibéi layenizodi nents, a
package (e.g., a polyner) may be attached to a VSDM and/ or associ at ed

Ty bo 1 emoyaner iy PRb AR bR R AR Ine AR eI S by
decohesi on | ayer disposed between two materials whose separability be
desi r ed. properties, and the like. An intermediate layer may provide for a controlled

release or decohesion. An intermediate layer may include a diffusion barrier.

In some cases, an intermediate layer is deposited on a VSDM, and an

additional material (e.g., a polymer and/or electrical conductor) is deposited

on at least a portion of the intermediate layer. An insulating material (e.g., a

polymer) may be deposited on an intermediate layer. A conductor may be

deposited on an intermediate layer. An intermediate layer may be formed

using electrografting.

[012] In some embodiments, a method comprises providing a substrate

having a VSDM and depositing a current-carrying material on at least a

portion of the VSDM. A package may be attached to at least a portion of the

VSDM and/or at least a portion of the current-carrying formation. A package

may include a polymer. A package and/or a VSDM may include one or more

vias, which may be filled. Certain embodiments include a plurality of

electrical connections through a package.



[on] In some enbodi ments, a nmethod conprises providing a VSDM depositing
an internediate | ayer on at least a portion of the VSDM and depositing a
mat eri al wo 2at1/dsesmst a portion of the internedi ate | ayePCTAIS201008468Edi at e
| ayer may i nprove adherence, nechanical properties, electrical properties,
and the like. An internediate |ayer may provide for a controlled rel ease or
decohesion. An internediate |ayer nmay include a diffusion barrier. In sone
cases, an i r j ' i1t | tional

mat eri al (e[.gg?, ng%% %ﬁe@%@%’r%ﬁ%g rlﬁggﬁ&c%)r%ﬁ?yoar?ﬁ?agglgggg} % ed on at

| east a portion of the internmediate layer. An insulating material (e.g., a
pol ymer) nesprise aepdSPM dAsenESt Maslermas dlegemoy aille pttaghedsgn ¢hadit nay be
deposited on an internediate layer. An internediate |ayer nay be forned

usi ng el ectd@Bfotidd@ise[BIds al fsSEUTROR BP A VEDL/Stro@ dEBbEAEn GRRIPT | ses
provi ding a substrate having a VSDM and depositing a current-carrying

material on at | east a,portion of S A .package may be attached to at
Tohct o porereiEg e Bemar oy SaR e depoiBRRt s BRAR (g 4

current-carrying formati on. A package may include a polyner. A package
and/ or a VShivtemyairpmlgddemaiien)or nore vias, which may be filled. Certain
enbodi nents include a plurality of electrical connections through a

package. [0 I i . I |y cont act
mask to a s%% aégcéﬁggjﬁéﬁﬁﬁ&ggg%ﬁeé%fﬁﬁggﬁg%%gﬁEggﬁgwggggfyﬂgg?ached such
that it seals or otherwi se blocks a first portion of the VSDM from

deposi t i on, ofdhel Velopbeed damaewtasdr glefinesopnendr mewe pesivng. ok colpdsi ti on of a
material (e.g., a current-carrying formation). [14] A contact mask may

 nol ude an yRgubal hng ihagke hRBkcGON BElitaIR SUERCPRGM hEeNRRY,and

denmarcates or defines one or nore portions. contact mask may "al so i ncl ude

an electrode, .typically separated fromthe surface by t i nsul ati ng foot.
In some enbBaimERES "Jaotsaﬁaw%elabocpmervsw w@&%ﬁéﬁc\’gﬁ%@ y be

imrersed in (or otherw se exposed to) a solution that provides a source of
i ons associ @inett mask ntaydesintraekseditrefor ather@ise@expeg@adsb) €sbluhovdlatage great er
than the characteristic voltage of the VSDM nay be created, that causes

deposition of, the desired et alod 0,an s LRS, xpaser, RaLigns of the
VSDM [ 15]71'n somne enbodi BT, A conduct or ep05|%e on & may be
etched, typically using a mask, in a fashion that renoves the conductor
from cert ai f voliggogsatet thanethysbMactthstiuvdtaghefl thee\gbBMsman pe frmatad,
current-carrying formati ons according to certain enbodi nents.

that causes deposition of the desired material in or on the exposed portions of

the VSDM.

[015] In some embodiments, a conductor deposited on a VSDM may be

etched, typically using a mask, in a fashion that removes the conductor from

certain regions of the VSDM. The unetched regions may form current-

carrying formations according to certain embodiments.

[016] A VSDM may include regions having different characteristic voltages.

Certain embodiments include a VSDM having first and second regions. A

tirst region may have a first characteristic voltage, and a second region may

have a second characteristic voltage. According to different processing
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[16] A VSDM may include regions having different characteristic voltages.
Certain enbodi nents include a VSDM having first and second regions. A first
regi on mayohau®sgssobi r st characteristic voltage, and a secoru$201095w82 nay
have a second characteristic voltage. According to different processing
conditions, a material nmay be deposited on either of the first and second
regions, or both regions. In sone cases, deposition on both regions may be
fol I owed byco%dﬂioﬁ‘{]% flakd B n%g%'db?)o%e& gﬁeiﬂ%%%!tﬁee@rs%dagéc%df rom one
region, but not the other region. I'n some enbodi nents, current-carrying
formations are fornmed on different regions independently of each other.
[017] Any stegiggsirrdioth regienst ilpgome sesebisiapopigioaion hedly ragsonsorpy hed wi t h

anot her structural limtation provided they are not nutually exclusive. Any

step descrifaadwb@beia prefrbifiat erhinpes té §6pRNOd Refte:$I BROPBAY tdesh, t hey are

not nmutual Iy excl uSive.
but not the other region. In some embodiments, current-carrying formations
are formed on different regions independently of each other.
[017] Any structural limitation described herein may be combined with
another structural limitation provided they are not mutually exclusive. Any

step described herei may be combined with another step provided they are

not mutually exclusive.



BRI EF DESCRIPTION OF FIGURES [18] FIG 1 illustrates a single-sided
substrate device including a voltage switchable dielectric material, under
an enbodiwenniiaigohe i nvention. [19] FIG 2 ill ustrat epCeluscaniosst2
resi stance characteristics of a voltage switchable dielectric material,
under an enbodi nent of the invention. [20] FIGs. 3A-3F show a fl ow process
for formng the device of FIG 1.
BRIEF DESCRIPTION OF FIGURES

[018] FIG. 1 illustrates a single-sided substrate device including a voltage

switchable dielectric material, under an embodiment of the invention.

[019] FIG. 2 illustrates electrical resistance characteristics of a voltage

switchable dielectric material, under an embodiment of the invention.

[020] FIGs. 3A-3F show a flow process for forming the device of FIG. 1.

[021] FIG. 3A illustrates a step for forming a substrate of voltage switchable

dielectric material.

[022] FIG. 3B illustrates a step of depositing a non-conductive layer on the

substrate.

[023] FIG.3C illustrates a step of patterning a non-conductive layer on the

substrate.

[024] FIG. 3D illustrates a step of forming a conductive layer using the

pattern of the non-conductive layer.

[02s] FIG. 3E illustrates a step of removing the non-conductive layer from

the substrate.

[026] FIG. 3F illustrates the step of polishing the conductive layer on the

substrate.

[027]1 FIG. 4 details a process for electroplating current-carrying structures on

a substrate formed from voltage switchable dielectric material, under an

embodiment of the invention.



[21] FIG 3Aillustrates a step for formng a substrate of voltage
switchable dielectric material. [22] FIG 3B illustrates a step of
deposi ti /yoaonadswenduct i ve | ayer on the substrate. [2BLTRIS®18G54682
illustrates a step of patterning a non-conductive |ayer on the substrate.
[24] FIG 3D illustrates a step of form ng a conductive |layer using the
pattern of the non-conductive | ayer.

[028] FIG. 5illustrates a dual-sided substrate device formed from voltage

switchable dielectric material and including a via interconnecting current-

carrying formations on both sides of the substrate, under an embodiment of

the invention.

[029] FIG. 6 illustrates a flow process for forming the device of FIG. 5.

[030] FIG. 7 illustrates a multi-layered substrate device including substrates

formed from voltage switchable dielectric material, under an embodiment of

the invention.

[031] FIG. 8 illustrates a process for forming the multi-substrate device of

FIG. 7.

[032] FIG. 9 illustrates an exemplary waveform for a pulse plating process

according to an embodiment of the invention.

[033] FIG. 10 illustrates an exemplary waveform for a reverse pulse plating

process according to an embodiment of the invention.

[034] FIG. 11 illustrates a segment of an interior structure of a connector, the

segment having exposed pin receptacles according to an embodiment of the

invention.

[035] FIG. 12 shows a perspective view of a portion of the segment of FIG. 11

with a mask disposed thereon, according to an embodiment of the invention.

(0361 FIG. 13 illustrates certain embodiments associated with intermediate

layers.



[25] FIG 3E illustrates a step of renoving the non-conductive |ayer from
the substrate. [26] FIG 3F illustrates the step of polishing the
conduct i weol2ayersosen t he substrate. [27] FIG 4 detail sraTprsociomnsseBpr
el ectroplating current-carrying structures on a substrate fornmed from
voltage switchable dielectric material, under an enbodi nent of the
i nvention.

[037] FIG. 14 illustrates an exemplary method and structure that

incorporates a conductive backplane.

[038] FIG. 15 is a diagrammatic illustration of attaching a package, according

to some embodiments.

[039] FIGS. 16A and 16B illustrate cross section and perspective views

(respectively) of a removable contact mask, according to certain

embodiments.

[040] FIG. 17 illustrates deposition of a current-carrying material to form a

current-carrying formation, according to certain embodiments.

[041] FIG. 18 illustrates a current-carrying formation fabricated using an

etching process, according to certain embodiments.

[042] FIG. 19 illustrates a voltage switchable dielectric material (VSDM) 1910

having regions with different characteristic voltages, according to certain

embodiments.

[043] FIGS. 20A-C illustrate the deposition of one or more current-carrying

formations, according to certain embodiments.

-10 -



[28] FIG 5 illustrates a dual -sided substrate device fornmed from vol tage
switchable dielectric material and including a via interconnecting
current - caoryiwmgodoer mat i ons on both sides of the substr&ce/useodesican
enbodi ment of the invention. [29] FIG 6 illustrates a flow process for
formng the device of FIG 5. [30] FIG 7 illustrates a nulti-|ayered
substrate device including substrates forned from vol tage sw tchabl e

dielectric material, under appgGPED'BRECRIPT invention. [31] FIG 8
illustrates a process for form ng t?eﬁrruFtli-su strate device of FIG 7.

[32] FIG 9 illustrates an exenplary waveform for a pul se O{ol ating process
accor di ng ti8%an Fenlprsimefstof glhe Faniion e a gass of material, referred to herein

as voltage switchable dielectric materials, to develop current-carrying
elements on a structure or substrate. The electrical resistivity of a voltage
switchable dielectric material can be varied between a non-conductive state
and a conductive state by an applied voltage. Methods of the invention
render the substrate or structure conductive by applying a voltage to the
voltage switchable dielectric material, and then subjecting the substrate or
structure to an electrochemical process. This process causes current-carrying
material to be formed on the substrate. The current-carrying materials can be
deposited on select regions of the substrate to form a patterned current-
carrying layer. The applied voltage is then removed so that the substrate or
structure returns to the non-conductive state after the current-carrying layer
has been patterned. As will be further described, embodiments of the
invention provide significant advantages over previous devices having
current-carrying structures. Among other advantages, current-carrying
material can be patterned onto the substrate with fewer steps, thus avoiding
costly and time-consuming steps such as etching and electroless processes.
[045] Voltage switchable dielectric materials may also be used for dual-sided
and multi-substrate devices having two or more substrate surfaces containing
electrical components and circuitry. Vias in substrates formed from voltage

switchable dielectric materials can interconnect electrical components and

- 11 -



[33] FIG 10 illustrates an exenplary waveformfor a reverse pul se plating
process according to an enbodi nent of the invention. [34] FIG 11

i1l ustratwe 2a11zageeent of an interior structure of a conmeriusegiobesssegnent

havi ng exposed pin receptacles according to an enbodi nent of the invention.
[035i FIG 12 shows a perspective view of a portion of the segnent of FIG

11 with a mask di sposed thereon, according to an enbodi nent of the

11 vi th a m sed t! ng ! the
| ntormedi at 6 Papere PR ERE S T S AR R Cd ana

structure that , ' ' '
substrate or device that can be provided with a conductive layer for the

purpose of electrically interconnecting two or more substrate surfaces. Vias
include voids, openings, channels, slots, and sleeves that can be provided
with a conductive layer to interconnect electrical components and circuitry on
the different substrate surfaces. Under embodiments of the invention, plating
a via can be accomplished during a relatively simple electrochemical process.
For example, vias in a voltage switchable dielectric material substrate may be
plated using an electrolytic process. The vias can also be formed concurrently
during the electrolytic process used to pattern one or more conductive layers
on a substrate surface or surfaces of the device.

[046] In an embodiment of the invention, a current-carrying structure is
formed from a voltage switchable dielectric material. A current-carrying
formation can be formed on one or more selected sections of a surface of the
substrate. As used herein, "current carrying" refers to an ability to carry
current in response to an applied voltage. Examples of current-carrying
materials include magnetic and conductive materials. As used herein,
“formed” includes causing the current-carrying formation to form through a
process in which a current-carrying material is deposited in the presence of a
current applied to the substrate. Accordingly, current-carrying material may
be electrodeposited onto the surface of the substrate through processes such

as electroplating, plasma deposition, vapor deposition, electrostatic processes,

-12 -



I ncor porates a conductive backplane. [038i FIG 15 is a diagrammtic
illustration of attaching a package, according to sone enbodi nents. [ 39]
FI GS. 16Avandi11®os| | ustrate cross section and perspect iPCE/USREND54682
(respectively) of a renpovable contact nask, according to certain

enbodi nent s.

or hybrids thereof. Other processes may also be used to form the current-
carrying formation in the presence of an electrical current. The current-
carrying formation may be incrementally formed so that a thickness of the
current-carrying formation is developed by deposition of like material onto
selected sections of the substrate.

[047] An electrobonding interface is formed between the current-carrying
formation and the substrate. The electrobonding interface comprises an
interface layer of electrobonds between the current-carrying formation and
the substrate. The electrobonds are bonds formed between molecules of the
substrate and molecules of the current-carrying material that are
electrodeposited onto the substrate. The electrobonds form in regions of the
substrate where additional current-carrying material is deposited to form the
current-carrying formation.

[048] As electrobonds form between molecules, electrobonds exclude bonds
formed as a result of electroless processes where molecules of the current-
carrying material may be mechanically or otherwise added to the surface.
Electrobonds exclude bonds formed in processes that include, for example,
seeding conductive material onto the substrate using adhesives and other
types of mechanical or chemical bonds. Examples of processes where current-
carrying material may be electrodeposited to form electrobonds include
electroplating, plasma deposition, vapor deposition, electrostatic processes,

and hybrids thereof.
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[40] FIG 17 illustrates deposition of a current-carrying material to form
a current-carrying formation, according to certain enbodi nents.
18 il | ustwates/@9spar r ent - carryi ng formati on fabricated ®errus2@n/08tes8hi ng

process, according to certain enbodi nents.

vol tage switchable dielectric material (VSDM 1910 havi ng regi ons

different characteristic voltages,

[41] FIG

[0421 FIG 19 illustrates a

Wi th

according to certain enbodi nents. [043]

FI GS. 20A Gyj | USEEALRL0RAIEGSE] B0 c0fie ADS oo RBLGHGLY §iGRL- Car TYi Ng

f ormati ons,

according to cert

substrate to define the selected sections of the substrate. The substrate is then
subjected to an electrochemical process to incrementally form the current-
carrying formation on the selected regions of the substrate. The non-
conductive layer may comprise a resist layer that is removed once the current-
carrying formation is formed on the select regions of the substrate. The non-
conductive layer can also be formed from screened resist patterns, which can
either be permanent or removable from the substrate.

[050] A voltage switchable dielectric material is a material that is non-
conductive until a voltage is applied that exceeds a characteristic threshold
voltage value. Above the characteristic threshold voltage value the material
becomes conductive. Therefore, a voltage switchable dielectric material is
switchable between a non-conductive state and a conductive state.

[051] An electrochemical process includes a process in which conductive
elements are bonded to a voltage switchable dielectric material while the
voltage switchable dielectric material is in the conductive state. An example
of an electrochemical process is an electrolytic process. In an embodiment, an
electrode is immersed in a fluid along with another material. A voltage is
applied between the electrode and the other material to cause ions from the
electrode to transfer and form on the other material.

[052] In one embodiment, a device includes a single-sided substrate formed

from voltage switchable dielectric material. A non-conductive layer is
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DETAI LED DESCRI PTI ON [44] Enbodi nents of the invention use a class of
material, referred to herein as voltage swtchable dielectric materials, to
devel op cwonremntosessryi ng el ements on a structure or sub®CTAtSe010/Dbs82

el ectrical resistivity of a voltage switchable dielectric naterial can be
vari ed between a non-conductive state and a conductive state by an applied
vol tage. Methods of the invention render the substrate or structure

conduct i ve oy, 8| yiidnds HRLAAUS defink DEYAL 5208 AMALEfABkE el ect i c

mat eri al , n subjecting e su ate or structure to an

el ectrochem cal process. This process causes current-carrying material to
be formed ofrefeieblyyths splagteate Fisablegieddnan elockplyhig pregess WheB thean be deposi ted
on select regions of the substrate to forma patterned current-carrying

layer. The afnlghedivRididdR1dcsrid MGRrieRoN adof@uitRatsidibeTryBS HESL 8 OF
structure returns to the non-conductive state after the current-carrying

| ayer has been patterned, As will he further described, enbodi nents of the
vention goYTBEeLTs AT IuARE Meivfia gseBeunTEIGY BE LT BeE havi ng
current-carrying structures. Anong ot her advantages, current-carrying

mat eri al cathebegipad deineedyotht patthen Subs hodicendudtiveflewer Osteps, thus
avoi ding costly and tine-consum ng steps such as etching and el ectrol ess

processes. I i el | I JIBY, so be used
for dual-si%%éggﬁgQﬁH???¥§§%s %ggiﬁﬁg%ﬁé@%%hgg?ﬂg£§&%§%$lnDrS%%ubstrate
surfaces containing electrical conponents and circuitry. Vias in substrates
formed frontaborateden s stedraiieavidh e reditceil shigkiese relpgvectarprevires connect

el ectrical conponents and
substrate devices. Also, the patterned current-carrying formation can be

formed without implementing some fabrication steps used with prior art
structures, such as, for example, steps of etching, or multiple steps of
masking, imaging, and developing resist layers.

[053] In another embodiment of the invention, a dual-sided substrate is
formed to include vias to electrically connect components on both sides of the
substrate. A patterned current-carrying layer is formed on each side of the
substrate. One or more vias extend through the substrate. The substrate can
be subjected to one or more electrochemical processes while in the conductive
state, causing current-carrying material to be formed on selected sections of
the substrate, including on surfaces defining the vias. The selected sections of
the substrate can be defined by a non-conductive layer, patterned in a
previous step.

[054] Several shortcomings exist in previous processes that plate or

otherwise provide conductive layers to surfaces of vias. In previous processes
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circuitry on different substrate surfaces. A via can include any opening of
a substrate or device that can be provided with a conductive |ayer for the
pur pose oVoebraispsoeal |y i nterconnecting two or nore Sub®CTAISR0ISOE46ATES.

Vi as include voids, openings, channels, slots, and sl eeves that can be
provided with a conductive |ayer to interconnect electrical conponents and
circuitry on the different substrate surfaces. Under enbodi nents of the

i nvention, ing. i 1 i l.atd.vel.y sinple

el ot ochert oy et By DI AERAR RN L B n iR b ¢
dielectric material substrate may be plated using an electrolytic process.
The vias cai degermeifopiesesscibsdlrtineninpiprighibensty qhetedihe partlssthet process
used to pattern one or nore conductive |layers on a substrate surface or
surfaces of cdnfisrigamé 6&d 1h{46keddingBokdRedt PaRicl@fcahbe provemhii®fnd a _
current-carrying structure is fornmed froma voltage switchable dielectric
material. A cqrrentﬂcarr.ing(%ornqtion can .be forned on one or nore

sel ected setPIid Gt EILFT SAUTBR RN KR duTiPasePs AS iREdMer ei n, "current
carrying” refers to an ability to carry current in response to an applied
vol t age. Exampinefyahd clispeesidn ofihe pangclesetlend alrfacendéfirdeg tegviesd isc and
conductive materials. As used herein, "fornmed" includes causing the
current - Car&f}’énri%ﬁe?{eH@FAﬁ%hchf’a LA 8%19@9%5 ﬂ{a(%(fﬁes&ﬂtﬁuwlo? the :
current-carrying ‘material 1s deposf}ed In e presence of “a current applied
to the substrate. Accordingly, current-carrying material my be

el ect r odepoRlptiegl obhswiadeef 8 (yid isdbeoksin atlhemejiyzttvigt e t hr ough processes such
as electroplating, plasna deposition, vapor deposition, electrostatic
processes, (& YRE! FRVIARHROEessdIPRELIREDRRIS BSmITRY Rt Bendsed to form
the current-carrying formation in the presence of an electrical current.
The current-carrying formation may he increnentally forped so that a

t hi ckness d?PeVREN &4 %C@ﬁtoggswwr#lé?mt BAUiACe R Fefid platia BINEHESISi ti on of

| i ke material onto sel ected sections of the substrate. [47] An

el ect r obondinagriaht Bief mechainscal bormdachrd edlywasty eek ducsmepiriartoyi ng f ormati on
and the substrate. The el ectrobonding interface conprises an interface

| ayer of el gctrobonds etyeen the current-garr in% fqﬁnati n.aqd t he
ctrochemical bonds tormed on surfacges of de %1 Ftr . e |‘mec nica
substrate. € €l ectrobonds are bonds fornme et ween nol ecul'es of the

substrate and nol ecules of the current-carrying material that are
el ect r odepogitueschfdhe bondsefosmbd betataen thhsurgiceof thsbonadsd tlyy eanductiegyi ons of
the substrate where additional current-carrying material is deposited to

form the cupnepht fAkE UbMged HOABE @Nlure. To compound problems with
previous devices, a failed plated via is detrimental to the entire substrate
device.
[056] Typically, vias are plated only after the substrate is provided with
conductive elements on the substrate’s surfaces. Failures in the plated vias
may not be noticed or caused until at least some or all of the substrates in the
device are assembled. If plating a via fails, re-plating the via is not feasible in
the assembled device. Often, the entire device has to be discarded. Thus, one
failed via in a device having several vias and substrates is enough to cause the

entire device, including all of the fabricated substrates, to be discarded.
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[ 48] As el ectrobonds form between nol ecul es, el ectrobonds excl ude bonds
formed as a result of electrol ess processes where nol ecul es of the
current - caorgiwgoseat eri al may be mechanical ly or ot her wipse/isdaeas4682 t he
surface. El ectrobonds exclude bonds fornmed in processes that include, for
exanpl e, seeding conductive material onto the substrate using adhesi ves and
ot her types of nechanical or chem cal bonds. Exanples of processes where
current - car gl “%rﬁ@ﬁ%%&%k H%t?%ﬁf%& LRASRATLTES: ‘oi%xﬁé%fc%&h‘éﬁ% fgbonds

i ncl ude el ectroplating, pﬁasna eposi tion, vapor é%p05|t|on, el ectrostatic
processes, and hybrids thereof. [49] A nonconductive |ayer may be
patterned oRr@inth@rsm-caggingfiofrpatiansisst sugtases defindng was prreaveideset ed secti ons
of the substrate. The substrate is then subjected to an el ectrochem cal
process to ARGI&MBNS PkibY aftPhéthbieth@HFdo@t aGakfaYé RBJiRLABA k®Pe ON the

sel ected regions of the substrate. The nonconductive | ayer may conprise a
resist layer that is renoved once the current-carryjn @or tion is forned
on the sel CRIHERIGALEINE KB EAS et A0 REFRGRUBE T BRd RYE can al so be
formed from screened resist patterns, which can either be pernanent or
removabl e feomuttires swatesial Béause {heGlirfAcasalf tlageasatetrohatieewiteel ectri c

material is a material that is nonconductive until a voltage is applied

t hat exceed ) ristic esh vol & I ve the
characteris%%@ugﬁgégﬁ%ﬁﬁé@%%?gégkgglgggﬁégdkggg%¥§f&§%%§%ggﬁconductive.
Therefore, a voltage switchable dielectric material is switchable between a
non- conducthegded imembadidnente oftbia eavensios pagaatse thesvqltaga switekatlecheni cal
process includes a process in which conductive elenments are bonded to a

vol tage swi gigRaR]|ensteahEBlhiG tHBLERtAle W bEmhAE MRlUR9e dﬁ%%@ﬂ{@m e
dielectric material is in the conductive state. An exanple of an

el ectrochem cal process is an electr Iytic rocess. I n an enbodjnent, an

el ect rode | SeSIFATYERIPIORSSS PSGHED 083@ A behgeHtrHsee? dfs a8 vol tage s
appl i ed between the el ectrode and the other material to cause ions fromthe
el ectrode tibetcuansteairnang nfaemal are ¢élbariodlhetradthéondl formed during the

electrochemical process. The bond, herein referred to as an electrochemical
bond, is stronger than bonds formed by seeded particles or adhesives.
Moreover, the surfaces of the vias are uniform surfaces of a voltage switchable
dielectric material. Thus, electrical continuity through the vias is ensured.
[058] In another embodiment of the invention, a multi-substrate device
includes two or more substrates each formed from a voltage switchable
dielectric material. Each substrate can be subjected to an electrochemical
process to form a conductive layer. A pattern of each conductive layer is
predetermined by patterning a non-conductive layer to define the pattern for
the current-carrying formation. One or more vias may be used to electrically

connect current-carrying formations on one or more of the substrates. Each
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[52] In one enbodi nent, a device includes a single-sided substrate forned
fromvoltage switchable dielectric nmaterial. A non-conductive |ayer is
patt er nedworbo/isbsdesubstrate to defi ne regi ons on the secraseoiofsssbst rat e.
Preferably, the substrate is subjected to an electrolytic process when the
vol tage switchable dielectric material is in a conductive state. The

el ectrolytic process causes conductive material to increnentally formon
the substrajig nidy BAIBHELANR S TREdRkubOR PALLELBiAbd i fenon- conduct i ve
| ayer. One advantage of this enbodinent 1Is that the current-carrying
formati on can be fabricated on the structure wth a reduced thickness

rel ative toclpiteachemicabppsessat e devi ces. Al so, the patterned
current-carrying formati on can be fornmed wi thout inplenenting sone
fabricati onesf epsmbsgdineh hivaith@s pbbidsl by B oRIsmesld O tiRSinvéRiorexanpl e,
steps of etching, or nmultiple steps of masSking, imaging, and devel opi ng
resist layers.. [53] |n another, enbqdi nment of .the invention, a dual-sided
Cubstrat o BUbPHRIE e AR e i o WUE P 84 Y9fepntera o nponent s on
both sides of the substrate. A patterned current-carrying layer is formed
on each si déieleftricheatstiblSibrpddte vidrietearonnertmgtha sliféceetratibtinateugh t he
substrate. The substrate can be subjected to one or nore el ectrochem cal
processes j i 0 i i -carrying materia
to be forne r%ﬁeig?%% 8%”g%%%%ﬁ%@”%%?ﬁﬁgH%%%%?&%Jgﬂﬁéﬁ§+ﬁ%%ﬁ%X%l surfaces
defining the vias. The selected sections of the substrate can be defined by
a non- condudt ¢lo@ralpjeprocesses withedt having o dier dssubsipte infregipnsdner a
shortcom ngs exist in previous processes that plate or otherw se provide
conductive hayuRrthe LAsSHhE AGERIMRY cutidtcalrPinB IS HInRHGS BSS G

significantly reduce the risk that the vias will fail to establish electrical contact
between substrates. In contrast, prior art multi-substrate devices have been
plagued by occasionally ineffective vias, which often resulted in the entire
multi-substrate device having to be discarded.

[060] Another advantage provided to embodiments of the invention is that
inclusion of a substrate formed from a voltage switchable dielectric material
also provides voltage regulation protection to the device as a whole.
Numerous applications for embodiments of the invention exist.
Embodiments of the invention may be employed for use with, for example,
substrate devices such as PCBs, surface mount components, pin connectors,

smart cards, and magnetically layered materials.
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that deposit seed |layers on surfaces of vias and then subject those
surfaces to an el ectroplating process, the plating material bonds only to
t he partiwbesitdisetosconpri se the seed | ayer. Seedi ng cona@gTtise@opsde8e cl es
can be problematic and costly, since it requires additional nmanufacturing
steps. Further, the continuity and dispersion of the particles al ong
surfaces defining the vias is often inperfect. As such, a substantial risk
exi sts thatthe g ideffest he plating of a surface of a via is broken
at sone junctUréig?ggg%—6¥%€r—preV|ous processes use adhesives to form
mechani cal bonds between surfaces, or between particles in the surface of a
via and a d8Hdudiiybismetress-srtionm aiaveehnfe et insermesatinge yeltagei vel y weak in
conparison to el ectrochem cal bonds fornmed on surfaces of the substrate.

The nechani aikchaBleligle@fic i@ eRANGSddrahERh QARMARESN thOthveHIibACH Bfis t he vi a
and the conductive materi al make devices prone to failure. To conmpound

problens with evi ou Vi ces fall |lated. yia ig.detrinental to the
et o substmallinadiiRe Vi fasser e far R s P ial 6 el S By after the
substrate is provided with conductive el enents on the substrate's surfaces.

Fai | ur es i rsubkiratel18tof thevdasceraihenaltafeswinthabédd ieleceausadrinint nbnat | east
sone or all of the substrates in the device are assenbled. If plating a via

fails, re-plg td'u@tgi’w{]l}.;'ft %(4 O&bbﬁ)é@ not%f‘%h%ﬁ sévﬂclﬁ&?toaaséq%ﬁg\'cﬁs‘?e Qgt\é'b;ze deq ten,

the entire device has one fai via in

having several vias and substrates is enough to cause the entire deV|ce

i ncl udi ng alpplphgrhelhgphprdagednagbsdedheiexceaspehdiastesistiedoltage&7]  Among
ot her advantages of this embodinent, problematic nethods for fornmng

current - cargh¥inifefir RaihOBas %Iﬁﬁl e @P§§ol@£§e' sW1&ﬁaM|e@§e1@Jtﬁc aelsigd.
According to prior art nethods t require a surface nodification to be

conductive, additiaonal materials are require 0 prepare vias _to bond with
a conduct | VAVREER Agrelprech (RQu{ing t %Fﬂ&é%?eé%ai%“ﬁ isteapared8F Gt her wi se
conductive wthout these materials. Thus, additional materials are not

needed i n enbgdilivetdrs infwhibie cimyerdargindadauses tieusedlihdgde Sut t chabl e
dielectric materi al forning the substrate can be nmade conductive during the

electroplatin roce uch Hgﬁg for bet surfac f vias and
the current=- calﬁ Fﬁ frted %?ﬂa(x%?% §I¥F%a “%?? M@¥ﬁ%n la)sufgrned during

t he electrochenlcal process. The bond, herein referred to as an
el ect r ochenvafgrs, Bendircuisberdes rhgekplomesnamdbindegrhedmidulyylesisedl erpegiict i cl es or
adhesi ves. Moreover, the surfaces of the vias are uniformsurfaces of a

vol tage swi éfggﬁgﬂl&sddf%t%gfartécpa%ﬁt%ru'l@ude JbHSes VB donG@ltecOnt i Nui ty through

the vias is sured

processors, computer readable memory devices, motherboards, and PCBs.
[062] The voltage switchable dielectric material in the substrate 10 allows for
the fabrication of a patterned current-carrying formation 30. The current-
carrying formation 30 is a combination of individual current-carrying
elements 35 formed onto the substrate 10 according to a predetermined
pattern. The current-carrying formation 30 includes conductive materials.
The current-carrying formation 30 is formed from precursors deposited on the
substrate 10 during an electrochemical process in which the voltage

switchable dielectric material is rendered conductive by an applied voltage
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[ 58] In another enbodi nent of the invention, a nmulti-substrate device

i ncludes two or nore substrates each forned froma voltage sw tchabl e

di el ectriwormtigrspsb. Each substrate can be subjected topram/usb@ossshen cal
process to forma conductive |ayer. A pattern of each conductive layer is
predeterm ned by patterning a non-conductive |layer to define the pattern
for the current-carrying formation. One or nore vias nay be used to

l ectricall t - i t f th
Cubst rat os, CEaoR i e LR PR PR R OB QiR TAS B are

subjected to the el ectrochem cal process. [59] Anpbng ot her advantages
provi ded byelesHnsigiinion splgiion. nehe sppaiipiedA is aiposed uihs selationdeiiledbs use t he

conductive state of the voltage switchable dielectric material to plate

vias i nter canpgs kivivdhidie ddidctes @atertuRshiiaten&Uinfthe esndutier efatt. e, _
current-carrying materials can be fornmed on vias during an electrolytic

processes Wt ho having to alte he substrate in regions that define the
Uias. The rlSii 1 EUnTeRceETE P ayBree Pt |6t o

significantly reduce the risk that the vias will fail to establish
el ectri cal pedt@chiredtpatiem.sThrspredtiesmired paodtetn BFdbrmet bppaiaerhing a
mul ti-substrate devices have been pl agued by occasionally ineffective vias,

whi ch of Lem ety i bhs bl Le Lo awbatiatenn] of bagiag to be

di scar ded. age provi o enbodi nent's o he invention
is that inclusion of a substrate forned froma vol tage sw tchabl e
di el ectri ¢ valtage iswitchade diglesticimgteyiol isapéhe exgiugtivostalsr Breauequsserso t he
device as a whole. Nunmerous applications for enbodinents of the invention
exi st. deposit only on the exposed regions of the substrate 10. The voltage

switchable dielectric material in the conductive state can form electrochemical

bonds with the precursors in the exposed sections of the substrate 10. In an

embodiment, the non-conductive layer 20 (FIGS, 3B-3D) is formed from a

resist layer deposited over the substrate 10. The resist layer is then masked

and exposed to create the pattern, as is well known.

[064] FIG. 2 illustrates the resistive properties of voltage switchable dielectric

materials as a function of applied voltage. The voltage switchable dielectric

materials that can be used to form the substrate have a characteristic voltage

value (Vc) specific to the type, concentration, and particle spacing of the

material's formulation. A voltage (Va) can be applied to the voltage

switchable dielectric material to alter the electrical resistance properties of the

material. If the magnitude of Va ranges between 0 and V¢, the voltage

switchable dielectric material has a high electrical resistance and is therefore

non-conductive. If the magnitude of Va exceeds Vc, the voltage switchable
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Enbodi ments of the invention may be enpl oyed for use with, for exanple,
substrate devices such as PCBs, surface nount conponents, pin connectors,
smart carwe,2oandosvagnetically |ayered materials. A Si ngCe/tSass&8E
Devices [061] FIG 1 is a cross-sectional view of a device incorporating a
voltage switchable dielectric material, under an enbodi nent of the
invention. In this enbodinment, the voltage switchable dielectric material

i s used to fofmp &l@ﬁ&lrt?éx{%f&%s%t&J‘Bmﬂ%&tﬁ‘é‘al 16N Q) A0 i fCipabl e
dielectric material 1s nonconductive but, as previously noted, can be
swtched to a conductive state b ppl ying a vol tage having a magnitude

t hat exceed@CQD@%%P@C?@ﬁh@WPéWﬁH&t g e glecirisel episiapree! thrigasteds exanpl es of
a voltage switchable dielectric material have been devel oped, i ncluding

t hose deSCr}bﬂé%ﬂ&llﬂ?|s%cﬂé§§haflﬁ§7$f(ﬁﬁ‘ﬁ%htt@ 16WGo dat RREdNGRIrhAASNI N Which
current-carrying substrates are used incl ude, for exanple, printed circuit
boards (P rinted wiri boards, sem conductor wafers, flex circuit
boar ds, C%%%Wﬁﬁega&ﬁﬁﬂnﬁﬁ? feated circuit devices. Specific applications
of integrated circuits include devices having conputer processors, conputer
readabl e nenesyy ldeviecdndimehihr bagyed betvated 1REIES100[VOEGR 1o fdnelew tlet age
switchable dielectric material in the substrate 10 allows for the
fabricatio ;

curr ent - car Y9G A S GHiC FRlerPLon it PR, VPispkRFeen s

current- carrylng el ements 35 formed onto the substrate 10 according to a

pr edet er ni eyl Fhavalksr wsinghee elithesampesitiops iy viobipgmswisehable dinlecuifes
conductive materials. The current-carrying formation 30 is forned from

precursors:Qﬁﬁ@élEﬁgdBQoRhQn%Hﬁé%hﬁkﬁn%Qn@U{b&ﬂq@@w@kﬁﬁ&éGﬁﬂ&ﬂh@a| process

in which the voltage swtchable dielectric material is rendered conductive

by an applied vo ge ( odi nment precursors are

i ons deposﬂfﬂé’f?nfal']ég? df%ve% Béllélc%fﬂﬁsés‘éc n?iedﬁatefif‘hles“él §t ’f&a{“ealio is
exposed to the solution while the voltage switchable dielectric material is
mai nt ai ned insulhtieg corwhdaicting siateadte. volfag8tharha@epzerinrisonsosefiddt | vel y
deposit on the substrate 10 according to a predeterm ned pattern. The

pr edet er mi ned pat &rn is f LN non- conduct i v Iayer 20
Dlch s o roar SR el ghdadrpu e FREa™ BARF AR A e RSl P! o
dielectric naterlal isin the conductlve state, the precursors deposit only
on t he expoyeitchirg)fiedgnaf be betwsahd® pad d00volFiaily bi scageembhpdiotrald, e
dielectric material in the conductive state can form el ectrochem cal bonds

with the pr@&k’ft&ﬁﬁ%ﬁbﬂaﬁl b@%@t@\%@ﬂ5§%ﬁ&'3@@%ol@§/mtﬂhe substrate 10. In an
enbodi nent, the non-conductive layer 20 (FIGS, 3B-3D) is forned froma

resist |ayer deposited over the substrate 10. The resist |ayer is then

masked and @$6podBdneaROERER, ﬁﬁ@lt?;%cft“éli“#ab]&éni‘%ﬂa]elﬁ forgisiiEom a

mixture comprising conductive particles, filaments, or a powder dispersed in
a layer including a non-conductive binding material and a binding agent. The
conductive material may comprise the greatest proportion of the mixture.
Other formulations that have the property of being non-conductive until a
threshold voltage is applied are also intended to be included as voltage
switchable dielectric material under embodiments of this invention.

[067] A specific example of a voltage switchable dielectric material is

provided by a material formed from a 35% polymer binder, 0.5% cross linking
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[64] FIG 2 illustrates the resistive properties of voltage sw tchable
dielectric materials as a function of applied voltage. The vol tage

swi t chablwodnalsesosi ¢ material s that can be used to formcrhis2ebsisat e have
a characteristic voltage value (Vc) specific to the type, concentration,
and particle spacing of the material's formulation. A voltage (Va) can be
applied to the voltage swtchable dielectric material to alter the

el ectrical ' o ggﬁr N Lal - it ude of Va
ranges bet mé%ﬁtéhg%g%\ﬁg t é%%??‘gg%}' Zﬁe{%ﬂgﬁﬁﬁgglggﬁﬁe%@i al has a
hi gh el ectrical resistance and is therefore non-conductive. If the

magni t ude ofPUgiliesnegulgen/the araws-lindingegens i dedrsdaaox peroxiste; andtheat eri al
transforns into a low el ectrical resistance state in which it is

conduct i ve. cofdustiepobiedihGudes nkRE veikies 0 halonl 085t paRe1Odizd he substrate
preferably switches sharply fromhigh to low, so that the transformation

bet ween states is.i di at e. 5] In _an enbodi.nent, Vc_ranges between 1
and 100 vor MG s apvar o b st SuRaBRErcL BHUgET e REDE el
conductive. Preferably, Vc is between 5 and 50 volts, using one of the

conposi ti onsinfler 1.0 dragdirsiing edeaid| aanddiddloe condwctivapenidal wihest td bel ow. I n
sone enbodi nents, a voltage switchable dielectric material is fornmed having

conduct i ng RErar bPfr SAFRRLAALEL B PR LRTLALY dRFCR T o

vol tage across the thickness of the material). In sone enbodinents, a

swi t chi ng fdeskdberhgbaye. bet ween 10 and 1000 volts/nil. In sone enbodi ments,
a switching field my be between 50 and 300 volts/ml|. [66] In an

embodi ment , @) vV Qth@dEapIELOaRh AU FRIEFdrabied, D oA dr FilARarRs FIrXker e
conprising conductive particles, filanments, or a powder dispersed in a

| ayer including_ a non-conductive binding material and a bindj ng agent. The
conduct i ve et BHage sw&ﬁh%gﬁéﬁ%glq Iﬁéte&@g%“égfluﬂF ApBRIGH %sw VW i xt ur e.

O her fornul ations that have the property of being non-conductive until a
threshol d viedd,adeer plagipphd, &thdatie, labsee, brdssndedet, bishaithn@bulded as vol t age
switchable dielectric material under enbodinents of this invention. [0671 A

SPect 11 RTBAEPh, A BLb05, SRt SPLGh BLER e b o 0 ™
other conductive materials known in the art that can be dispersed within a
material such as a binding agent. The non-conductive binding material can
include organic polymers, ceramics, refractory materials, waxes, oils, and
glasses, as well as other materials known in the art that are capable of inter-
particle spacing or particle suspension. Examples of voltage switchable
dielectric material are provided in references such as U.S. Patent No.
4,977,357, U.S. Patent No. 5,068,634, U.S. Patent No. 5,099,380, U.S. Patent No.
5,142,263, U.S. Patent No. 5,189,387, U.S. Patent No. 5,248,517, U.S. Patent No.

5,807,509, WO 96/02924, and WO 97/26665, all of which are incorporated by

reference herein. The present invention is intended to encompass
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agent, and 64.5% conductive powder. The polyner binder includes Silastic
35U silicone rubber, the cross-Ilinking agent includes Varox peroxide, and
t he condwoiea/q3eseder i ncl udes nickel with a 10 m cron aCENBIEPs4682L Cl e
size. Another formulation for a voltage switchable material includes 35%
pol ymer binder, 1.0%cross |inking agent, and 64. 0% conductive powder where
t he pol yner binder, the cross-linking agent, and the conductive powler are
as descr i begoahoufond A8 (behdAIPLAS A of HAURLLYE: R3ENLELES: pOowders,
or filaments for use In a voltage switchable dielectric materiral can
include alum num beryllium iron, silver, platinum |ead, tin, bronze,
brass, copp@rbelawsnuth, cobalt, magnesi um mol ybdenum pall adi um tantal um
car bi de, boron carbide, and other conductive materials known in the art

that can beogi s PREEREE Mabdpldlofn TEItREIsAitcRAMSIA dageRri®hAtiNY isga80ided The
non- conductive binding material can include organic polyners, ceranics,

refractory | rials, ~~01.1s, and gl asses, wel |l ~as other materials
oo 1 o L B S N RS S Sorp R s b P r et Berepanih Srdtteet o ¢

suspensi on. Exanples of voltage switchable dielectric material are provided
i n ref er encfsely dohdabcdudsctiPap amicledlolispbsQVih, Beéin aiBriaPatetahoiNer 5, 068, 634,
U S. Patent No. 5,099,380, U S. Patent No. 5,142,263, U S. Patent No.

061 02024, ' ST By Jesbs ShNEHR Gy P ETbU SR R PRl O

herein. The present invention is intended to enconpass nodifications,
deri vat i vesiNogh@6t9anigeerpovatagpy o¢ferenee herely, edddsdistlesesd mbaixeofor bel ow.
[ 69] Anot her exanple of a voltage switchable dielectric material is

provi ded i nseYamte PatRRE oNondRicf8S nle&iald REPEAFAL BoriR¥esieher ence herein,

o
whi ch di scloses finely divided conductive particles disposed in a resin
material. Yet another exanple of voltage sw tchabl e 'ﬁjectric material is
provi ded i nemreondugfQrfpatrgal cpatedgviglyan H?Sﬂfi%%d%tﬁeal- géﬁ PRICETEREE herei n,
whi ch discloses a matri x of separate particles of conductive nmaterials and
separ at e patidveqiresioonfly aneporaamnicdudiage swittledtlaticteatietawtrials iato i nsul ative
material. Oher references have previously incorporated voltage sw tchabl e

Patont No. SUST6 SaketChmnaet B PR S Ret YD B S R8s (i cui o
protection device), both of which are incorporated by reference herein.
and U.S. Patent No. 4,928,199 (circuit protection device), both of which are
incorporated by reference herein.
[070] FIGS. 3A-3F illustrate a flow process for forming a single layer current-
carrying structure on a substrate as shown in FIG. 1, under an embodiment of
the invention. The flow process exemplifies a process in which the electrical
properties of a voltage switchable dielectric material are used to develop a
current-carrying material according to a predetermined pattern.
[071] In FIG. 3A, a substrate 10 is provided that is formed from a voltage
switchable dielectric material. The substrate 10 has dimensions, shape,

composition and properties as necessary for a particular application. The

composition of the voltage switchable dielectric material can be varied so that
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[70] FIGS. 3A-3F illustrate a flow process for formng a single |ayer
current-carrying structure on a substrate as shown in FIG 1, under an
enbodi mrenwoabittdsesosnvent i on. The fl ow process exenpli fi @STAISPIIOOSESS2 i N
which the electrical properties of a voltage switchable dielectric materi al
are used to develop a current-carrying material according to a
predeterm ned pattern. [71] In FIG 3A a substrate 10 is provided that is

for med. oM@ Y6LEAGE Sl LPABOLE. O RBRLN LG fIRLASIAlion ThERliiSh  ale 10 has

di mensi ons, shape, ¢ ition and proper necessary for ‘a particul ar
application. The conposition of the voltage switchable dielectric materi al
can be varibg veBagaawvitchahle diglssiricapaterial ap e ghepedfosRighie®, as required by
the application. In addition, the voltage switchable dielectric materi al

can be shapgshifcafio® @ihyieRo@RRhiseAlhekts d¥iried HerEn arbRdé sRBhSalfescr i bed
herei n di sclose essentially planar substrates, other enbodi nents of the

i nvention e oy a volta switchabl e dielectric material, that is

ol ded or SRAPSTUPRIYCs ot S Sanet e S RagempaY 188 A h
connectors and sem conductor components. [72] In FIG 3B, a non-conductive
| ayer 20 i ssviigghabletdelectviemdttuigalshiiisis nafldedl@: shhped nanaconeilaendrve | ayer 20
can be formed from a photoi mageabl e materi al, such as a photoresist |ayer.

Preferabl ¥, o 1 A0 FANIYEI ML) AL R0 L1 [QLIBHIAGA Ml | m resi st

FI G 3C shows € non-con Ive Tayer I's patter "t he

substrate 10.
[072] In FIG. 3B, a non-conductive layer 20 is deposited over the substrate 10.

The non-conductive layer 20 can be formed from a photoimageable material,
such as a photoresist layer. Preferably, the non-conductive layer 20 is formed
from a dry film resist. FIG. 3C shows that the non-conductive layer 20 is
patterned on the substrate 10.

In an embodiment, a mask is applied over the non-conductive layer 20. The
mask is used to expose a pattern of the substrate 10 through a positive
photoresist. The pattern of the exposed substrate 10 corresponds to a pattern
in which current-carrying elements will subsequently be formed on the
substrate 10.

[073] FIG. 3D shows that the substrate 10 subjected to an electrolytic process
while the voltage switchable dielectric material is maintained in a conductive
state. The electrolytic process forms a current-carrying formation 30 that
includes current-carrying elements 35. In an embodiment, the electroplating
process deposits current-carrying elements 35 on the substrate 10 in gaps 14 in

the non-conductive layer 20 created by masking and exposing the photoresist.
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In an enbodi ment, a mask is applied over the non-conductive |ayer 20. The
mask is used to expose a pattern of the substrate 10 through a positive
phot or esiwD.20Tilsogat t ern of the exposed substrate 10 coPcEdAsend®s4682 a
pattern in which current-carrying elements will subsequently be fornmed on
the substrate 10. [73] FIG 3D shows that the substrate 10 subjected to an
el ectrolytic process while the voltage switchable dielectric nmaterial is

mai nt ai ned } - & cl.r ' s forns a
current- car%é?ﬁlgﬁgg(?&rr%ﬁ %ﬁh%%l@%tﬁ%yﬁ?ﬁgf&h%eafss e%l&?ﬁg) %&%(g%%él ng el enments 35.
In an enbodi nent, the electroplating process deposits current-carrying

el enent s 35emabedipens phbide intentipp arqdeggpbed withFlGhé non- conducti ve | ayer 20

created by maski ng and exposing the photoresist. Additional details of the

el ectrol ytigr4pr Qae%S. B tMMPYRHendeayamerRhesbIBNhs Mcebdaey irBenti on are
described with FIG 4. [74] In FIG 3E, the non-conductive layer 20 is

renoved as pecessar romthe substrate 10. In an epbodi nent _in which the
non- conduct e eapaey 160 et GueE B b o BER Lhe MeREoBHTSF S 20 nay. be
stripped fromthe surface of the substrate 10 using a base sol ution, such
as a pot assindimdby pghobordest, (tKObhoi®odsirt intay. beStttipped Hbtnethe sulfadt afehé¢ s may
enploy water to strip the resist layer. In FIG 3F, the resulting

condct [ ve LA S0 Bl SRSCLNLA LR SUTRLLALS: B BRUAR R S0 1
solution. Still, other embodiments may employ water to strip the resist layer.
In FIG. 3F, the resulting conductive layer 30 patterned onto the substrate 10
may be polished. An embodiment employs chemical-mechanical polishing
(CMP) means.

[075] FIG. 4 details the development of current-carrying elements on the
substrate by use of an electroplating process. In a step 210, the electroplating
process includes forming an electrolytic solution. The composition of the
current-carrying elements depends on the composition of an electrode used to
form the electrolytic solution. Accordingly, the composition of the electrode
is selected according to factors such as cost, electrical resistance, and thermal
properties. Depending on the application, for example, the electrode can be
gold, silver, copper, tin, or aluminum. The electrode can be immersed in a
solution including, for example, sulfate plating, pyrophosphate plating, and
carbonate plating.

[076] In a step 220, a voltage that exceeds the characteristic voltage of the

voltage switchable dielectric material is applied to the substrate 10 while the
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[75] FIG 4 details the devel opnent of current-carrying elenents on the
substrate by use of an electroplating process. In a step 210, the

el ect r oplwoi2og/gesw6ess i ncl udes form ng an el ectrol yti cpsolustoions4eshe
conposition of the current-carrying el enents depends on the conposition of
an electrode used to formthe electrolytic solution. Accordingly, the
conposition of the electrode is selected according to factors such as cost,
el ectri cal Ju%?irﬁﬁe%“i?n?ﬁ@%eﬁ%?{ 1ec@{ogﬁ?cf doifon. Qﬁﬁ%ﬂgé@fﬁce% the .
application, for exanple, the electrode can be gold, silver, copper, tin,
or alum num The el ectrode can be imersed in a solution including, for
exanpl e, suiwighes p aconshctiyg plgphssistie ilpisiaiedddy Hhd2cdheapplied pl at i ng.
0761 In a step 220, a voltage that exceeds the characteristic voltage of
the vol t ageysiwigh GRARL eheiuBk@8er0Conl @veadausheditPlisksti® tHhe substrate 10
while the substrate 10 is imersed in the electrolytic solution. The
substrate 1Q switches to a condugtive state, ch as is illustrated by FIG
> The. appi Fedt b e Fraedan et lers fu i ihilierivanegahs! ng
precursors in the electrolytic solution to bind to the voltage swtchable
di el ectri c wmEl erlhalstef] ZBD/lonk froan giceye2d0;tic sohgichremditheheddstmed yti c
solution bond to the substrate 10 in areas of the substrate 10 that are
exposed by - i I . li . are
ot el uded £ BN o {betr i oAU e hep o B AT RAE Ik 8RO 2, posed
and devel oped. Therefore, the pattern of conductive material formed on the
substrat e 1. fanskepodiyaepipiins avepreabided dedn bongiagte regienrevhemtbonduct i ve

| ayer 20. Exposed regions of the substrate 10 attract and bond to the ions,

in some enbodipRELEhaREAURBodeAQNAURIEIREE. TReARIBIAE PEGerdlora Vol tage
relative to the electrode so that the substrate, the electrode, and the

el ectrolytic solution together conprise an electrolytic cell, as is well
known i n"t HOPEHELvVE @?@ilag%ﬁ@dmggﬁ%%@t%%w%asW%ltkvﬁﬂa%ﬁknent of the
invention, current-carrying elenents 35 are patterned onto the substrate 10
i n a processsedeqphtiemght evaicosdensd etlingn 20r E@pottrefibos elSihesubdtaite exanpl e,
in an enbodi ment, current-carrying elenents 35 are deposited to form

circul t ry o e;[t rggsagﬁsoto%%ttg tﬂ'eo jl?\lllms tilq(gg;[ne%t Gor(])ldrilrgent%%jeﬁglgls%rtﬁcfﬁ (S)Urlbestliaéllcesg W t .hOUt
deposition of a bufter or maskKiig I"ayer tor an €tching step. I'n addition,

embodi ments of the invention allow for the current-carrying elements 35 to
be forned dinpe¢aihgd e voltagsubletivatethe@ldchrotie adlthof thasubsgetedtheayer. Thi s
allows a vertical thickness of

electrode, and the electrolytic solution together comprise an electrolytic cell,
as is well known in the art.

[078] Among advantages provided by an embodiment of the invention,
current-carrying elements 35 are patterned onto the substrate 10 in a process
requiring fewer steps than prior art processes. For example, in an
embodiment, current-carrying elements 35 are deposited to form circuitry on
the substrate 10 without etching, and therefore also without deposition of a
buffer or masking layer for an etching step. In addition, embodiments of the
invention allow for the current-carrying elements 35 to be formed directly on

the substrate 10 instead of on a seed layer. This allows a vertical thickness of

- 26 -



the current-carrying elenents 35 to be reduced relative to that in simlar
devi ces forned by other processes. B. Devices Having Dual - Si ded Substrates
[ 0791 Cerwaiz2niidevsoees i ncl ude substrates that enpl oy el ectrnise@/osamaponent s
on two or nore sides. The nunber of current-carrying el enents that can be
retained on a single substrate increases when two sides are used. As such,
dual - si ded substrates are often used when a high-density distribution of

conponents g Cgﬁéh{—%gry%gfeh%n B¥RsE {f‘éeﬁsreffa GL WolEat Tnoéim%g”p' e, PCBs,

printed wiring boar m conduct or waf ers, ex circulits, backpl anes, and
integrated circuit devices. In such devices, vias or sleeves are typically
used to i ntéavéessnedErediat pther arpeesses-des of the substrate. The vias or

sl eeves establish an electrical connection between the current-carrying

el ements on each planar side of the substrate. [080] FIG 5 displays an
enbodi nent in which a device includes a dual -sided substrate 310 havi ng one

or nore plated vias 350. The_vjas %50 extend froma first planar surface
312 of the 'u@§Fpgﬁ@¢@8£§£§§é§%§¢%¥éﬁ%¢§surface 313 of the substrate. The
first surface 312 includes a current-carrying formati on 330 having a
plurality ob7turCetiin davicesingueat entexttases3Bat enfhley ekcoitd] ssmpacats313 i ncl udes

a current-carrying formation 340 having a plurality of current-carrying
oL 34508 UL SRR LT P A A8 L oot on

retained on a single substrate increases when two sides are used. As such,

dual-sided substrates are often used when a high-density distribution of

components is desired. Dual-sided substrates include, for example, PCBs,

printed wiring boards, semiconductor wafers, flex circuits, backplanes, and

integrated circuit devices. In such devices, vias or sleeves are typically used

to interconnect both planar sides of the substrate. The vias or sleeves

establish an electrical connection between the current-carrying elements on

each planar side of the substrate.

[080] FIG. 5 displays an embodiment in which a device includes a dual-sided

substrate 310 having one or more plated vias 350. The vias 350 extend from a

first planar surface 312 of the substrate to a second planar surface 313 of the

substrate. The first surface 312 includes a current-carrying formation 330

having a plurality of current-carrying elements 335. The second surface 313

includes a current-carrying formation 340 having a plurality of current-

carrying elements 345. The current-carrying formations 330, 340 are

fabricated on the respective sides 312, 313 of the substrate 310 by an
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el ectrochem cal process. In an enbodi nent, an electrolytic process is used
to forma solution of precursors that are deposited on the respective first
or secondwveunfiasesoef the substrate when a voltage sw t clrabius2adioebestri c
material is in a conductive state. The precursors deposit on the substrate
310 according to a pattern of a pre-existing non-conductive |ayer on the
respective first or second surface 312, 313. [81] In an enbodinent, a via

350 is for ' a : i jected to the
eIectrolytﬁ%g%#%g%%§?§ggghgs?ﬁ3§%%%gaggéﬁb%hgﬁgﬂgzﬁé?%gf%ﬁ§?%91ﬁbludes a
patterned non-conductive | ayer &not shown). In an enbodi nent, the patterned
non- conductfiov@ 4 Wi efrisepietrs tieafiase depgpeird oplilg respectiyatireirfied t o expose
sel ect regions on the first and second side 312, 313 of the substrate 310.
The via 350seksndasifide@n ek S®strh@twiterPd ddietesUifcRssle alelddi@e MagerRP0
subsequently contacts one or nore of the current-carrying elenents 335, 345
on the first and second side_ 312, 313. ri.ng the electr hytic process, the
via 350 is PIafEFWVE sl r Ereawrmsrfgﬁ%r ﬁ’éiﬂ? %36 33 A“B40"ér e
fabricated. In this way the via 350 is provided with a conductive sl eeve or
si de-wal | 3% pateex bemngreaexigtirecion-calductna byt ontierrespeatiee 6ifstohe
current-carrying elenents 335 on the first surface 312 with one of the
current-carryj 45 on the second side 313 of the substrate 310.
[82] FIG ék%§§%F§%§%§@%ﬁ%§7process for devel oping a dual -sided substrate
310, according to an enbodi nent of the invention. In a step 410, the
substrat e 39| dnppemwdinent avirol0agoragidtie Habhiubstite3de befoge gt eri al and
provi ded with di nensions, shape, properties, and characteristics necessary

for a desirggsgpRlil &?Jjéc@éli to the @leBtrBR tift $Poceds. NORKGRIAHO 318 fhigyer 320 is
deposited over the first and second"side 312, 313 of the substrate 310. In

a step 430, the naonconductive |ayer 320 i yatterned on the first side 312
of the subst a&reteﬁ@m%%ﬁs@r%ﬁey}em-m%ﬁgﬁf iﬁe{eﬁ&%?h%wn A&t | east the
first side 312 of the substrate 310 is a photo-imageable material, such as

a phot or esi @hbddiatent, sSheppatieanad donrsomdu@ivp dsyielrs Me phasdeesidiieyqosidii ve mask
all ows select regions of the substrate 310 to be exposed through the

non- conductjve l.ayer,.320. In a step 440,, the non-conducti yer 320 is
ot tor ned. oPRLBEE R & osaeRa b gPn? A vl St PRSI G B o et
t he non-conductive |ayer 320 on the second side 313 of the substrate 310 is
simlarly athssubstphieoBtl ediestia Bihis positionbs eejthen b Ipjatad skeakear thexiposed t o
form anot her pattern. The resulting pattern exposes the substrate 310

through the;sphabQiRehl b &E one or more of the current-carrying elements 335,
345 on the first and second side 312, 313. During the electrolytic process, the
via 350 is plated while current-carrying formations 330 and 340 are fabricated.
In this way the via 350 is provided with a conductive sleeve or side-wall 355
to extend an electrical connection from one of the current-carrying elements
335 on the first surface 312 with one of the current-carrying elements 345 on
the second side 313 of the substrate 310.

[082] FIG. 6 displays a flow process for developing a dual-sided substrate
310, according to an embodiment of the invention. In a step 410, the substrate

310 is formed from a voltage switchable dielectric material and provided with
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[083] In a step 450, one or nore vias 350 are fornmed through the substrate
310. On each side 312, 313 of the substrate 310, the vias 350 intersect an
uncover edwpanti/agsoef t he substrate 310. The vias 350 ar eCcaafSeoieas4vy?2
side-walls fornmed through the substrate 310. In a step 460, the substrate
310 is subjected to one or nore electrolytic processes to plate the first
side 312, second side 313, and the side-walls of the vias 350. In an
Sbodh oot aiflSiR a0 hEptBShial Aol Bk B MRERENAD: A 0eBrs] Nl @

el ectrol ytic process IFe An ext ernal vortage is applied to the voltage
sw tchable dielectric material so that the substrate is in a conductive
state. The armigaiden via siteir 20 noreosdndivedrrerd?0 icdareided ove the t he

el ectrolytic solution to bond to the substrate 310 i n uncovered regions on

the first amdisREonRdngYvideares13b2ihe3lBstrd@816! BLd §t0p Wb, ¢hd hoti-d al so noves
t hrough the vias 350 so that ions bond to the side-walls of the vias 350,

form ng conductive sleeyes 355 that extend .thr t he vi as_350. The vias
380" 1 neer eI el D s prgerbra e s BhoitRa T Pk SEhirealiha st des 313,
313 to electrically connect the current-carrying formati on 330 on the first
side 312 wi Piefdrhigly caon-entductve ynabgidl on mateasiith84dstonletd2 o deond si de 313.

[ 84] The non-conductive |ayer 320 is renbved as necessary fromthe

substrate | 0uRskORoPond ANEIRORLIRNL 40 Ul potbe BaRyGonduct i ve | ayer

320 includes p oresis the ot or esi strippe romthe surface
of the substrate 310 using a base solution, such as a KOH solution. In a
step 480, tprdtereeivsingg pesitivemaskadhy pagjtivemeak nBewgstedeions 340 | s
polished. In an enbodinment, CVMP is enployed to polish the current-carrying

formation 33Q.cubdiBRé 3@%@5’63&28%& tﬁl‘&f}ﬂﬁhg%@n%nﬁﬁ&ﬁzetlgyérﬁgo.effp@di ment

described with reference to FIGs. 5 and In one variation, a first
non- conductive | ayer can be depPsited-on the first surface gﬁgpéand a

second non- et R Rnetuckiyn layer %@ﬁagﬁit@aeéﬁnttﬁ%%ee fAgte ce 313 in a
separate step. The first and second non-conductive | ayers can be forned

from di f f eridptsubsitaes BEl. In aarehieaimph® thedeordidridercand lafyaingoi @nideot her t han
enabling patterns to be fornmed for plating the substrate. For exanple, the

first non-conduelive,mal (e sfbseradc s isfs%ilireﬁgl dﬁl%é’g‘%ﬁo%rr%si{t %li3L, while the
second non-conductrve materral can be for rOm a photo-1nmageabl e
insulative material. Wiile the dry resist is stripped away after a
cur r ent - caryupseqpeingly enasked find gepiosed to henf anatherspadier® 1Phe teleltiplgot o- i nageabl e
insulative material is permanent and retained on the second surface 313.

pattern exposes the substrate 310 through the photoresist layer.

[083] In a step 450, one or more vias 350 are formed through the substrate

310. On each side 312, 313 of the substrate 310, the vias 350 intersect an

uncovered portion of the substrate 310. The vias 350 are defined by side-walls

formed through the substrate 310. In a step 460, the substrate 310 is subjected

to one or more electrolytic processes to plate the first side 312, second side

313, and the side-walls of the vias 350. In an embodiment, in step 460 the

substrate 310 is subjected to a single electrolytic process while an external

voltage is applied to the voltage switchable dielectric material so that the

substrate is in a conductive state. The conductive state of the substrate 310
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[086] Additionally, different plating processes can be used to plate the
first surface 312, the second surface 313, and the surface 355 of the vias
350. For weanmlmssoche second surface 313 of the substratreTdb10ameE pl at ed
in a separate step fromthe first surface 312 to allow the first and second
surfaces 312, 313 to be plated using different el ectrodes and/or

el ectrolytic solutions. Since enbodinents of the invention reduce steps
necessary t . r - Vi | i -carrying | ayers
330 and 340 8e YRR HLE RecbBh i OB Ry L e SR © 24 At ageor.
The use of different plating processes facilitates the fabrication of

di ff erent ner@vPEdgegions onheliisk ard secapd yireces g1 gl f-ohke elactsplpBsi t e si des
of the substrate 310. Different types of current-carrying naterial can be

provi ded asfgiMNoymasessWduihi A8 viRS5@b& at MrktdoadRathssil@wans bpde different
precursors. [0871 As one exanple, a first side of a device such as a PCB is

i ntended to_be.e sed to the environne but the o si.te si requires a
i gh- gt ade B AIGCDOr oM H ¢ IANGUERE AR O HGKBNCHBITBNA BV iEe B at ed on
the first side of the substrate, and a gold pattern can be plated on the

second si deTlef vihhgslsinbstacaterenthiasry@ppdié@snishve tREBrdt andavend sinise dur abl e
current-carrying material on the exposed side of the PCB. [0881 Any nunber

of vias cam ey ipldetlicafl htke e RLNFLIASEEMRA IS dNF Fuhst r ate.
Vias can intéfconnect curten -carrying element’s, 1ncluding efectri cal
conponents or circuitry. Alternatively, a via can be used to ground a

curr ent - caryig¢ A withpmeursmtoarysigdermatiemaOsebdesaeand gdea3lgr oundi ng

el enent accessible froma second side of the substrate. [89] Anobng

advant ages jpfa¢! ugRd oM dRadede Bl deBdosyRetdtes nebdslryareRodi ment of the

i nvention, precursors fromthe el ectrode forman el ectrochem cal bond to
the surfaces of the vias 350. The vias 350 ar her ef or secqrely pl at ed,
with nini mefubpiraledn grstep 40s dvar FRBPEIMEH AR Wi einﬁPéPPabftlv &7 cal
connecti on between the two sides of the substrate 310. C Devices Having
Mul ti - Layer320 istlbdéy plicsresis{, 9 plosibesidemiages soiypddiedmidre suwbacerof nor e
substrates into one device. Stacking substrates enables the device to

i ncorporate,a _high.d ity of _current-canryi epent s, such circuitry
and el ect 11 tRURaBORER s Fhefit Rt SR TROBLATTT et B Lot rat oo’ a
mul ti-substrate device 700. In the enbodi nrent shown, the device 700

i ncl udes fithstresud@rpadrenidatiyingfosmbon 3iband/a03491i polithedEdehnsubst r at e
710-910 is forned froma voltage switchable dielectric material. As with

previ ous enhoddTRRELE CN1PS SHPR) E@‘E(ﬁgolzsl‘lth %er_@ﬁteca'?lﬂfi&i RIAIAEHK %80 .absent  an

applied vol tage that exceeds the racteristic vol'tage of the voltage
switchable dielectric naterial. Wile FIG 7 illustrates an_enbodi ment of
three substP3 esevepheariadinns drmbaedady thefmbremeBt dessFibed e subst r at es.
It will be appreciated that substrates nmay al so be aligned in

reference to FIGs. 5 and 6. In one variation, a first non-conductive layer can

be deposited on the first surface 312, and a second non-conductive layer can
be deposited on the second surface 313 in a separate step. The first and
second non-conductive layers can be formed from different materials, and can
provide different functions other than enabling patterns to be formed for
plating the substrate. For example, the first non-conductive material can be
formed from a dry resist, while the second non-conductive material can be

formed from a photo-imageable insulative material. While the dry resist is
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di fferent configurations other than being stacked, such as adjacent or
orthanormal to one another. [91] Each substrate 710, 810, 910 is provided
with at Iwe=btisesosurrent-carrying formati on 730, 830, ®80/uUsSespmsicBYel Y.
Each current-carrying formation 730, 830, 930 is formed froma plurality of
current-carrying elements 735, 835, 935 respectively. The current-carrying
el ements 735, 835, 935 are each forned when their respective substrates

710, 810, 9 i : : 1.cal - Whhesln a
conducti ve %@gﬁéfaﬁgg%ggé ﬁn%QFﬁgﬂghﬁg%igﬁggg?% fng%g?ﬁg%(ﬂgﬁé’%%unted on
one another after the respective current-carrying |ayers 735, 835, 935 are
formed. [ 9)otrhmageapleiasyiobve Auteridds periansnt yidatesdned en apegend

el ectrically connect current-carrying elenents 735 on the first substrate
710 to currgptacesryying elenents 935 on the third substrate 910. The device
700 al so includes a second plated via 850 to electrically connect

current-carrying, el.enents 835 on.the second substrate 810 wi th
curr ent - carP nGHEREDS TP i PR raC e et (o b M ARk s vay, the
current-carrying formati ons730, 830, 930 of the device 700 are electrically
i nt er connecdwethce The tlay seaoiye senid ce 3l 3 pinalt thd swifae 3P50f ti85Qas@®mMForn t he devi ce
700 is only exenplary, as nore or |ess vias can al so be enployed. [93] For
exanpl e, adgj.t] i t e e current-carrying
el ement s 7é%%kgggﬁhﬁé%gﬁ%ggﬁ?gg?gzgqg?g¢%ggggﬁ§88?6%2%F%p%§elenents on
anot her substrate. Preferably, the first and second plated vias 750, 850
are fornmed feparaestepiyont tedystsuglacg it togllpwpdediret andesesersbiuréaces 710, 810,
910 are individually plated. Thus, prior to plating, the plated vias 750,

850 are for 3@?31‘3“6%%&1’&@ SRt RhESedtiQies 8A8jor %ﬂe@tr.bl}ti@ ls6Rigbag M ned
positions so as to connect the current-carrying elenents 735, 835, 935 of

the different substrates as necessary. For the first plated via 750,

openi ngs ar nfcHRRRAIMS Y tarBS RS L eR] Decas Ty 4t ferRecysFeitret er ni ned
positions before any of the substrates are plated. Likew se, for the second
pl ated vi a &98ingheaishfigmatecdro¢nedriying lhgers GBS hitichBaBorB a2, d l-Gidatl
predeterm ned positions prior to those substrates being plated. The

predet er m ngd posidh e il hSal gt and Regond: Blaled 1,750 and 850
correspond 10 uncover regi ons on sarfaces o € respecti ve substrates in
whi ch current-carééjng material will form During subsequent electrolytic
processes, plogedesiorisitadepibsifabricatiphesdifienardertedals égitbasuéntt he substrat es,

as well as within the openings fornmed in each substrate to accommpdate the
vias 750, 830rying formations on opposite sides of the substrate 310. Different types of

current-carrying material can be provided as simply as switching the
electrolytic baths to include different precursors.

[087] As one example, a first side of a device such as a PCB is intended to be
exposed to the environment, but the opposite side requires a high-grade
conductor. In this example, a nickel pattern can be plated on the first side of
the substrate, and a gold pattern can be plated on the second side of the
substrate. This enables the PCB to have a more durable current-carrying

material on the exposed side of the PCB.
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[094] For sinplicity, details of device 700 will be described with
reference to the first substrate 710. The first substrate 710 includes gaps
714 bet wewo 20hi®5e806r ent - carryi ng el enents 735. I n an enpodiuseow/osgaps 714
are formed by nmasking a photoresist |ayer and then renoving remnaining
photoresi st after the current-carrying elenents 735 are fabricated on the
substrate 710. Sim |l ar processes are used to formsecond and third
substrat es i e e

current- car[rgg/s?ng or%?%o%%%caﬁ%qﬁgﬁge%%%g gﬁg%ﬁ‘%%‘?g%&fﬁ@ th the
first substrate 710, the second substrate 810 is nounted directly over the
cur r ent - carthgisnBstrase- miias 6an gBErcornacheurentr@ryingselemeatsgngludigms]) "I n a
variation to enbodi nents descri bed above, one or nore substrates in the
devi ce 700 dmeyribf cEhponshid 8 cirdtiry ©AMIPA RivelyN @ viddanthestRE b ?ﬁcﬁm@llo may be
dual - si ded, since the |ocation of the third substrate 910 at the bottom of
the device 700 readily enables the th| rtﬂ sub trate to incorporate a

doubl e- si ded EEMET ALY go emepieens side phibe gulstrate tfb?)glf?éﬂ? el ude nore
current-carrying formati ons than substrates to nmaxim ze the density of
conponent r yelemehicrccersibleriram 4 deeoV sidalof tHecobpiratat of the device. [96] The
conposition of the substrates 710, 810, 910, as well as the particul ar
current-car n i 1rat rom substrate
o subst r ar o) T Bk B R B B A b e
first substrate 710 nmaybe formed from ni ckel, whlle the current-carrying
formation g30bedimenbokibe dmeenésigbsptieatisostoomshd deeretietfosmagol d. [97] FIG 8
illustrates a flow process for devel oping a device having nulti-I|ayered

substr at es, |siEthaSidaNBofEN B SJQQGeSWf'ﬁ{eemEé’\BBOOITth/E% Bh akhe substrates are
formed froma voltage switchable dielectric material. The device can be

f or med froma onbi nat of si gI e.and/ e-sided substrates. In an
enbodi nent, Wgorﬁﬁ??"rrefé’tfggttefia‘t"g d’@\rf‘ilﬁgl ’F%@ gBH}‘fFP@é‘é‘l@’e F‘é’PE[ f or med
substrates having current-carrying formations. Wth reference to device

700, in a siheprgdi@lectdial torrettiGrubsiveah ehe/théd dided arthesubistiam 30vol t age
switchable dielectric material. In a step 620, a first non-conductive

C. Devices Having Multi-Layered Substrates

[090] Some devices may include two or more substrates into one device.
Stacking substrates enables the device to incorporate a high density of
current-carrying elements, such as circuitry and electrical components, within
a limited footprint. FIG. 7 illustrates a multi-substrate device 700. In the
embodiment shown, the device 700 includes first, second and third substrates
710,810,910. Each substrate 710-910 is formed from a voltage switchable
dielectric material. As with previous embodiments, the substrates 710-910 are
non-conductive absent an applied voltage that exceeds the characteristic
voltage of the voltage switchable dielectric material. While FIG. 7 illustrates
an embodiment of three substrates, other embodiments may include more or

fewer substrates. It will be appreciated that substrates may also be aligned in
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| ayer is deposited over the first substrate 710. As with previously

descri bed enbodi nents, the first non-conductive |ayer can be, for exanple,
a phot oi regeatlos9svat eri al such as aphotoresi st | ayer. | RCa/tsb@p/08882 the
first nonconductive layer is patterned to form sel ected regions in which
the substrate 710 is exposed. In an enbodi nent, a photoresist layer is
masked and then exposed to formthe pattern, so that the substrate is
exposed acc . I d 1 In a step 640,
the tirst vicirggco S lRuBHARLARA LR PORLY e Fifacart BP0 2 20 1o
preferably fornmed by etchin a hoIe in the substrate 710. Additional vias
can be for n@thaermabieneianothies. substrate 710. The via 750 is etched in a

| ocation on the substrate that is predeterm ned to be where sel ect

cur rent - carpsi NEaeh elBtate 785810, blo Reprbeiciali edit £ 1620BRE burtrént-
current-carrying el ements of other substrates in the device 700. In a step

650, the first.su strate n electrolytic process. The
el ectrol yti @B EMEHBVéig3gﬁB§ %Hgyaﬁ “§5Pﬁf?5ﬁ%§ccordlng to
design requirenents for the first substrate 710. Conponents of the

el ectr ol yt i forpaoce33), 880) OB di fngnéd &oel @pluralite cddrrthiecacoripgsi tion of the
electrolytic solution, are selected to provide the desired precursors, i.e.
materials f ) t remai ni ng
et er a5 (AL RS LG T 3 i AR 007 B,
current-carrying elements 735 on the first substrate 710 may then be

pol i shed i ¥R ast edrhgponed pédien tladit yespedtivg saivgtratpdd) 8T8 ake fir st
substrate 710 is forned, additional substrates 810, 910 can be forned in
step 680 tos detb%ntéﬂ&tmeduélﬁ%bés@ttﬁnle%'a('c%nagglvess%tﬁ equent substrates
810, 910 are forned uslng a conbination of the steps 610- 670 One or nore
addi tional yi su the second via 850, be for n anot her
substrate agreg’éélblﬁ%@6‘?]&%@6‘?%71%81@09]&%5?‘%6 Ay oBs anot ﬁ"ea figihee 700 Ry

i ncl ude additional substrates fornmed as described in steps 610-680, or as
descri bed fespetoinblerrshidedrysubbiyent7ss, &8bo3s.arg rajedVari ati ons may be nade
to each of the substrates 710, 810 as needed For exanple, substrates used
in the devi c taesvvltch terlal with

di fferent c@%%osi |§H§e$§ccéglesafHStRﬁé ext Z?ﬁafﬁa:l?iéengﬁﬁﬁled to each
substrate to overcone the characterlstlc vol tage can vary between

subst r at es. cuvknéchaymgedeerito 3% orethedirstordiretei’Ale t¢ aywerd-carying so be vari ed
fromsubstrate to substrate. Additionally, the non-conductive |ayers can be
patterned wWithends5 6% MBPIErd Hibki-SEemb. ﬂﬁé&éaee 700% 1991ud@§‘9€&ronﬂes' st
devel opnent technlques Further, the materials used devel op
current-carrying .elenents on the surfaces of the substrates can al so be
varied fronpltegstip Spbtordectiigdlycanaect porreningraieeclepratsddeontbeles used to

pl ate each substrate can be altered or changed for the different

substr at es, sedemeadisagteB10twich padiéhtcdakginglelsinghits9ab anehethsrd Qibstrhie
substrates. [hbn Under a variation it can be preferable for the process to

i ncl ude theyconstructi of at |east one é q%ﬂ ra such as at
an end of HG. 0 et e Bl el R el oA afagbr S0 T B RS o anp 6.
can be forned to

are electrically interconnected. The arrangement of plated vias 750, 850

shown in the device 700 is only exemplary, as more or less vias can also be

employed.

[093] For example, additional vias can be used to connect one of the current-

carrying elements 735, 835, 935 to any other of the current-carrying elements

on another substrate. Preferably, the first and second plated vias 750, 850 are
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i nclude current-carrying elenments 935 on both planar sides. In this
variation, a non-conductive layer is deposited on the first side and the
second siwe 2fr/asbsdet hi rd substrate 910. The non-conduct ipce/Usayiensa2 t he
second side can be nmade of the sanme material as the non-conductive |ayer on
the first side, although in sone applications the second side of the
substrate may require a different type of photo-i mageable material or other
non- conduct : i o ' f the third
Subst rat e ohngs gt ER e S b A AR oC e e 10 1 &
uncovered on the first and second sides when the respective non-conductive
| ayers are pdividnalboplaiedpddes prigjite piatog ﬂ‘@dﬂa@ﬁd’éasgf%oﬁ@ asgtesmedt e may be
pl ated together or in separate plating steps. [0102] Enbodi nents such as

shown abovemeaisme4aBsrdtes OB Y] CieS re RGBS IRAY Poditivas s&hyioof sizes and
applications, such as for exanple, for use as printed w ring boards,

not herboards, and printed circuit car I neral ,..a hi density of
Current - car g taF Epdrriee i e SR das R ST M MR Nl ana
circuitry, are enbedded or otherw se included with PCBs. In nulti-substrate
devi ces, t he wcesagndiol thnctitsoplacdd tih@SECPeni@n alrefovard édtheA devi ce

i ncl udi ng a PCB under an enbodi nent of the invention has a substrate forned
froma volt i i i i.al.. o esl such as a dry
fiIn1resistﬁggﬁg%%ggggPégﬁggggg%%ﬁ%ﬁgﬁﬁégéggéﬁoﬁaggggﬁ%ﬁékg a comercially
avail abl e dry filmresist includes D al on FRA305, manufactured by

M t subi shi Rbgantecare ptaedt hilkskries; $orghe serondrmjated [vin $38spraniesHusi t ed on t he
substrate is sufficient to allow the substrate to becone exposed at

sel ected POLin@ASH ARIKBSPABIRTIY ol PathiBA&iRR el PRLRbnYBRcLHRASERD DY the
mask. [0103] An el ectroplating process such as described with respect to
FIG 3 is used to plate_ conductive materials on exposed regjions of the
substrate. SBEHFaPEESFGHL! bt BIRIS B ReSpROsINAMS R T WeEME mat eri al
can be used for various applications. The voltage switchable dielectric

mat eri al caplatee fioVseshd Sitapeddspanticsikede@d ragiededn barfadebef tar i ous printed
circuit board applications. Exanples of printed circuit boards include, for
exanpl e, (i) _notherboards .for .mounti and interconnecti ng~conput er
comonent s. eV BRI SHOT DL BRI AP ROE R o (PO
cards and simlar devices. [0104] Further variations of the basic process
are descri buadseplenheledtrolpiit procPsas imgeuPs@e dspofiindbiseAmcerdredi nent of t he

i nvention enploys a pulse plating process. In this process, an el ectrode
and a substfegfo%s%@mguw&e L N QldBESyish 6 D8Pk En gl BLGEL b Cadrmt erial are
imrersed in an electrolytic solution. A voltage Ts applied between the

el ectrode and the substrate so that the voltage switchable dielectric
materi al betnEdtedsAsipEroate tievigpptd 880-vol t age al so causes ions in the

el ectrolytic solution to deposit onto exposed areas of the substrate,

t her eby pl abdang Far eimiplaity; dabilybidpviRrmativiliibe debcrided with s&efehad fong process,
the voltage is nodul ated and foll ows a wavef orm such as the exenpl ary

the first substrate 710. The first substrate 710 includes gaps 714 between the
current-carrying elements 735. In an embodiment, gaps 714 are formed by
masking a photoresist layer and then removing remaining photoresist after
the current-carrying elements 735 are fabricated on the substrate 710. Similar
processes are used to form second and third substrates 810, 910. The first

substrate 710 is mounted over the current-carrying formation 830 of the

second substrate 810. As with the first substrate 710, the second substrate 810
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wavef orm 900 shown in FIG 9. The waveform 900 resenbl es a square-wave, but
further includes a | eading edge spi ke 910. The | eadi ng edge spi ke 910 is

pr ef er ablwoaouarsysoshort duration voltage spi ke suffici erCTIUS2a0@54822 a
trigger voltage, Vt, of the voltage switchable dielectric nmaterial, where
the trigger voltage is a threshold voltage that nust be exceeded in order
for the voltage switchable dielectric naterial to enter the conductive

state. In sgne enpb | arge, such
as between %gg andnggﬁgé trhﬂ%ﬁ%%%?ggﬁgﬁgkh%g%??g%%ﬁk3ﬁ+yg%% has been
exceeded and the voltage switchable dielectric material is in the
conduct i ve stbstrete Hfe vol tage switchable dielectric material will remain in

the conductive state for as long as the voltage applied to the voltage

swi t chabl e gisgl Qﬁtama@lafr&tlaréﬁbodlmr%sahwa&deowo&hafayuragtryt@étage V.
In the waveform 900 of FIG 9, it will be apprecrated that the |eading edge

spi ke 910 |s ol.| owe | at at a olta above t cl anpin
ool tage THE thr drake ey b8 #Brf%are@z%gr el T whi oh The

vol t age returns to a baseline 930, such as O voIts, then the cycle repeats.
2. Rever se fAa) de dBhldidad) skrce dleskcdidd0dt] thAndtd eubseatrodiOne tie ladttdnie | nventi on
enpl oys a reverse pul se plating process This process is essentially the

The. p at ead 000 T HF e bR RESRERS, HEDRL) SRRLARON o P0ER s WMeL" 6 That
pl ating occurs at the electrode |nstead of the
sided construction. Therefore, the device 700 may include more current-
carrying formations than substrates to maximize the density of componentry
and/or minimize the overall footprint of the device.
[096] The composition of the substrates 710, 810, 910, as well as the particular
current-carrying material used for each substrate, may vary from substrate to
substrate. Thus, for example, the current-carrying formation of the first
substrate 710 maybe formed from nickel, while the current-carrying formation
830 of the second substrate 810 is formed from gold.
[0971 FIG. 8 illustrates a flow process for developing a device having multi-
layered substrates, such as the device 700, where two or more of the
substrates are formed from a voltage switchable dielectric material. The
device can be formed from a combination of single and/or double-sided
substrates. In an embodiment, the multi-substrate device 700 comprises
separately formed substrates having current-carrying formations. With

reference to device 700, in a step 610, the first substrate 710 is formed from a

voltage switchable dielectric material. In a step 620, a first non-conductive
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substrate. An exenplary waveform 1000 is shown in FIG 10 in which the
positive and negative portions have essentially the sanme magnitude but
opposi t e Wwolari/asyso6 The shape of the negative portion needTnstonwmsai2 t hat of
the positive portion in either magnitude or duration, and in sone

enbodi nents the negative portion of the waveform 1000 does not include a

| eadi ng edge vol tage spi ke. An advantage to reverse pulse plating is that

It pr OdUcesla%ll%%@ﬁésit@h%%f‘&erf §t"§luﬁo§lirat%?6'. AQ%%&%%%‘ESI ders&\f%dsed’ those
areas on the’ plating surface ere plating occurred nost rapidly before the
reversal beconme those areas where dissolution occurs nost readily.

Accor di ngl yembediggnisa e firssnermcqriichvatayagcandrd farexampdsy A Phaio-over tine. 3.
Depositing and Patterning Non-Conductive Layers [0108] Anot her enbodi nent
of the i nveRiigenble i@y S saciShd KplffbREBI AgerTah Ratk4 300Gl o dh-pat t er ned

non- conductive | ayer on a substrate forned froma voltage sw tchabl e
dielectric materjal, This enbogi nt aYoid t he use  of terials such as
phot or esi st PYUERGRRSE & RATHRENED b bRt ¢ SNaeE SHBHFF ng
materials on the substrate. In a silk screening process, a robotic

di spenser apiplis egpaedi Bl @cémbedimanera potdiesishiaysiis haskedind Hensubstr at e
according to a preprogramed pattern. The silkscreen liquid applicant is
typically f i i . t to other
evbod; meat e R B b e R R o O e

si |l k-screened Kapton, or another plastic or resin, is permanently applied
to the surfpaterppf theosiiiystmaske. As such, sil k-screening offers advant ages
of conbi ning steps for depositing and patterni ng non-conductive nmaterial on
the substrapsg; as a"é‘?éﬁ 64dStHRlfirbi NAYSME SieRBin AE TSRV 7O, MoR-fEoNduct i ve
material fromthe surface of the substrate. 4. Miultiple Types of Conductive

Materials on a_Singl rface
via 750 1s p%efeera%'fy formed by etching a hole in the substrate 710. Additional

vias can be formed as needed in the substrate 710. The via 750 is etched in a
location on the substrate that is predetermined to be where select current-
carrying elements 735 will be located to connect to current-carrying elements
of other substrates in the device 700. In a step 650, the first substrate 710 is
subjected to an electrolytic process. The electrolytic process employs an
electrode and a solution according to design requirements for the first
substrate 710. Components of the electrolytic process, including the electrode
and the composition of the electrolytic solution, are selected to provide the
desired precursors, i.e. materials forming the conductive layer 730. In a step
660, the remaining non-conductive layer on the first substrate 710 is removed.
The current-carrying elements 735 on the first substrate 710 may then be

polished in a step 670, preferably using CMP.
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[0109] In addition, current-carrying elenents nmay be fabricated onto a
surface of a substrate fromtwo or nore types of current-carrying

mat er i al swOBha/sedest r at e i ncl udi ng t he vol tage sw t chablPeTdiSed10®5468Z
material is adaptable to be plated by several kinds of current-carrying
materials. For exanple, two or nore electrolytic processes can be applied
to a surface of the substrate to develop different types of

current- Cagﬁ%ﬁ%“g)ﬁc%rtﬁ% ﬁgs‘?gubétﬁté)*i'ﬁ) di§ @%df@&'&itioﬁa}{ Jufo§ttrat8% 8] bRy ytic process

i s enpl oye eposi Irst conductive material 1n atfirst pattern
formed on the surface of the substrate. Subsequently, a second

non- conduct §anee) fagraed insstep p8Giorreaniefe themelibsabsitaée devdtaudiOng the first
conductive material. A second electrolytic process nay then be enployed to

deposit a s@ARRGLGHR BB 10Bd 1@ r@forHRingitdecsfbiaRdoPat thelikps! N this way,
a substrate may include nmultiple types of conductive material. For exanple,

copper can posited to fqrmleads on the substrat nd anot her
contuct i ve HBrEr G € e ad Syl oS s s st s Pl on 1t he sare

surface where superior conduction is necessary. E. Oher Applications for
Enbodi nment sfoefed reahstiiendubeirate[as nejcribel adtorditigstosteps 640 and 650. 1 Te | ncl ude
various devices wth a substrate of a voltage switchable dielectric

material upqn i & GURIRAARRLLY LD RL IR AN RS AN dpnasi ted. The
current-carrying tor I'on can conprise ci rcwets, eads, ‘electrical
conponents, and magnetic material. Exenplary applications for enbodi nents
of the invedl0ieSh, aras dgeedradderdenblpiskleddubsiraag abkive- appl i cati ons descri bed

or listed herein are nerely illustrative of the diversity and flexibility

of this invghj ohriaddds ﬁﬂ?lﬂeqnz!i&@tropefa% 8f thelsub&r KBl gRhsaReddy.e€Xhaust i ve
list. 1. Pin nnect ors

For example, substrates used in the device can have voltage switchable
dielectric materials with different compositions. Accordingly, the external
voltage applied to each substrate to overcome the characteristic voltage can
vary between substrates. Materials used for the non-conductive layers can
also be varied from substrate to substrate. Additionally, the non-conductive
layers can be patterned with, for example, different masking, imaging, and/or
resist development techniques. Further, the materials used to develop
current-carrying elements on the surfaces of the substrates can also be varied
from substrate to substrate. For instance, the electrodes used to plate each
substrate can be altered or changed for the different substrates, depending on
the particular design parameters for the substrates.

[0101] Under a variation, it can be preferable for the process to include the
construction of at least one double-sided substrate, such as at an end of the

stack of substrates. The third substrate 910, for example, can be formed to
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[Oiiii In an enbodi nent, a pin connector is provided. For exanple, the

vol tage switchable dielectric material is used to forman interior

st ruct ur ewof20m/d5e8val e pi n connector. The vol t age swi t chablrarsdeielosssr i c
material can be used to formcontact |eads within the interior structure of
the femal e pin connector. The voltage switchable dielectric material may be
shaped into the interior structure using, for exanple, a nold that receives
the vol tage,siibeNABhEcEheElohlen B i by Ll f hRWEadbe resul ting
interior structure includes”a mating surfac that opposes a correspondi ng
mal e pin connector when the two connectors are mated. Pin receptacles are
accessi bl e 2 Rewgerlussive faviep istdapopidad erytheuirbladde anthiherferayl ddeobihg
receptacl es correspond to where pins fromthe nale connector will be

recei ved.  {h@llkdbstTFRePIOVTRENSPBSHIRIHVE |50NbAEKe RLONEHHS i bhhidthe
connector, and as shown in FIG 11, the interior structure nmay be separated

into segnments 1100 to _expose the |l engths of the pi.n receptacles. 1110 that
ext end Lo tHaNR GBS MR8 TG CHrr Aie 101 U T CORMICHELE | ayer
1200, shown in FIG 12, such as a photoresist |ayer may be deposited on one

of the segmmmiesappliR6tiondtte nerondnitecdtithesliayate thaQequane 4 diéflerdne pat t erned so
that a bottom surface 1210 of each pin receptacle 1110 is exposed through

t he non-con ' r t interior
struct ur o nayehEREaNEhst APyt ] oRkuRP bR RERRRILE shilk el e “Duri ng
the plating process, a voltage is applied to the interior structure so that
t he vol t agecoswiuc@yraloy ers dinetaele side of mhetthird gubstsate Sharetthereindividoaldiuct i ve
material is then plated on the bottom surface 1210 of each pin receptacle
1110 in th%ﬁﬂﬁﬁ%dﬁﬁhéﬁﬁ&ﬁ%B&%ﬁe6@?%thhﬁv&@HbﬁQBeEEQQﬁd§&%nﬁ%kﬁ§d in the
pin receptacles 1110, the non-conductive |ayer 1200 can be renpoved and the
segnents 1100 rejoined. The interior structure may al so be housed within a
shel | to coWpfet rﬁmecffléﬁﬁ%-cwﬁl%ﬁ rRYEroITe pREenst: Sapatest regiantages exi st
to form ng a pin connector under an enbodi nent of the invention. Plating

t he i nteri ofachkidectf diesidrableatapbé plagel wdather ooin feparateplaphgeleps. t o be
included in the interior structure in one plating process. Further, because
the | ead coptacts, cannbe Ade L BiNS o R LGSR ACPER fON.LEpEr med cl oser
t oget her to réduce di nensions of 'the pi n connector. € pl n connector can
al so provide over-voltage protection properties that are inherent to

vol t age swi havieabtasietli ef sestsraind apglieaticaisssuch as for example, for use as

printed wiring boards, motherboards, and printed circuit cards. In general, a
high density of current-carrying elements, such as electrical components,
leads, and circuitry, are embedded or otherwise included with PCBs. In
multi-substrate devices, the size and function of the PCBs can be varied. A
device including a PCB under an embodiment of the invention has a substrate
formed from a voltage switchable dielectric material. A photoresist such as a
dry film resist can be applied over the substrate. An example of a
commercially available dry film resist includes Dialon FRA305, manufactured

by Mitsubishi Rayon Co. The thickness of the dry film resist deposited on the
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2. Surface Mount Packages [01141 Surface nount packages nmount el ectronic
conponents to a surface of a printed circuit board. Surface nount packages
house, fowoeramsbses resi stors, capacitors, diodes, tran®CIUSREL0/054662
integrated circuit devices (processors, DRAMetc.). The packages incl ude

| eads directed internally or outwardly to connect to the electrical
conponent bei ng housed. Specific exanples of surface nounted sem conduct or

packages | nGlAgSFBldic R L) 6, PREKAGAR ALAdoblab Raskadenc Bl ast i c | eaded

chip carriers, I'p carrier sockets. cturing surface nount
packages involves formng a frane for the | eads of the package. The frane

i s nol ded uBQTHENGCoTEASEPNAINgd0cHess thegesist wespmposethey Bwfesk: | eads are

el ectroplated into the nolded frame. In an enbodi nent of the invention, a

vol tage swi haBadcidiibSIsting provBisaiicRhs GaddriBed UsBebpoct ¥ 1. Bes frame. A
non-conductive layer is fornmed on the frame to define the |ocations of the

| eads. The non-conductiyve |ayer can be fornped duri t he nol di ng process,
uring a SUBSBIUEHE ROIHKHYS HoREReon SYPRRY St O HS RIRG BT ocogs usi ng. A
phot o-i nageabl e material such as descri bed above. A voltage is applied to

t he franme diubshgtes fierneddecdmaptdtaigngwitcbads dielartriemderiahcart breudetlane
conductive. The leads formon the frame in | ocations defined by a pattern

of the non- i v . ' ' bl e

di ol ectric e s, Rk R Ao R B B o for 2
smal | er package that occupies a smaller footprint on the PCB. The voltage
swi t chabl e @rerdchaped matsided|as aleeded fohdreeyariops priovedescuoieaard ol t age

protection to protect contents of the package from vol tage spikes.
applications. Examples of printed circuit boards include, for example, (i)

motherboards for mounting and interconnecting computer components; (ii)
printed wiring boards; and (iii) personal computer (PC) cards and similar

devices.

[0104] Further variations of the basic process are described below.

1. Pulse Plating Process

[0105] An embodiment of the invention employs a pulse plating process. In
this process, an electrode and a substrate comprising a voltage switchable
dielectric material are immersed in an electrolytic solution. A voltage is
applied between the electrode and the substrate so that the voltage switchable
dielectric material becomes conductive. The applied voltage also causes ions
in the electrolytic solution to deposit onto exposed areas of the substrate,
thereby plating a current-carrying formation. In the pulse plating process, the

voltage is modulated and follows a waveform such as the exemplary
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[0117] FIG 13 illustrates certain enbodi nrents associated with internediate
| ayers. In sonme applications, it nay be advantageous to incorporate one or
nore | ayewe 2batosesen a VSDM and a current-carryi ng nat er iPalr/tiSno18/054682
current-carrying formation. These |ayers may have appreciabl e thickness
(e.g., greater than tens of nm a few mcrons, tens of mcrons, or even
tens of nm, or may be as thin as nonol ayers (e.g., having a thickness of

the order ofaaltofth O sfuf £H ALOTDTHOL, AcDRRH! Ol LhR-PUTRESeS of Lhis

specification, such layers are terned inter ate layer FIG 13
includes a diagrammtic representation of exenplary processing steps (left
side) and cottrfespeniarivgesp faading ekzespikgitlOs The Jeadgpmdsgssetkeil s t he use of
internedi ate | ayers according to sonme enbodi nents. In step 1300, a VSDM

1302 is pr oyiefi@gbly laveSPHRore a8 RS%ion tvidea YSEIkEBYfBRnPIOKIcH@naS triydepy er  or
coating on a subs?rate 1304. A VSDM nay have a characteristic voltage,

above which the ecopes conductive. In sone enbodi pents, the

hat act o | SY9IBE T SgBE 5P BEVRTNITT Bt S T Uar hegLBe Ut age
associated with an electronic device (e.g., above 3 Volts, 5 Volts, 12
Vol ts, or 2vblMgkis) thrédhobdreltapriibali mesttke, extdeeled apaddr éod theivolivgd t age of a
VSDM i s above a typical voltage used for electroplating a material (e.g.,

above 0.5 vl Srapth Akt $natdfialto BndbP tiSdondllis e, In some
embodiments, the trigger voltage is relatively large, such as between 100 and
400 volts.
[0106] Once the trigger voltage has been exceeded and the voltage switchable
dielectric material is in the conductive state, the voltage switchable dielectric
material will remain in the conductive state for as long as the voltage applied
to the voltage switchable dielectric material remains above a lower clamping
voltage, V.. In the waveform 900 of FIG. 9, it will be appreciated that the
leading edge spike 910 is followed by a plateau 920 at a voltage above the
clamping voltage. The plateau 920 is followed by a relaxation period in which

the voltage returns to a baseline 930, such as 0 volts, then the cycle repeats.

2. Reverse Pulse Plating Process

[0107] Another embodiment of the invention employs a reverse pulse plating
process. This process is essentially the same as the pulse plating process
described above, except that in place of the plateau 920 (FIG. 9) the polarity of

the voltage is reversed so that plating occurs at the electrode instead of the
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cases, electroplating may require a voltage that is both above a typica

pl ati ng vol tage and above the characteristic voltage. [0119] In step 1310,
VSDM 1302woayiinsssasked usi ng nask 1312, al t hough nmaski RGTASY01005468E
required for certain applications. Typically, mask 1312 defi nes an exposed
portion 1314 of the VSDM upon which a current-carrying formation will be
formed, and a "masked" region (e.g., beneath the mask) upon which a

. _regi " , in FIG
T T I R T L s e

current-carrying formati on may be fabricated. [0120] In step 1320, an
i nt er nedi at ROSiEg e dIgZRtifg poRongd Bpve pesetiadly the spreastagpiinge bt t he exposed
portion 1314. Internediate |ayer 1322 nmay be sufficiently thick that

certai n deségRilie pRLEREr Theshapk 8f MMdogtle pErtdn.neddnBr AAES, thai &if usi on
bl ocki ng, inproved el ectrical properties and the like). In sonme cases, an

internedi ate | ayer may.be used to attach ol ymer. to VSDM 1302. I n sone
cases. an i e SCHEUP RO THPET Ry ABRLT Pt CBRPIyEHNTORRA) or conduct i ve
t hat subsequent deposition of a current-carrying material on internediate

| ayer 1322 emjodiemepérthenhngdivel putréomeflihatveavesiyrer 100B2Resmayt inoluchean i nsul at i ng
barrier, and in sone cases, may provide for conductivity via tunneling

d/ th | i fegts. CUr . i
oo AL Bl A SRR LRS00, st o ear i o

enbodi nents, mask 1312 may be renoved after formation of the
cur r ent - car Pipidugestsoramergratingweswiss. Whap e vdbge i eisad thoge areas

on the plating surface where plating occurred most rapidly before the reversal
become those areas where dissolution occurs most readily. Accordingly,

irregularities in the plating tend to smooth out over time.

3. Depositing and Patterning Non-Conductive Layers

[0108] Another embodiment of the invention employs a silk-screening
method to develop a patterned non-conductive layer on a substrate formed
from a voltage switchable dielectric material. This embodiment avoids the
use of materials such as photoresist to develop the pattern for depositing
current-carrying materials on the substrate. In a silk screening process, a
robotic dispenser applies a dielectric material to the surface of the substrate
according to a preprogrammed pattern. The silkscreen liquid applicant is
typically a form of plastic or resin, such as Kapton. In contrast to other
embodiments using photoresist materials for the non-conductive layer, silk-

screened Kapton, or another plastic or resin, is permanently applied to the
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13, step 1340 illustrates the renoval of mask 1312, yielding a
current-carrying formation 1342 conprising a current-carrying material and
an i nt er nmdi2atiesbsger. [0122] An internedi ate | ayer mayPpcmalsoae/osded? f f usi on
barrier to reduce or prevent diffusion between a current-carrying materi al
(e.g., Cu) and a VSDM naterial. Exenplary diffusion barriers include
metals, nitrides, carbides, silicides, and in sonme cases conbi nations

t her eof . I i i,on i . . i T W WN, SiC

Si 3N4, TaTi N, §?EKPQ EP&%E%i%PQQ?gsﬁfSﬁ%%?“%?#%%%%?%gk%ﬁ%ggof, and ot her
materials. [0123] An internediate |ayer nay be electrically conductive. For
very thin iebifegisinrs Pagencsiting and patesaingmeon-cPOdAR veIDaAlRriaben even | ess
than 10nn), even relatively resistive materials may provide for sufficient

current dengkbiiBsirdidat walliestdlintiahtitE or i@¥odihgWoh!@Ritihgedeposi ti ng
current-carrying material to the V phase. An Internediate |ayer may be a

conductive po| nﬁ%’ s#ph S c%r%aiq)doFed pol yt hi ophenes and/ or

pol yanilin ?&%@ A PRERHAEHR A eSY %8s may be fabricated using I|ine-of
si ght deposition, physical vapor deposition, chem cal vapor deposition,
el ectrodeposition, spin coating, spraying, and other nmethods. [0125]
Various enbodi nents include el ectrodeposition of current-carrying

us e ude el ectro . rrent-
"t or ot at 5 Yoy TRl VARAAPA L SR KERE' SEL 27 Wi ch a

plating bias is created to cause electroplating of a current-carrying
mat eri al . |I8108lona addition, current-carrying elements may be fabricated onto a surface

of a substrate from two or more types of current-carrying materials. The
substrate including the voltage switchable dielectric material is adaptable to
be plated by several kinds of current-carrying materials. For example, two or
more electrolytic processes can be applied to a surface of the substrate to
develop different types of current-carrying particles. In one embodiment, a
tirst electrolytic process is employed to deposit a first conductive material in a
tirst pattern formed on the surface of the substrate. Subsequently, a second
non-conductive layer is patterned on the substrate including the first
conductive material. A second electrolytic process may then be employed to
deposit a second conductive material using the second pattern. In this way, a
substrate may include multiple types of conductive material. For example,
copper can be deposited to form leads on the substrate and another
conductive material, such as gold, can be deposited elsewhere on the same

surface where superior conduction is necessary.
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cases, the plated VSDMis renoved fromthe plating bath while still subject
to the plating bias. Electrodeposition may include inposing electrical
currents wetzeaa39H61 and 10 m | lianps/square cm An exemrplrarsgoiplosdesng
solution may include copper ions at a concentration between 0.4 and 100nV
a copper conpl exi ng agent such as [ethylam ne, pyridine, pyrrolidine,
hydr oxyet hyl di et hyl am ne, aromati c am nes, and nitrogen heterocycl es]
having a T A tween 3 and 7. Sone
enbodi msn{ns)lli}{eq"Allngﬂ far na mat er scr| bed in U S. patent
publ i cation nunbers 2007/ 0062817 AI and 2007/ 0272560 Al, the disclosures of
whi ch are it forkaditents of shemaapidomchide, varipps dedees with asHbgmtaent s
i nclude el ectrografting one or nore | ayers, as described, for exanple, in
U. S. pat entofapplliagativith IO Hictd i Oma RuiaPepord ARRM02a R 63t cﬁh‘ yirlghe di scl osure
of which is incorporat ed by ref erence herein. In sone enbodl ment s,
depositing an inte di a y_include el ctro rafting the
i nt er medi at €4y ha B eﬂ?@ @pﬁ@arglgg RGO be used to
deposit insulating |ayers (e. g , insluating pol yrrers) on a VSDM material by
i ncor por at i dcigrudts, leddscéleagicalf doetpanethier aretimapeeticayieteriakEl Betmrpgryaf t i ng may be
described as the el ectrochen cal bonding (e.g., electrobonding) of a
pol yrer , agp Xné&jp??&bb{i’ﬁefn% fgchélﬁ(%'R’é{'oh’Area és%hH 8%‘114%%‘& wa di ssol ved
organic pre I'on of an approprla € voltage cluding a
vol tage profile) may cause the VSDM to conduct el ectrons, which may result
in an el ectTléfthétaq)nSdbﬂQ@@de oristrd hereindire swtrelzdlysstagiverof Biet o t he sur f ace
of the VSDM As such, a polymer may be el ectrobonded to the VSDM [0127i An
exenpl ary e(!h%@lts[’@ghafffekﬂﬂlt?@gqb IRRhtBRYAndNRbUREhE BB 308 t he VSDMin a
sol ution conprising an organic precursor. An exenplary solution nmay include
butyl net hacrylate in a solutio corrprl sing 5E-2 nol/L of tetraethyl amoni um
per chl or at eCIFIBRAERS PHOGRUSIHRIRE of 5 nol of butyl nethacryl ate/ L of
solution. The VSDM nay be the working electrode, with a Pt
counterel ectrode, and Ag reference el ectrode. The i mersed VSDM nmay be
subject to a voltage profile sufficient to cause the VSDMto conduct (e.g.,
cyclic voltla% Q)etwe n. -0 1 and -2.6 V/(Ag+-Ag), and cycled (e.g., at a
rate of 100 M ep05|t an organic film(e.g. poly-butyl nethacrylate).
[0128] In other enbodi nents, a poly-nethyl-nmethacrylate (pMVA) fil mmay be
el ectrogr afeed tlp an eUSONI et ten pal cdnpettomesy mwigletih&on/spinple, thesol ut i on
conprising MVA (e.g., 3.125 nol/L of MW, 1E-2 nol/L of 4-
ni t r opheny! 941%@9 QR4 bREdcuar ﬁQQs"ri%l & \ABd Prcrhr n MRldr QiR B4 T ate T n
DMF), and subjécting the inmersed VSDMto a voltage cycle sufficient to
cause the VSDM to becone caonductive. An exenplary vol tage cycle nmay include
cycling bet\fB&i Pip congerdor: 3'hg vokgss i\‘g)tdmblel@sleﬁwcs@%tefl PEHHUSCHMA | ayer
on the VSDM

to form contact leads within the interior structure of the female pin connector.

The voltage switchable dielectric material may be shaped into the interior
structure using, for example, a mold that receives the voltage switchable
dielectric material in a liquid form. The resulting interior structure includes a
mating surface that opposes a corresponding male pin connector when the
two connectors are mated. Pin receptacles are accessible through holes in the
mating surface. The holes and pin receptacles correspond to where pins from

the male connector will be received.
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[0129] FIG 14 illustrates an exenplary nethod and structure that

i ncor porates a conductive backplane. In sone applications, it may be

advant agewo=0tispsoevi de a conducti ve backpl ane "beneat h'PCcoriS2aaehsssd? a VSDM
layer. FIG 14 is a diagrammtic representation of exenplary processing
steps (left side) and corresponding structures (right hand side) associ ated
with a conductive backpl ane, according to certain enbodi ments. [0130] In

step 1400, @alg]‘lzg% ner% JBESK& &Q%n%%?@le@%n&r&f{hﬂ%ﬂe cothe3 B ARES, the

conducti ve e Incorporated 1nto or onto a substrate. In sone

enbodi nents, a conductlve backpl ane may act as a substrate itself (e.g., a
t hi ck et al shoain indHGs hk éhq intqriprstrastura mgty be sepiakageinspragateaty HORi el ectri ¢
material 1412 may be deposited on at |east a portion of the conductive

backpl ane (®.eédposdifie fRighhLorahé poh recéfaddd 1110 tsAR RO dhREESIn tMSDM 1412
may be nmasked Fo denarcate exposed regions for subsequent creation of a

nrmeked.  1TRGRE PR 1eBpA DRDsOn RSk 1A 100 DEHp IS % o SM 1412,

defining a region 1424 where a current-carrying formati on nmay be deposited.
[01321 | n sd plpotdA38t lageciay datdepasiteyli argorfeosfriae sepmed3P100a T hbechor med by
depositing a conductive material on the VSDM 1412 (in this exanple, in

region 1424 ondh@iin‘?eol‘%ay&r@bo &Hhé{f'ﬁ@pa%ﬁ%d Jsé%?at%}t%%ﬂ%%gﬁ%??% 133] A

conductive backplane’my re ance or t hr ough

whi ch el ectrical current passes (e.g., the conductive backpl ane may act as
a "bus bar "E)ach/mm@anf@tﬂﬁ\lél(ba@m@@déhmsghthpngwon@u@ve layesd20P- out or nake
nore uniforn) the current density distribution through the VSDM

Enbodi ment souk bhesth sBgGeRduGod YiethbagkRbAGRLJIEY th&FHehHeSABRCEH 6 ent
an electrolytic plating process. During the plating process, a voltage is
applied to the interior structure so that the voltage switchable dielectric
material is conductive. A conductive material is then plated on the bottom
surface 1210 of each pin receptacle 1110 in the interior structure. Once the
contact leads are formed in the pin receptacles 1110, the non-conductive layer
1200 can be removed and the segments 1100 rejoined. The interior structure
may also be housed within a shell to complete the female pin connector.

[0113] Several advantages exist to forming a pin connector under an
embodiment of the invention. Plating the interior structure enables a large
number of pin receptacles to be included in the interior structure in one
plating process. Further, because the lead contacts can be made thinner, pin
receptacles can be formed closer together to reduce dimensions of the pin
connector. The pin connector can also provide over-voltage protection

properties that are inherent to voltage switchable dielectric materials.
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passage in a horizontal dinmension (i.e., normal to the thickness of a VSDM
| ayer). Enbodinments with a conductive backplane nmay provide for reduced

di st anceswof2otumsesat passage, in that electrical currenCrag2@a®ssez om a
current-carrying formation through the VSDM | ayer to the conductive

backpl ane in a direction orthogonal to the layer. [0134] A conductive
backpl ane may i nprove the uniformty of current density during deposition
(e.qg., of a current carrying formation) and nmay i nprove the perfornmance of
a VSDMin certain electrostatic discharge (ESD) events. A conductive

backpl ane may result in a reduced di stance over which current passes, which
may provi de2-forfdcelMeunidsrkigghce as conpared to a VSDM | ayer not di sposed
on a conductive backplane. Alternately, a thinner VSDM | ayer may be

conbi ned W hhap FeRdsFidunephaGked ABEnt Qedttidcdh PRt ©% RARysl gnt to a

t hi cker VSDM | ayer w t hout a conductive backpl ane. A conductive backpl ane
may be netallic ond ctive backplane .may include a
Conduct | ve BORSHERCT basd) Shrface moUpePu GRad i aer £ Th GdEr SeTon o
attaching a package, according to sone enbodi nents. A package may be
attached t ocapacitursetibdesatraysistgrs amdrattegmteanddcait devices (pageessmit chabl e
dielectric material. The attached conponents may be protected (e.g., from
dust, noisty t i t P ovi de for

i mproved nec %ﬁ??%ﬂ Hﬁe%hﬁgéeyﬁfﬂgblgﬁgfﬁ&%&%ﬁn&ﬁ?ggpness reglétance to
war pi ng) and/or may inprove the ease wi th which packaged conponents may be
further pro@essedo the ‘éectrlaqltcamoﬁgnﬂ%h@tﬁed desdidegxamplesof st uds, |ines,
wi res and/ or other connections to a device contained within the package may
be i ncl udeds\MA-B nbuRREKaG8 col B palckSzes T did Skl 8L @S FatRGRIENT Oof a
package 1502 to a conponent |ncIuJ)ng a current-carrying forati on 1504
deposited on oIt ge smntch ble dielectric terial 150 In this

exanpl e, voit S e 61 st A bR CHrEe sy ¢ HIBETiREFOBE i sposed on an
optional conductive backpl ane 1506, which may be di sposed on an opti onal
substrate 1b08 NManwectusing serfbadnoent sackaggedakages foayirtdea ihinactied to a
current-carrying formati on and/ or VSDM wi t hout a conductive backplane

and/ or mnth u stra [[Q137] In s 1500, a 1502 is
attached. ¢ opiseliry MR Al Epe S P bR o DaRRELANE e e
dlelectrlc naterlal 1504 and current-carrying fornatlon 1505. A package may
i ncl ude a pobipnBhereatteniqpdsiareclegrapatadiinto the gloddessl frameotrhar material . A
package may be insulating. In some enbodi nents, a package may include a

pol ynmer coatd,RehinRHEbr @e &&*&%HOA Vélta é@@v\ﬁiﬁﬁabﬂe dBel 6&EORR tdrBrl Gan be |

pol y- et her - et her ketone, or /or various materials used in

m cr oel ectronics packa%lng and/or the fabrication of printed wiring boards.
ML381 | n optieeriaforsr Bls T2, Aepsrar e rsase Rl IR dr@hBg 8 meCer t ai n

enbodi nents include a substrate that is dissolvable, etchable, or neltable.
A subst r at eddray thé @chénfofwax leads. OT ek orvedretucab e tdyat carehd formbdt enper at ur es
bel ow 50 Celsius A substrate nay include a netal foil. In certain

enbodi ment s, &Fohqﬁton aye ]H¥ @COGE ated at the interface
bet ween t he" sfﬁ‘% at @ “aRdPh % Lﬁ;??\l}o e ﬁg‘g(plp‘tﬁ’e VSDM as the
through a masking process using a photo-imageable material such as
described above. A voltage is applied to the frame during the electroplating
process to rendering the frame conductive. The leads form on the frame in
locations defined by a pattern of the non-conductive layer.

[0116] By using a voltage switchable dielectric material, leads can be made

thinner or smaller, allowing for a smaller package that occupies a smaller
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case may be), which may provide for inproved renovability of the substrate.
A decohesion layer may include an internediate |ayer. [0139] In optional
step 1520yoconichiesosve backpl ane 1506 may be renoved. | nrPsorsciapesste. g., a
conductive backpl ane conprising Cu) a conductive backpl ane may be di ssol ved
or etched (e.g., in an appropriate acid). In sone cases, a conductive
backpl ane conprising an electrically conducting polyner may be dissolved in

i dyet.i - 31121 t ched, pl
o ched. asrel P e oa R PGP LR TG, P O i e <. 2 vEDW may

be di sposed directly on a substrate, and the substrate nmay be renoved after
f or mati on ofhareafly paeiideneyayiviedfagopraieition, to arefegfaorienas Qféﬁe raskagg att ached
a package. I n sone enbodi nents, a VSDM may be di sposed on a conductive
backpl ane mﬁ@@ggﬂm§e§M9§;rate, and the conductive backpl ane may be renoved
after having fornmed a current-carrying formati on. A decohesion |ayer may

aid renoval in se and other applications. [0141] FI GS. 16A and 16B
N Lustrar e obds 160 Mkt Sea ot Babbrirndls aediabpie aighodr
renovabl e contact mask, according to certain enbodinents. In this exanple,

substrat e 160&shavsange applapgonDit may bagevswageohabd mcdipelrate tone or mat er i al
(vSDM 1602 is shown, although a contact mask nay be used with a vol tage

amboai ment st 08 eore LB RG] V SRy RS R Ft H20 and an

el ectrode 1630. El ectrode 1630 may connect to one or nore
carrying formation. These layers may have appreciable thickness (e.g., greater
than tens of nm, a few microns, tens of microns, or even tens of mm), or may
be as thin as monolayers (e.¢., having a thickness of the order of an atom, a
few atoms, or a molecule). For the purposes of this specification, such layers
are termed intermediate layers.
[0118] FIG. 13 includes a diagrammatic representation of exemplary
processing steps (left side) and corresponding structures (right side)
associated with the use of intermediate layers according to some
embodiments. In step 1300, a VSDM 1302 is provided. In some cases, the
VSDM may be provided as a layer or coating on a substrate 1304. A VSDM
may have a characteristic voltage, above which the VSDM becomes
conductive. In some embodiments, the characteristic voltage of a VSDM is
above a typical “use” voltage associated with an electronic device (e.g., above
3 Volts, 5 Volts, 12 Volts, or 24 Volts). In some embodiments, the

characteristic voltage of a VSDM is above a typical voltage used for

electroplating a material (e.g., above 0.5 volts, 1.5 volts, or 2.5 volts). In some
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el ectrical |eads 1632, which may provide for el ectrochem cal reactions.
Contact mask 1610 typically includes one or nore openings 1640, which nmay
be openi ge 20ni/isp®al ati ng foot 1620. [0143] Insul ati ng POTDIUSYERO5468Y
sealingly attach contact nask 1610 to VSDM 1602 in such a manner as to form
a seal. The seal ed regions of VSDM 1602 are masked from deposition or other
reaction. In sone enbodi nents, contact nask 1610 may be pressed agai nst

Uhat cont act week a1 RaLd L0 P O ARl I b S e ey 2

current-carrying structure and defines a portion 1650 of VSDM 1602 upon
whi ch a curYdgee eaf phpyrtheshatciesistisEgltags- f or med. [0144] I nsul ating foot
1620 may separate el ectrode 1630 from VSDM 1602 by a di stance 1660.

Di stance 1660 may sR§ 13€9,vIIMAN 302 MayBehaskelusig BY&N 31 essitholan 500
m crons. Insulating foot 1620 may aP]so support el ectrode 1630 substantially

parallel to VSDM 1602, ich.may. inprove the uniformty of rrent-density
o o, Caur (RO GSTAIob Y THGgR GUFET SRPIGEEns | Rataly dteRdaiE 1620 mmy. be
fabricated froma variety of ceramc, polyner, or other insulating

mat eri al s, defies as eppdsgtl podigon RIKf tlet VED Muop@etvhydhenairrdrétcenyinghot or esi st
mat eri al s, epoxy, polyethylene, and spin-on polyners. In sone enbodi nents,

i nt di - - 1.9 | i f
msul ati ng Pabr oW g A AP, Rk B d DR RS AU P25 ae ayer

may be used to inprove sealing and/or adherence of an insulating foot to a
VSDM upon which a current-carrying material is not deposited. In the example

shown in FIG. 13, mask 1312 defines an exposed portion 1314 of VSDM 1302
upon which a current-carrying formation may be fabricated.

[0120] In step 1320, an intermediate layer 1322 may be deposited on at least
part of the exposed portion 1314. Intermediate layer 1322 may be sufficiently
thick that certain desirable properties are manifest (e.g., adherence, diffusion
blocking, improved electrical properties and the like). In some cases, an
intermediate layer may be used to attach a polymer to VSDM 1302. In some
cases, an intermediate layer may be sufficiently thin and/or conductive that
subsequent deposition of a current-carrying material on intermediate layer
1322 may be performed. Intermediate layer 1322 may form an insulating
barrier, and in some cases, may provide for conductivity via tunneling and/or
other nonlinear effects.

[0121] In step 1330, a current-carrying material 1332 may be deposited on the
intermediate layer. In some embodiments, mask 1312 may be removed after

formation of the current-carrying formation. In the example described in FIG.
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[ 01451 Openings 1640 may be configured to expose one or nore portions 1650
to afluid (e.g., aliquid, gas, plasma and the |ike) containing ions
associ at esowntinsbsssmat i on of a current-carryi ng struct uPeT/USer103ERDI| €,
depositing a copper conductor may include exposing portion 1650 to a

sol ution having copper ions. Typically, openings 1640 are sufficiently

| arge and/or plentiful that a deposition fluid may be supplied

it depostt PR G R B e e e e Ty

conductive material. In sone enbodi ments, el ectrode 1630 may include a
metal foil,fosmetomd343 cpmprising »eunsgnticeryingmatesiet a3k intenediely al so

i ncl ude additi onal materials, such as layers that inprove nechani cal
properties,jat@yers that inprove adherence, layers that inprove deposition
quality and the like. Electrode 1630 and insulating foot 1620 may each

conprise a Iura of materials ert odj nent a die (not
chonn) " havi Bk batTefiedae el ihiinduiis n el SN SHaBE CORIBES o ons. 1650) i s
used to apply unlforn1pressure to a "top"” side of contact mask 1610. [0147]
For mat i on opreoere diffusion eeisvrenhenturcak-cyirnggfoataril (ags Couynd adSiid

el ectrochem cal deposition, and in sone cases, may include el ectrochem cal

publ | cat | on"RuBer SO0 OLLTaoB AR ech Sl B AR ERBIAET I T0 0 hor e

herein by reference. [0148] FIG 17 illustrates deposition of a
cur r ent - carsilsides, and &r saine €ases enmnbinaiienstbareot afxapplgryf diffiraionon, accor di ng
to certain enbodi nents. Exenplary steps in a deposition process are shown

ot hgf ! g‘ tbasfheh% iRbufté BN EN, ala0 NG WNT BiCeXBIT, RRYING ISIUST RE 09D, the right
TiSiN, WCN, composites thereof, and other materials.
[0123] An intermediate layer may be electrically conductive. For very thin
intermediate layers (e.g., less than 100nm, 50nm, or even less than 10nm), even
relatively resistive materials may provide for sufficient current densities that
electrical current may flow from the depositing current-carrying material to
the VSDM phase. An intermediate layer may be a conductive polymer, such
as certain doped polythiophenes and/or polyanilines.
[0124] Intermediate layers may be fabricated using line-of sight deposition,
physical vapor deposition, chemical vapor deposition, electrodeposition, spin
coating, spraying, and other methods.
[0125] Various embodiments include electrodeposition of current-carrying
materials. In some embodiments, a VSDM (optionally including an

intermediate layer) is immersed in a plating solution, after which a plating

bias is created to cause electroplating of a current-carrying material. In some
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[0149] In step 1700, contact mask 1610 may be applied to a voltage
switchable dielectric material (VSDM 1710 to forma "sandw ch" 1720.

Sandwi ch Ww@2011maysoept i onal |y i nclude a substrate 1712. Pgpiusadtops46¥5DM 1710
and substrate 1712 may be planar and sufficiently stiff that contact nmask
1610 may be sealingly attached to VSDM 1710. Typically, contact mask 1610
is renovably attached to VSDM 1710, for exanple using a clanp or other

means of appl.yi - I 30, i, Gk y be

er sed | nagt Mk B3R REnSled fRaRiRephlR o BANAIL S AAALIEY Win
current-carrying material. In some enbodi ments, fluid 1732 may be a plating
sol uti on. Fe péatigdhies HeduideppeiHonavayrigcledp paposing slegivab@irisés t o
fabricate a copper current-carrying formation, with netallic copper formng

the el ect rigalve&@0dUataD ndifilidnkyes/dRfaf@Erh OAn dxleliglard H3zki ligortimagul at ed
and/ or agitated such that it passes through opéenings 1640, exposing

a

a

portions 1650 to the fluid. [0151] Jn step 1740, 0 e 1742 may be
P ent o4’ ot o shBge B s el ey 4 18 R, A% Bt ace 1 ran i o

| arger (in magnitude) than a characteristic voltage associated with VSDM
1710, such d¢dnaypleXiSPpAntEOcle asphilctlsming; peritlingnphatrodihé,age 1742. Vol tage 1742
may cause a deposition of a current-carrying formation 1744 on portion

1650. Fl ui ! . eni . e ' fficientl
Fast that CUrront il ReRERET e nBes SHIRPBER D8R0 T 1 p 170,

contact mask 1610 may be renoved. |In sone enbodi nents, a contact mask may
be re-used hangmmadly) ratig bpsienilohand 2 and apdl befvsdi fentls; Semeol t age may be
applied prior to imersion of the VSDM contact nask into the plating

sol ution. |&nsQUEeRALY T8N Scedlies P h8diohd AQeriPRYinhg shpaBh@i ned unti |
after the VSDM contact mask has been renoved fromthe plating sol ution.

publication numbers 2007/0062817 A1 and 2007/0272560 A1, the disclosures of

which are incorporated by reference herein.

[0126] Certain embodiments include electrografting one or more layers, as

described, for example, in U.S. patent application publication number

2005/0255631 A1, the disclosure of which is incorporated by reference herein.

In some embodiments, depositing an intermediate layer may include

electrografting the intermediate layer. Embodiments comprising

electrografting may be used to deposit insulating layers (e.g., insluating

polymers) on a VSDM material by incorporating an electrografted

intermediate layer. Electrogratting may be described as the electrochemical

bonding (e.g., electrobonding) of a polymer, and may include immersing a

VSDM in a solution having a dissolved organic precursor. Application of an

appropriate voltage (including a voltage profile) may cause the VSDM to

conduct electrons, which may result in an electrochemical deposition of the
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[0153] FIG 18 illustrates a current-carrying formation fabricated using an
et ching process, according to certain enbodi nents. Exenplary steps are
shown on wbeolialspsosi de of FI G 18, al ong with exenpl aryPstrruseenesson t he
right side of FIG 18. [0154i In step 1800, a contact mask 1610 nay be
applied to a conductor 1802 disposed on a voltage switchable dielectric
material (VSDM 1804, which may be disposed on top of a substrate 1806,

formng a * dluc‘M&? 6%1%9&1 QRQE@EEcegﬁ%Ke V88 del Lags, ?B&n‘?&r;ﬂ%{ﬁe portions

1814 of con tor e exposed to an etchlng solut’i on prevents
etching of regions of conductor 1802 in regions beneath the mask. ML551 In
step 1810, deqierkioafed BodentPMe i mersed in an etching sol ution 1812.

Et ching solution 1812 nay be chosen to el ectrochem cally etch conduct or

1802, of t enoig)i NAnRe@PRIry BRcOShAGE: erfbSdhi2at SRk UhdilQfe BherdiRythHeass
through openi ngs 1640, reachi ng exposed portions 1814. A deposition

sol ution 0 be operated.as an etc solutjon by reversing the sign
Cor "pol ar |ty P S St e A 6B CTROL D RSl Phge 1822
may be applied between el ectrode 1630 and VSDM 1804. Vol tage 1822 nay be

chosen to mmabgmdudopebnéthadrylte @t cdulmiorsalnipiing 2BPanaliidobpt i onal |y t he
circulation of etching solution 1812 through openi ngs 1640, such that

conduct or reater than a
characterlié @@YPB§8§%§2 %F%@¥§%%?Phhygéﬁk%ggﬁn}mﬁgnﬁﬁﬂgy be greater than
a typical etchlng vol t age .0., 1 volt, 3 volts, or 5 volts). The regi ons
of conduct d@utymha@miqﬂ I@é selrBehBoe ek Mawesihe thaw oskingslestrode,
current-carrying formati ons 1824. [0157] In step 1830, contact mask 1610

nmay be remygf.a diRosRRE1EMRRMI WA%mef%%@é‘@fe@Fro&@%erMn&%e@‘?Bwt ed as a
sufficiently thICk | ayer (e.g., several mcrons or nore) that

current-carryi formati on 1824 used as-etch
mgy Bg subject to a voltage prortr? sufﬁment to cause the VSDM to conduct

(e.g., cyclic voltage between -0.1 and -2.6 V/(Ag+-Ag), and cycled (e.g., at a
rate of 100 mV/s) to deposit an organic film (e.g, poly-butylmethacrylate).
[0128] In other embodiments, a poly-methyl-methacrylate (pMMA) film may
be electrografted to a VSDM material by immersing the VSDM in a solution
comprising MMA (e.g., 3.125 mol/L of MMA, 1E-2 mol/L of 4-
nitrophenyldiazonium tetrafluoroborate and 2.5E-2 mol/L of Na-nitrate in
DMF), and subjecting the immersed VSDM to a voltage cycle sufficient to
cause the VSDM to become conductive. An exemplary voltage cycle may
include cycling between -0.1 and -3 V/(Ag+/Ag) at 100 mV/sec to form a
pPMMA layer on the VSDM.

[0129] FIG. 14 illustrates an exemplary method and structure that
incorporates a conductive backplane. In some applications, it may be

advantageous to provide a conductive backplane “beneath” or “behind” a

-50 -



ML581 I n optional step 1840, an additional current-carrying nmaterial 1842
may i ncorporated into current-carrying formation 1824. For exanple, by
exposi ng wonpanissvar ryi ng materi al 1824 to a depositi onprsoiustéionseaz
creating an appropriate voltage between VSDM 1804 and a counterel ectrode in
the solution, an additional current-carrying material 1842 may be deposited
on current-carrying formation 1824. [0159] FIG 19 illustrates a voltage

switchabl e Sosheabe! G1ER £l A iad i e DAL B0 of SAhfifisrywi 1 h di TTerent

characteristic voftages, according to ceftain enbodi nerdts.” Such a
configuration may inprove an ability to fabricate current-carrying
f or mati ons Piecefishisienst(lefieddenad cysprporgling srayctuess drighidiasdssidavi ng
di fferent deposition and/or etching characteristics. For exanple, a first

regi on 1940;588att@GitHL cQRRICOKe BRIGIMR] hROR1iANKS Edrahh emBbaIngGii ¢ material s
having a first characteristic voltage, and a Second region 1950 may i ncl ude

one or nore voltage swi.tchable dielectric terial. ing a second
Oher oct ort ot VB RExadbd R R Rt Se R lng 4TS et o ot mad on f1 st
regi on 1940, or second region 1950, or both regions, according to different

deposi ti on therdnducive badi§ihhel ®h 0 badrycobpordiesiposesr @rio a sabstetuet inve backpl ane
1920, which nmay optionally be disposed on a substrate 1930. [0160] In an

enbodi ment , _ fi i ) I I: t hi ckness
1942 bet veais o R, T e B MAR AL ER A Bt I AT Tono: A
second region 1950 may be characterized by a second thickness 1952 between

conduct i ve dbEdRpmaréfoalbarhaeit Inlstepsidl f.aceclioRe seiilabld dBtectiio161] In certain
enbodi ments, regions 1940 and 1950 rmay al so be characterized by depths 1946

and 1956, rgspeat iZManYay Mg@ﬁosﬁgﬁ Bﬁiaf‘legﬁpaoﬁ(;rﬁbﬁ'&f gl eR% deposition may
i ncl ude i nersing VSDM™1910 in a deposition solution having ions associ at ed

with a material to be deposited. In
bacﬁplane (e.g., by s%in coating).

[0131] In some embodiments, VSDM 1412 may be masked to demarcate
exposed regions for subsequent creation of a current-carrying formation. In
other embodiments, VSDM 1412 may be unmasked. In optional step 1420,
mask 1422 may be applied to VSDM 1412, defining a region 1424 where a
current-carrying formation may be deposited.

[0132] In step 1430, a current carrying formation 1432 may be formed by
depositing a conductive material on the VSDM 1412 (in this example, in
region 1424). In optional step 1440, mask 1422 may be removed.

[0133] A conductive backplane may reduce the distance or thickness of VSDM
through which electrical current passes (e.g., the conductive backplane may
actas a “bus bar”). A conductive backplane may improve (e.g., smooth out
or make more uniform) the current density distribution through the VSDM.

Embodiments without a conductive backplane may require some current
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sonme cases, diffusion of ions fromthe bulk solution to the surfaces of
regions 1940 and 1950 (e.g., down depths 1946 and 1956) may be sl ow enough
that a diwbenamsesobet ween dept hs 1946 and 1956 has an apprascablossces f ect on
the relative deposition and/or etching rates at the respective surfaces. In
sonme enbodi nents, a cyclic voltage may be inposed, and in sonme cases, the
frequency of the cyclic voltage is chosen pursuant to diffusion tines

associ at ed RATEY - i1, hj kPR6y ML621
Deposi tion %%%£¥ﬂ%Fgg%b?ﬂgﬁggggginﬁ%gébggﬁéggQ%Téggseﬁﬂggh may be a pl anar
el ectrode. In certain enbodinments, deposition and/or etching in regions

1940 and 198perraimbedivariits Wil spneliebyes Prykakng ppopiovidedorrestuspde from t he

respective surface to el ectrode 1960. For exanple, first distance 1944 may

charact eri zgs@nt@gtchrbhopastie, %B%@gtﬁ%alkﬁ%eﬁﬂmla?#ﬂsé RQoll£ctrode 1960,
and second di stance 1954 may characterize a length fromthe surface of

region 1950 to el ectrode 1960. [0163] I enbodi nents, first region
1690 oy haHreA Y PR e} ePa Qe P 40 R EHEE bf  second regi on
1950. In sone cases, this difference may be due to different thicknesses of

t he VSDM i nbeelplane éga divectidn @tthogoyatimuibelayedi fference in the field
densities associated with the regions. In sone enbodi nents, a different

VSDM may b ed, i j Lisnt; | ayer may

i ncl ude a 3?%?%9?f§“§$%8%5§%%§$§?#§Xggﬁﬁﬁgegggéﬁand§6m?%&$%§grs). For
exanple, a first VSDM may have a depth equal to second thickness 1952, and
a conbi nat | ¢ansty duringtdeysapa ik se@otidreuSPDNIYIRg [pranation) depmmyequal to first
thi ckness 1942. [0164] Regions having different characteristic voltages may
be fabri catiggBye 8cyRidhafle HNeSDRINYSIet@IN d1O8IsRic thgﬁ]ﬂb@yl ng

different characteristic voltages nay be fabricated by ablating, _
o R A T 32 T T LA A LA AT b A RN S SR

current passes, which may provide for lower resistance as compared to a
VSDM layer not disposed on a conductive backplane. Alternately, a thinner
VSDM layer may be combined with a conductive backplane to yield
properties equivalent to a thicker VSDM layer without a conductive
backplane. A conductive backplane may be metallic (e.g., Cu, Al, TiN); a
conductive backplane may include a conductive polymer.

[0135] FIG. 15 is a diagrammatic illustration of attaching a package, according
to some embodiments. A package may be attached to a current-carrying
formation and/or a voltage switchable dielectric material. The attached
components may be protected (e.g., from dust, moisture and the like) using
the package. A package may provide for improved mechanical properties
(e.g., strength, stiffness, resistance to warping) and/or may improve the ease

with which packaged components may be further processed (e.g., attaching
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photoresist), and a second region may be formed using a second mask. [0165i
FIGS. 20A-Cillustrate the deposition of one or nore current-carrying
formati orwQ 2atiosesbsng to certai n enbodi nents. I n each fiPgEMS20108BDNMBA920 i s
used as an exanple for illustrative purposes only. VSDM 1920 i ncludes a
first region 1940 having a first characteristic voltage, and a second
regi on 1950 having a second characteristic voltage. A current-carrying

formti on mRyube J SIuRd ODGI4LaL hediaRLadhy Sesatheal on 1950, or

bot h regi ons according to erent processing conditions.
[0166i FIG 20A illustrates a structure conprising a first electrical
conduct or 2@enice qopaieefl withyedsrackaggirary homgludederith p Pafkagenduct or 2010 may
be formed, for exanple, by exposing VSDM 1910 to a source of ions

(associ at ediskit IFIGhES CiaBEMes Stdchnfeny Of h pHEGE fib@ @nc@niFdhehe creat ed
bet ween VSDM 1910 and the source of ions that is greater than the

characteristic voltage associated wi.th second region 1950 and | ess than the
char act er i PRy 1 ST SHEIR Ramirion AT dPosi] gha YOHES First region 1940
may remain insulating, while second regi on 1950 becones conducting, and
deposi ti on sveiychableutieloctry norteisS@d608 InetyisevaiPhd) voltetsivitdhable 20B
illustrates a structure conprising a first electrical conductor 2020 forned

Cecond egr SheLBba e IR R B P s AR kBB e, 1 or

exanpl e, by exposing VSDM 1910 to a source of ions (associated with the
conduct or) . 1586sghich geayde diepesed onramyoionel astrdtepl@phebneey8DM 1910 and t he
source of ions that is greater than the characteristic voltages associ ated

with both fihgddirRaiOR phddQe e KeaORfed ) AR rdAQrryRRPRSINhEGR My occur on

both first region 1940 and second regi on 1950.
and/or VSDM without a conductive backplane and/or without a substrate.
[0137] In step 1500, a package 1502 is attached, typically to at least a portion of
the voltage switchable dielectric material 1504 and current-carrying formation
1505. A package may include a polymer, a composite, a ceramic, a glass, or
other material. A package may be insulating. In some embodiments, a
package may include a polymer coating, such as a phenolic, an epoxy, a
ketone (e.g., poly-ether-ether ketone, or PEEK) and/or various materials used
in microelectronics packaging and/or the fabrication of printed wiring boards.
[0138] In optional step 1510, substrate 1508 may be removed. Certain
embodiments include a substrate that is dissolvable, etchable, or meltable. A
substrate may include a wax or other material that melts at temperatures
below 50 Celsius. A substrate may include a metal foil. In certain

embodiments, a decohesion layer may be incorporated at the interface

between the substrate and the conductive backplane (or the VSDM, as the
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[0168i FIG 20C illustrates a structure having a first electrical conductor
2020 fornmed on first region 1940 having a characteristic voltage that is
great er twernotinsosphar act eri stic vol tage associ at ed w t hpseasaaonsegspn 1950.
Such a structure may be forned, for exanple, by selectively etching a
structure fornmed according to FIG 20B. For exanple, electrical conductors
2020 and 2030 may be fornmed by exposing VSDM 1910 to a source of ions

between vesih 1888 Rid TRe ey P AOFRd [ SRS I s el

characteristic volta es a5500|ated with both first region 1940 and second
regi on 19504 deephssionilayermagy webide aprinissrrdiie dyer egi on 1940 and second
regi on 1950, fornlng two (or nore) current-carrying fornations.

Subsequent | yizoel18 GpFibRalstGPTHINCloRtu @30 ¥Ry 1aRE 1506EheY BALdMbIaH. ahched (e. g.,
to the point of its conplete renoval), IeaV|ng electrlcal conductor 2020 as

shown. In sone enbodi nents n to hed reversing the
ol ar 1y of HCAEBENEh GROTBr RGP oSt CHMELSES CodnchrPiFey be assoc! at ed

with current flow through a region. By ch005|ng an etching voltage that is
gr eat er t hamackplne haayaet dsdodtddconaptiedde gagsacappregrimetatidy e bosteme egi on 1950,
but |l ess than the characteristic voltage associated with first regi on 1940,

W oror G coreenar P LR SR Ay e BR ARy R R bR ol s

provi de m cro- CIrCUIt board applications. For exanple smart cards are
credit- cardﬂéYbédgﬁ@%?daménéé¥m6é§hﬁ@W|ﬁgD@ﬁédﬁﬁlﬁﬁthéﬁﬁﬁﬂd@d conput er
chips. A snmart card typically includes a mounted nicro-nenory nodul e and

conductors tfh@fm&lN LR @%}ﬂar@cﬁéaeamear& SRORYYe FRGeR. W th ot her
conponents such as a sensor for detectlng smart card readers. Due to the

size of the smart card, .as well as bhe Si e of th onents enbedded or
mount ed o HY dhapmecaediBeRim Y PUN BRE BE RS HRE BB rat e of ¢ he
smart card al so have to be very small.

substrate, and the substrate may be removed after formation of a current-

carrying formation, and often after having attached a package. In some
embodiments, a VSDM may be disposed on a conductive backplane without a
substrate, and the conductive backplane may be removed after having formed
a current-carrying formation. A decohesion layer may aid removal in these
and other applications.

[0141] FIGS. 16A and 16B illustrate cross section and perspective views
(respectively) of a removable contact mask, according to certain
embodiments. In this example, substrate 1600 having a layer of voltage
switchable dielectric material (VSDM) 1602 is shown, although a contact mask
may be used with a voltage switchable dielectric material without a substrate.
[0142] In some embodiments, a contact mask 1610 includes an insulating foot

1620 and an electrode 1630. Electrode 1630 may connect to one or more
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[0170] In an enbodi nent, a voltage switchable dielectric material is used
for the substrate of a smart card. An electrolytic plating process such as
descri bedvahouasp®eused to produce a pattern of connect ®cs/usaomlssesnar t
card to connect the menory nodule to other conponents. A conductive |ayer
conprising the pattern of connectors is plated onto the surface of the
substrate through a photoresist nmask as descri bed above. By using a voltage
swi t chabl e dj &l i i: an be plated
onto the sulett o At B B mal e e o T " ckness of
t he conductive |ayer on the substrate. [0171] Another mcro-circuit board
appl i cat i onConfastypesk 191@ tyrically ipglades enraer patekersaiasie4Gmhieh Bagr ocessor s
together. The circuit board includes |eads and circuits that enable

hi gh-l evel gospBAm&ahi@Rgathetryees2bhe several processors nounted on the
board so that the processors act substantially as one processing unit.

Addi ti onal conpqnents such a mempry. can al so be u d e circuit
boar d o coltfh Batiecus 16 Proceustpatiel salefrom yS4SPhAG patter ns
are therefore required to preserve processing speed for conmunications that

pass bet weelb02 woswth ammaengrade sear § sedl 0THR jeaksl migidns prf ¥GDdMIs6@Hredi nent s,
such as the enmbodiments directed to smart cards, the mcro-circuit board

also inclu ty - .4 val e i {: I ielectric

mat eri al . igﬁﬁﬁgﬁggéFgﬁgﬁgégép?@wééggggﬁe E%n éﬂﬁﬁgﬁgﬁﬁgtggﬁéﬁto define a
pattern for selected regions of conductive material to be subsequently
deposi t ed. Maslel@8mai ha presssrlogeist VEDYs 8eP2t d ypicatle inording fopeé material in
sel ected regions according to a pattern to interconnect processors

subsequent | 5ot R Rcibh®y &k Sl HRARGAacT 19%313161691%@5@;5 aQé’@oﬁ%y ant age

provi ded by using voltage switchable dielectric materials is that
conductive ] ayers can be nade wi.th reduced thicknesses not her advant age
is that pl aYglﬁM F0R dRRen Ty ahan & p AHTERE RS FrRSIBFS S @Q‘ esa

portion 1650 of VSDM 1602 upon which a current-carrying formation may be
formed.

[0144] Insulating foot 1620 may separate electrode 1630 from VSDM 1602 by a
distance 1660. Distance 1660 may be less than 1cm, 5mm, Imm, or even less
than 500 microns. Insulating foot 1620 may also support electrode 1630
substantially parallel to VSDM 1602, which may improve the uniformity of
current-density (e.g., during deposition) through portion 1650. Insulating foot
1620 may be fabricated from a variety of ceramic, polymer, or other insulating
materials, such as polyimide, poly-tetrafluoroethylene, latex, photoresist
materials, epoxy, polyethylene, and spin-on polymers. In some
embodiments, an intermediate layer may be used to improve adherence

and/or sealing of an insulating foot to an electrode. In some embodiments, an
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steps reduces manufacturing costs for the mcro-circuit board. Still

anot her advantage is that a mcro-circuit board can be devel oped to have
conduct i weoebawmsegtos f orned from nore than one type of cendastéewessat eri al
This is particularly advantageous for interconnecting processors on one
mcro-circuit board because material requirenents of the conductors may
vary for each processor, depending on the quality, function, or position of

each pr oCcessQlmchflic BXBIRLE beRLOFESRAND.OLedile MRS AGLLAUL b fpard that are

exposed to the environnment” may require nore e conductive el ements,
for exanple nmade fromnickel, to withstand tenperature fluctuations and
extrenes. Vipeyledsg 9sioe&SEW. for handl i ng nmore conputational |y denandi ng
functions, and | ocated away fromthe environnment, can have contacts and

| eads for megisbr @pehinBt1®ud alayWetddnfigitiedhslex &S%Cdn@io@@hor@?aﬁa&{sil\sstpy such as
gold or silver. 4. Magnetic %Ennry %EVICE [0174] In another application, a

substrate is integrated into a nory devi. t hat includes a plurality of
ronory cel |03 BN fenbayRcgr PARRRdans RayhCuring sighereoint or i al . The

orientation of a magnetic field of the |layer of the magnetic materi al
stores a datihlboitmatitimeof rienreyt-catryisgatracace eBsetatpleldepoditicah | eads.
Vol tages applied to the nenory cells via the electrical |eads are used to

A AT R E R T
set and to be read.
copper ions. Typically, openings 1640 are sufficiently large and/or plentiful
that a deposition fluid may be supplied “continuously” or fast enough that
the supply of deposition fluid does not limit deposition.
[0146] Electrode 1630 may be fabricated from a suitably conductive material.
In some embodiments, electrode 1630 may include a metal foil, such as a Ti,
Pt, or Au foil. Contact mask 1610 may also include additional materials, such
as layers that improve mechanical properties, layers that improve adherence,
layers that improve deposition quality and the like. Electrode 1630 and
insulating foot 1620 may each comprise a plurality of materials. In certain
embodiments, a die (not shown) having a pattern (e.g., that matches the shape
of portions 1650) is used to apply uniform pressure to a “top” side of contact
mask 1610.
[0147] Formation of one or more current-carrying formations may include

electrochemical deposition, and in some cases, may include electrochemical

pattern replication (ECPR) as described in U.S. patent application publication
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[0175] In an enbodi nent of the invention, the substrate used in the nmenory
device is fornmed froma voltage swtchable dielectric material. A first
nonconducwowvell@ayses i s deposited and patterned on the swehItusatie/os4sszief i ne
regions where the |ayer of nagnetic material is to be fabricated. A first
el ectrolytic process, as described above, is used to plate the | ayer of
magnetic material on the substrate. The electrolytic process, for exanple,

can De_used. fodl e ofs A0t nRamm (RAch i IR ASEgchaYer of manetic

mat eri al . a second non-conductive | ayer osited and
masked on the substrate to define regions where the electrical |leads are to
be | ocat ed.reree€ond el ectrol ytic process is then used to plate the

el ectrical leads. 5. Stacked Menory Devices [0176] Under still another

enbodi nment , pasMHAIG] tBMDSEARS aeﬁ&mwomar%ﬂcaﬁvyu%aﬁa@ﬁ@ﬂ wrfaih by of
substrates each forned froma voltage switchable dielectric material. The

substrates are stackedfand are eleglricalIépinﬁgrconnecged u;jng one or
more vias. AETONSMTYE fRireRiions agopgding to pertyip sibodimaits EXCPRRY a

current-carrying |layer by an electrolytic process. Several advantages are
appar ent undeps ihhi depesibiod iprediss afe shheni anvidntéfoside ShEICuildsaloanwiid pl at ed
during a fabrication step with one or nore of the current-carrying

formati ons égﬁﬂﬁgy%ﬁukﬂﬁe§8ﬁﬁ@ﬁﬁgﬁEFknﬁIﬁéSE£CtiVe substrates. The plating
the [ 0 '

on the surface'o vias is a €ss expensive to produce and nore
reliable than plated vias produced by previous nmethods, such as by seeding
t he surface8148f Inkepi7ae contagsmagk HlRevaylesap@iedrpaxvaliage sivitciRbdg d Devi ces

dielectric material (VSDM) 1710 to form a “sandwich” 1720. Sandwich 1720
may optionally include a substrate 1712. Typically, VSDM 1710 and substrate
1712 may be planar and sufficiently stiff that contact mask 1610 may be
sealingly attached to VSDM 1710. Typically, contact mask 1610 is removably
attached to VSDM 1710, for example using a clamp or other means of
applying pressure.

[0150] In step 1730, sandwich 1720 may be immersed in a fluid 1732 that
provides a source of ions associated with a current-carrying material. In some
embodiments, fluid 1732 may be a plating solution. For example, a solution
having copper ions may be used to fabricate a copper current-carrying
formation, with metallic copper forming the electrical conductor of the
formation. Fluid 1732 may be circulated and/or agitated such that it passes
through openings 1640, exposing portions 1650 to the fluid.

[0151] In step 1740, a voltage 1742 may be created between electrode 1630 and

VSDM 1710. Typically, voltage 1742 is larger (in magnitude) than a
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[0177] Yet another enbodi nent of the invention provides flex circuit board
devices. Flex circuit boards generally include a high density of electrical
| eads andwocanpasesebs. Unfortunately, increasing the dengcoyusedio@bssstri cal
and conductive elenents can dimnish the speed and/or capacity of the flex
circuit board. Enbodi nents of the invention provide a flex circuit board

t hat advant ageously uses a voltage switchable dielectric material to

increase th I t pahentgoon the flex
circuit bod?ﬁgﬁ?%%%ﬁvg[l%Jgggﬁ&%ﬁgg ggﬁgpgg%c%#%ggltlon o] a vol t age
switchable dielectric material is selected and nolded into a flexible and
thi n ci r cui ¢ongesisguIant erdestvoltaget’42s Viphtage FHfednentaise Relepagsenat e to
define finely spaced regi ons, as above. A voltage exceeding the

characteri s§ &Lﬁrré&ﬁlctaﬁ?&gofﬁ)rﬁ’lﬂﬁorpﬁﬂ’ﬂl dib@tiod abs@yBuRMI7Be haRi e diel ectric
material is applied fo the voltage switchable dielectric material and a

current-carrying . fqormation i s p form s and contacts in the
Finely. spacellshburaies. vioppefingy ) uliseOUrvad B shRERSEIE 68 of ectr i c
material, current-carrying precursors are deposited directly on the surface

of the subsformbtgont platearumifoamlyurrent-carrying formation. This allows the
current-carrying formation to have a reduced thickness in conparison to

previ ous fl [.%2]0'1{1%?%? 7@9%%%3%@{{&9@ 10%3:}9}5%]&94%d the respective electrical

and conductive e s on e sur ace I'ex circuit board can be
thinner and spaced nore closely together. An application for a flex circuit
board undererabodirisat meprtagfmeadkempybera-hens fonsiuldple deppsitiars. Head for an i nk
jet style printer. Thus, the use of a voltage switchable dielectric

mat eri al e%@éniv&ﬁnfe‘n%x a %rtgge ItnaPQ%H i1 pAYetoRIrkerbioR&)f Ynspaced
el ectrical conponents and S resul tlng in increased printing resolution

fromthe prj ead. 7 adi o, Frequenc RFI D) [0180] Yet anot her
enbodi nent XQBVH%HFW¢§WF drtogh %Pﬁ@€§ Q%I §“n?ﬁmﬁﬁag@ﬂ§ﬁﬁ ‘di ments the
nmet hod of the invention can al so be used to fabricate antennas and ot her
circui try oapigdsiottagemalyde niRhdimsduvidllageeds 3D/ @ppdd aakk bas.

Additionally, a layer of a voltage switchable dielectric material can be

used as an 524G 3 r%l()'lvg‘&] brom the plating solution.

[0153] FIG. 18 illustrates a current-carrying formation fabricated using an
etching process, according to certain embodiments. Exemplary steps are
shown on the left side of FIG. 18, along with exemplary structures on the right
side of FIG. 18.

[0154] In step 1800, a contact mask 1610 may be applied to a conductor 1802
disposed on a voltage switchable dielectric material (VSDM) 1804, which may
be disposed on top of a substrate 1806, forming a “sandwich” 1808. Contact
mask 1610 defines one or more portions 1814 of conductor 1802 to be exposed
to an etching solution, and prevents etching of regions of conductor 1802 in

regions beneath the mask.
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Conclusion [01811 In the foregoing specification, the invention is
described with reference to specific enbodi nents thereof, but those skilled
i n the arwownilossseeogni ze that the invention is not |imPCedSkéeneics?
Various features and aspects of the above-described invention may be used
individually or jointly. Further, the invention can be utilized in any
nunber of environments and applications beyond t hose descri bed herein

wi thout denis 18 sLoE0fb enBRASDS Sl iclinARd-SP ARG Alnbheomeegl {1 cati on

The specification a rawm ngs are, cor gar

Il lustrative rather than restrictive. It mnll e recognlzed t hat the ternms
"conpri si ngl812" Ebingsohgtion Hd mayake digsen tpsele@eshpmiaily ety e specifical |y
i ntended to be read as open-ended terns of art. CLAINMS

conductor 1802, often using an applied voltage. Etching solution 1812 may
pass through openings 1640, reaching exposed portions 1814. A deposition
solution may also be operated as an etching solution by reversing the sign (or
polarity) of the applied voltage.

[0156] In step 1820, a voltage 1822 may be applied between electrode 1630 and
VSDM 1804. Voltage 1822 may be chosen to match a composition of etching
solution 1812 and optionally the circulation of etching solution 1812 through
openings 1640, such that conductor 1802 may be etched. Typically, voltage
1822 is greater than a characteristic voltage associated with VSDM 1804,
which may be greater than a typical etching voltage (e.g., 1 volt, 3 volts, or 5
volts). The regions of conductor 1802 remaining unetched may become one or
more current-carrying formations 1824.

[0157] In step 1830, contact mask 1610 may be removed. In some
embodiments, conductor 1802 may be deposited as a sufficiently thick layer
(e.g., several microns or more) that current-carrying formation 1824 may be
used as-etched.

[0158] In optional step 1840, an additional current-carrying material 1842 may
incorporated into current-carrying formation 1824. For example, by exposing
current-carrying material 1824 to a deposition solution and creating an

appropriate voltage between VSDM 1804 and a counterelectrode in the
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What is clainmed is: 1. A nethod for fabricating a current-carrying
formation, the nethod conprising: providing a | ayer of a voltage

swi t chablwodnalmsesosi ¢ material, the |ayer including a fipcstuse@giosssshavi ng a
first characteristic voltage and a second region having a second
characteristic voltage greater than the first characteristic voltage;
exposi ng the voltage swtchable dielectric naterial to a source of ions

associ at ed i A S8R Pl S ONIHGHRY material 184264 Rifd byt vol tage

bet ween th ayer an e source o |rst vo tage greater than

the first characteristic voltage and | ess than the second characteristic
vol t age; an@urent-carrying formation 1824.

[0159] FIG. 19 illustrates a voltage switchable dielectric material (VSDM) 1910
having regions with different characteristic voltages, according to certain
embodiments. Such a configuration may improve an ability to fabricate
current-carrying formations in different regions. VSDM 1910 may have
regions having different deposition and/or etching characteristics. For
example, a first region 1940 may include one or more voltage switchable
dielectric materials having a first characteristic voltage, and a second region
1950 may include one or more voltage switchable dielectric materials having a
second characteristic voltage. A current-carrying formation may be formed on
tirst region 1940, or second region 1950, or both regions, according to different
deposition conditions. VSDM 1910 may be disposed on a conductive
backplane 1920, which may optionally be disposed on a substrate 1930.

[0160] In an embodiment, first region 1940 may be characterized by a first
thickness 1942 between conductive backplane 1920 and the surface of region
1940. A second region 1950 may be characterized by a second thickness 1952
between conductive backplane 1920 and the surface of region 1950.

[0161] In certain embodiments, regions 1940 and 1950 may also be
characterized by depths 1946 and 1956, respectively. Under certain
deposition conditions, deposition may include immersing VSDM 1910 in a

deposition solution having ions associated with a material to be deposited. In
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depositing the electrical conductor on the first region. 2. The method of
claim1, wherein the layer is provided on a conductive backpl ane. 3. The
nmet hod ofwol2aimsdseéher ei n t he vol tage sw tchabl e di el eccrawsewEb@sicat in t he
first region has a first thickness and the voltage switchable dielectric
material in the second region has a second thickness. 4. The nethod of
claim1, wherein the electrical conductor is not deposited on the second

region undeg, a;ﬁé‘&s@é Frusi Rl SA8Rs fri:r? RO 8 MBI Plo Rl IrRlCLS o);\ltkeggcﬁtn any of

the first an secon regions I nc es two or nore vo t age abl e

dielectric nmaterials.
1940 and 1950 (e.g., down depths 1946 and 1956) may be slow enough that a

difference between depths 1946 and 1956 has an appreciable effect on the
relative deposition and/or etching rates at the respective surfaces. In some
embodiments, a cyclic voltage may be imposed, and in some cases, the
frequency of the cyclic voltage is chosen pursuant to diffusion times
associated with diffusion of ions within depths 1946 and 1956.

[0162] Deposition may include the use of an electrode 1960, which may be a
planar electrode. In certain embodiments, deposition and/or etching in
regions 1940 and 1950 may be modified by choosing an appropriate distance
from the respective surface to electrode 1960. For example, first distance 1944
may characterize a length from the surface of region 1940 to electrode 1960,
and second distance 1954 may characterize a length from the surface of region
1950 to electrode 1960.

[0163] In some embodiments, first region 1940 may have a ditferent
characteristic voltage than that of second region 1950. In some cases, this
difference may be due to different thicknesses of the VSDM in each region,
which may cause a difference in the field densities associated with the
regions. In some embodiments, a different VSDM may be used in each
region. In some embodiments, a VSDM layer may include a plurality of

VSDM materials (e.g., arranged in layers). For example, a first VSDM may
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6. The nethod of claim1l, wherein the electrical conductor includes any of
Cu, Al, Ti, Ag, Au, and Pt. 7. The nethod of claim1l, wherein depositing
i ncl udes wbeotwidgdoat i ng. 8. The method of claiml, wherecm/ush@ofs4682
voltage includes a cyclic voltage. 9. The nethod of claim 1, wherein the
first voltage is between 2 and 50 volts. 10. The nethod of claim9, wherein
the first voltage is between 5 and 20 volts.

have a depth equal to second thickness 1952, and a combination of first VSDM

and second VSDM may have a depth equal to first thickness 1942.

[0164] Regions having different characteristic voltages may be fabricated by

stamping or other physical forming. Regions having different characteristic

voltages may be fabricated by ablating, laser-ablating, etching, or otherwise

removing material. A first region may be formed using a first mask (e.g., a

photoresist), and a second region may be formed using a second mask.

[0165] FIGS. 20A-C illustrate the deposition of one or more current-carrying

formations, according to certain embodiments. In each figure, VSDM 1920 is

used as an example for illustrative purposes only. VSDM 1920 includes a first

region 1940 having a first characteristic voltage, and a second region 1950

having a second characteristic voltage. A current-carrying formation may be

formed on first region 1940, or second region 1950, or both regions 1940 and

1950, according to different processing conditions.

[0166] FIG. 20A illustrates a structure comprising a first electrical conductor

2010, formed on second region 1950. Electrical conductor 2010 may be

formed, for example, by exposing VSDM 1910 to a source of ions (associated

with the conductor). A voltage difference may be created between VSDM

1910 and the source of ions that is greater than the characteristic voltage

associated with second region 1950 and less than the characteristic voltage

associated with first region 1940. First region 1940 may remain insulating,
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11. The method of claim 1, further conprising: creating a second vol tage
between the | ayer and the source of ions, the second voltage greater than
t he firstwendiigsessnd characteristic voltages; and deposipCirnug2eioesaBect ri cal
conductor on the first and second regions. 12. A nethod for fabricating a
current-carrying formation, the nethod conprising: providing a | ayer of a
vol tage switchable dielectric material, the layer including a first region

novt 0,2, e SAFRATLAL) SR 06 BN2 SERRARERL A, B 2 seoond
only on second region 1950.
[01671 FIG. 20B illustrates a structure comprising a first electrical conductor
2020 formed on first region 1940 and a second electrical conductor 2030
formed on second region 1950. Electrical conductors 2020 and 2030 may be
formed, for example, by exposing VSDM 1910 to a source of ions (associated
with the conductor). A voltage difference may be created between VSDM
1910 and the source of ions that is greater than the characteristic voltages
associated with both first region 1940 and second region 1950. Deposition
may occur on both first region 1940 and second region 1950.
[0168] FIG. 20C illustrates a structure having a first electrical conductor 2020
formed on first region 1940 having a characteristic voltage that is greater than
the characteristic voltage associated with second region 1950. Such a
structure may be formed, for example, by selectively etching a structure
formed according to FIG. 20B. For example, electrical conductors 2020 and
2030 may be formed by exposing VSDM 1910 to a source of ions (associated
with the conductor). A voltage difference may be created between VSDM
1910 and the source of ions that is greater than the characteristic voltages
associated with both first region 1940 and second region 1950. Deposition
may occur on both first region 1940 and second region 1950, forming two (or
more) current-carrying formations. Subsequently, electrical conductor 2030

may be preferentially etched (e.g., to the point of its complete removal),
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exposing the voltage switchable dielectric materi al

associ at ed

and second

to a source of

i ons

with an el ectrical conductor; creating a first voltage between
t he | ayerwendiidsesosour ce of ions, the first voltage greacemstéansiehe first

characteristic voltages; and depositing the el ectrical

conduct or

on the first and second regions. 13. The nethod of claim 12, further

conpri si ng

etching the electrical conductor fromthe first region

14. The

et hod of otk Lk LR R S0RPEAN i Ol b finfhid §asT @ por tion of
cal ¢o ng.

the el ectri

nductor after etchi

conductor may be etched by reversing the polarity of a deposition voltage. In
such cases, etching may be associated with current flow through a region. By
choosing an etching voltage that is greater than the characteristic voltage
associated with second region 1950, but less than the characteristic voltage
associated with first region 1940, preferential etching associated with second
region 1950 may be achieved.

3. Micro-Circuit Board Applications

[0169] Embodiments of the invention also provide micro-circuit board
applications. For example, smart cards are credit-card size substrate devices
having one or more embedded computer chips. A smart card typically
includes a mounted micro-memory module and conductors for
interconnecting the micro-memory module with other components such as a
sensor for detecting smart card readers. Due to the size of the smart card, as
well as the size of the components embedded or mounted to the smart card,
conductive elements on the substrate of the smart card also have to be very
small.

[0170] In an embodiment, a voltage switchable dielectric material is used for
the substrate of a smart card. An electrolytic plating process such as
described above is used to produce a pattern of connectors on the smart card
to connect the memory module to other components. A conductive layer

comprising the pattern of connectors is plated onto the surface of the
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15. The nmethod of claim 12, further conprising: -73 - creating a
second voltage between the | ayer and the source of ions, the second voltage
great er twerrotisodosr st characteristic voltage and | ess trhanstée/nsssond
characteristic voltage, the second voltage having a polarity that induces
an etching of the deposited electrical conductor; and etching the

el ectrical conductor fromthe first region. 16. The nmethod of claim 15,

wherein the u%@&%%{]%%h%%l{o%l%él@tsm%k L ERSLriBe LB OBy Usid v Silpet 1T cal

conduct or ter

switchable dielectric material, the pattern of connectors can be plated onto the
substrate without having to etch. This can reduce the thickness of the
conductive layer on the substrate.

[0171] Another micro-circuit board application includes a circuit board that
packages two or more processors together. The circuit board includes leads
and circuits that enable high-level communications between the several
processors mounted on the board so that the processors act substantially as
one processing unit. Additional components such as a memory can also be
mounted to the circuit board to communicate with the processors. Fine
circuitry and lead patterns are therefore required to preserve processing
speed for communications that pass between two or more processors.

[0172] As with previous embodiments, such as the embodiments directed to
smart cards, the micro-circuit board also includes a substrate formed from a
voltage switchable dielectric material. A fine resist layer is patterned onto the
substrate to define a pattern for selected regions of conductive material to be
subsequently deposited. An electrolytic process is used to plate conductive
material in selected regions according to a pattern to interconnect processors
subsequently mounted to the circuit board.

[0173] Again, one advantage provided by using voltage switchable dielectric
materials is that conductive layers can be made with reduced thicknesses.

Another advantage is that plating conductive material with fewer fabrication
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17. The method of claim 12, wherein the layer is provided on a conductive
backpl ane. 18. The nethod of claim 12 wherein the voltage sw tchable
di el ectriwormtigrspsb in the first region has a first thi ekmassoansicshe
vol tage switchable dielectric material in the second region has a second
t hi ckness. 19. The nethod of claim 12, wherein any of the first and second
regions includes two or nore voltage switchable dielectric materials.

steps reduces manufacturing costs for the micro-circuit board. Still another

advantage is that a micro-circuit board can be developed to have conductive

elements formed from more than one type of conductive material. This is

particularly advantageous for interconnecting processors on one micro-circuit

board because material requirements of the conductors may vary for each

processor, depending on the quality, function, or position of each processor.

For example, processors of the micro-circuit board that are exposed to the

environment may require more durable conductive elements, for example

made from nickel, to withstand temperature fluctuations and extremes.

Whereas a processor for handling more computationally demanding

functions, and located away from the environment, can have contacts and

leads formed from a material with a higher electrical conductivity such as

gold or silver.

4. Magnetic Memory Device

[0174] In another application, a substrate is integrated into a memory device
that includes a plurality of memory cells. Each memory cell includes a layer
of a magnetic material. The orientation of a magnetic field of the layer of the
magnetic material stores a data bit. The memory cells are accessed by
electrical leads. Voltages applied to the memory cells via the electrical leads

are used to set and to read the orientations of magnetic fields. Transistors
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20. The nethod of claim 12, wherein the electrical conductor includes any
of Cu, Al, Ti, Ag, Au, and Pt. WD 2011/059806PCT/ US2010/ 054682 21. The
met hod ofwol2aimsdds wherei n depositing includes el ectropCaitisago/02482 The
met hod of claim 12, wherein the first voltage includes a cyclic voltage.

mounted to, or formed in, the substrate are used to select the memory cells to
be set and to be read.

[0175] In an embodiment of the invention, the substrate used in the memory
device is formed from a voltage switchable dielectric material. A first non-
conductive layer is deposited and patterned on the substrate to define regions
where the layer of magnetic material is to be fabricated. A first electrolytic
process, as described above, is used to plate the layer of magnetic material on
the substrate. The electrolytic process, for example, can be used to plate a
cobalt-chromium (CoCr) film as the layer of magnetic material. Similarly, a
second non-conductive layer may be deposited and masked on the substrate
to define regions where the electrical leads are to be located. A second

electrolytic process is then used to plate the electrical leads.

5. Stacked Memory Devices

[0176] Under still another embodiment, a multi-substrate memory device
includes a plurality of substrates each formed from a voltage switchable
dielectric material. The substrates are stacked and are electrically
interconnected using one or more vias. As shown by FIGS. 5 and 7, the vias
are plated with a current-carrying layer by an electrolytic process. Several
advantages are apparent under this embodiment of the invention. The vias
can be plated during a fabrication step with one or more of the current-

carrying formations formed on the surface of the respective substrates. The
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23. The nethod of claim 15, wherein the second voltage includes a cyclic
vol tage. 24. A structure conprising: a conductive backpl ane; a voltage
swi t chablwodnalsesosi ¢ mat eri al di sposed on the conducti yeThmsekploatse2 t he
vol tage switchable dielectric material having a first region with a first
characteristic voltage and a second region with a second characteristic
vol tage; and one or nore conductors deposited on any of the first and

second regi PA8ing on the surface of the vias is also less expensive to produce and more

reliable than plated vias produced by previous methods, such as by seeding

the surfaces of the vias or using adhesives.

6. Flex Circuit Board Devices

[0177] Yet another embodiment of the invention provides flex circuit board
devices. Flex circuit boards generally include a high density of electrical leads
and components. Unfortunately, increasing the density of electrical and
conductive elements can diminish the speed and/or capacity of the flex circuit
board. Embodiments of the invention provide a flex circuit board that
advantageously uses a voltage switchable dielectric material to increase the
density of electrical and conductive components on the flex circuit board.
[0178] Under an embodiment, a composition of a voltage switchable dielectric
material is selected and molded into a flexible and thin circuit board. A resist
layer is patterned onto the substrate to define finely spaced regions, as above.
A voltage exceeding the characteristic voltage of the particular voltage
switchable dielectric material is applied to the voltage switchable dielectric
material and a current-carrying formation is plated to form leads and contacts
in the finely spaced regions.

[0179] By using a voltage switchable dielectric material, current-carrying
precursors are deposited directly on the surface of the substrate to form the

current-carrying formation. This allows the current-carrying formation to
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have a reduced thickness in comparison to previous flex circuit board devices.
Accordingly, the respective electrical and conductive elements on the surface
of the flex circuit board can be thinner and spaced more closely together. An
application for a flex circuit board under an embodiment of the invention
includes a print head for an ink jet style printer. Thus, the use of a voltage
switchable dielectric material enables the flex circuit board to have more
finely spaced electrical components and leads resulting in increased printing

resolution from the print head.

7. Radio Frequency ID (RFID) Tags

[0180] Yet another embodiment of the invention provides RFID tags. In these
embodiments the method of the invention can also be used to fabricate
antennas and other circuitry on substrates for RFID and wireless chip
applications. Additionally, a layer of a voltage switchable dielectric material

can be used as an encapsulant.

Conclusion

[0181] In the foregoing specification, the invention is described with reference
to specific embodiments thereof, but those skilled in the art will recognize that
the invention is not limited thereto. Various features and aspects of the
above-described invention may be used individually or jointly. Further, the

invention can be utilized in any number of environments and applications
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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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CLAIMS

What is claimed is:
1. A method for fabricating a current-carrying formation, the method
comprising:

providing a layer of a voltage switchable dielectric material, the layer
including a first region having a first characteristic voltage and a second
region having a second characteristic voltage greater than the first
characteristic voltage;

exposing the voltage switchable dielectric material to a source of ions
associated with an electrical conductor;

creating a first voltage between the layer and the source of ions, the
first voltage greater than the first characteristic voltage and less than the
second characteristic voltage; and

depositing the electrical conductor on the first region.

2. The method of claim 1, wherein the layer is provided on a conductive

backplane.

3. The method of claim 1 wherein the voltage switchable dielectric material in

the first region has a first thickness and the voltage switchable

dielectric material in the second region has a second thickness.
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4. The method of claim 1, wherein the electrical conductor is not deposited on

the second region under the first voltage.

5. The method of claim 1, wherein any of the first and second regions

includes two or more voltage switchable dielectric materials.

6. The method of claim 1, wherein the electrical conductor includes any of

Cu, Al, Ti, Ag, Au, and Pt.

7. The method of claim 1, wherein depositing includes electroplating.

8. The method of claim 1, wherein the first voltage includes a cyclic voltage.

9. The method of claim 1, wherein the first voltage is between 2 and 50 volts.

10. The method of claim 9, wherein the first voltage is between 5 and 20 volts.

11. The method of claim 1, further comprising:

creating a second voltage between the layer and the source of ions, the

second voltage greater than the first and second characteristic voltages; and

depositing the electrical conductor on the first and second regions.
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12. A method for fabricating a current-carrying formation, the method
comprising:
providing a layer of a voltage switchable dielectric material, the layer
including a first region having a first characteristic voltage and a
second region having a second characteristic voltage greater than the
tirst characteristic voltage;
exposing the voltage switchable dielectric material to a source of ions
associated with an electrical conductor;
creating a first voltage between the layer and the source of ions, the
tirst voltage greater than the first and second characteristic voltages;
and

depositing the electrical conductor on the first and second regions.

13. The method of claim 12, further comprising etching the electrical

conductor from the first region.

14. The method of claim 13, wherein the second region retains at least a

portion of the electrical conductor after etching.

15. The method of claim 12, further comprising;:
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creating a second voltage between the layer and the source of ions, the
second voltage greater than the first characteristic voltage and less than the
second characteristic voltage, the second voltage having a polarity that
induces an etching of the deposited electrical conductor; and

etching the electrical conductor from the first region.

16. The method of claim 15, wherein the second region retains at least a

portion of the electrical conductor after etching.

17. The method of claim 12, wherein the layer is provided on a conductive

backplane.

18. The method of claim 12 wherein the voltage switchable dielectric material

in the first region has a first thickness and the voltage switchable

dielectric material in the second region has a second thickness.

19. The method of claim 12, wherein any of the first and second regions

includes two or more voltage switchable dielectric materials.

20. The method of claim 12, wherein the electrical conductor includes any of

Cu, Al, Ti, Ag, Au, and Pt.
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21. The method of claim 12, wherein depositing includes electroplating.

22. The method of claim 12, wherein the first voltage includes a cyclic

voltage.

23. The method of claim 15, wherein the second voltage includes a cyclic

voltage.

24. A structure comprising;:
a conductive backplane;
a voltage switchable dielectric material disposed on the conductive
backplane, the voltage switchable dielectric material having a first
region with a first characteristic voltage and a second region with a
second characteristic voltage; and
one or more conductors deposited on any of the first and second

regions.
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