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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.



Jo21Current-carrying structures are generally fabricated by subjecting a
substrate to a series of manufacturing steps. Exanples of such

current - c¥ORYiMGIwLr uctures i nclude printed circuit boaPd3/USPeL0OE4569 Wi ri ng
boards, backpl anes, and other mcro-electronic types of circuitry. The
substrate is typically a rigid, insulative material such as

epoxy-i npregnated glass fiber lamnate. A conductive material, such as
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pl anes. Jo31Some prior art current-carrying I ces are actured by

| ayering a conductive material over a substrate. A mask |ayer is deposited
on the cond®@ésk kager igyabsequsbsieovaddegensladpdigrnehayered e i ng pattern
exposes sel ect regions where conductive nmaterial is to be renoved fromthe
substrate. conductive material on the surface of the substrate. In other prior art

processes, an electroless process is used to deposit conductive lines and pads
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
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The conductive |ayer is renoved fromthe select regions by etching. The
mask | ayer is subsequently renoved, |eaving a patterned |ayer of the
conduct i weOreatierspEll on t he surface of the substrate. | nPoThSROWOF469 ar t
processes, an electroless process is used to deposit conductive |ines 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 form palieldifeales GROMUAN bifvdch RS v AL dnRR0Rduc EmfQriffaxi m ze avai [able
circuitry inalimte ootprint, substrate devices sonetines enpl oy

mul tiple substrates, or use both surfaces of one substrate to include
conponentrwﬁ&ﬁwnéﬁiEU®¥PV% The result in either case is that nmultiple
substrate surfaces in one device need to be interconnected to establish
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surfaces. In sone devices, sleeves or vias provided with conductive

| ayeri ng extend. Gh ough the substrate . ta connect. the nultiple surfaces. In
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i nterconnect one surface of that substrate to a surface of another
substrate. pmtdchbs. Begausaot thegelactroal rdsistlace prasiradd, itshe chataialeae

el ectrical conponents and circuitry on two surfaces of the sane substrate,
or on surf f1. di - e vi a
our faces. arsoeny ik Ablee SHBRLHAE Yor clalptl T MR R ARTRER AR | Ve
material followed by an electrolytic process. In other processes, adhesives
are used t oOraRAVERIIFUERRRd derPidiEnghnteltiage syichable diglechiiesateripls arpiese devi ces,
t he bond between the vias and conductive material is mechanical in nature.

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.



[06] Certain materials, referred to bel ow as voltage swi tchable dielectric
mat eri als, have been used in prior art devices to provide over-voltage
prot ecti oNO 2Bao@oEe of their electrical resistance prop@CTitisg)ionhsse
materials are used to dissipate voltage surges from for exanple,

|l i ghtning, static discharge, or power surges. Accordingly, voltage
switchable dielectric materials are included in sone devices, such as
printed circuit boards. In these dayGfary2 Vol tage switchable dielectric
material is inserted between conductive elenments and the substrate to
provi de over-voltage protection UMVAR 7] Various enbodi nents include
a net hod fo[P7lfaﬁqu@alﬁﬁﬁ‘@oéﬂéﬁﬂtﬁémlu%?Wihﬁ@[ﬁoéf%‘?élcﬁ%lﬁgaSéVélﬂtal enbodi nent s
address fabricating formations on or with a Voltage Switchable Dielectric

Material (V@PMing ArivaBih "By drilGnsiRlidefRaaedse Fitsidafny @l rhagiens WROSe
magni t ude deflnes a threshold bel ow which the VSDM is substantially
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el ectricall

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.



[8] A method may include providing a conductive backplane, form ng a | ayer
of VSDM on at |east a portion of the conductive backpl ane, and depositing
an el ect rwoabiwseomducti ve naterial on at | east a porti @eaTafS2al0e54569 t age
switchable dielectric material. A conductive backpl ane may include a netal,
a conductive conpound, a polymer and/or other materials. In sonme cases, a
conductive backpl ane may include a substrate. In certain enbodi nents, a

conductive g s l;i’{'ar%%?;féaﬁ#a%@d Bg% d%gol%sﬁ)llllqg;t{x%ﬂiﬁoosé@bm nt@3€s, 4

substrate may ter deposition Deposition may include
el ectrochem cal deposition, and may include creating a voltage greater than
a char act eringteriglsyshesssepaebhiéy he eesitidt h t he VDSM causing current to flow
and deposition and/or etching to occur. [on] In certain enbodi nents, a

package (e.@y anRem¥@RIHodiBYnbe AkiReneethirdedpMeiMngnd/snvassoci at ed
current-carrying formations. In sone cases, corrponents (e. g , a substrate)

may be renoyed after .attachin ack Renov C|I|tated by a
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desired. [on] In sone enbodinents, a nethod conprises providing a VSDM

deposi ti ng dpositingranmadicainkon atyleastarpoation ebide imtepoedin@lapdr. tAre VSDM and
depositing a material on at least a portion of the internediate |ayer. An

| nt et rodi 3t UG TR el TR NS AANGRERGR FEGAANLEHopBEARSALLAS ol eotri ca

properti es, | at' € aye

controlled rel ease or decohesion. An internediate | ayer may include a

di ffusi on betiopeeies, ang e hike c Aodstermadiaf lay erenpapeovids/ & ajcongePedi t ed on a
VSDM and an additional material (e.g., a polyner and/or electrical

conduct or) jefealePosdbRELION Ah 1ﬁt@ﬁ§&d1§teﬂ§;5ér'rﬂ£y phiddee diftsoRedidie | ayer. An
insulating material (e.g., a polyner) be dep05|ted on an |nterrred| ate
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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.



[012] In sone enbodi nents, a nethod conprises providing a substrate having
a VSDM and depositing a current-carrying material on at |east a portion of
t he VSDMw@ 2paadisatye may be attached to at | east a porti eaTafS24108588DM
and/or at |east a portion of the current-carrying formation. A package may
i nclude a polyner. A package and/or a VSDM may i ncl ude one or nore vias,
which may be filled. Certain enbodinents include a plurality of electrical
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applying a cont act mas a surface of ontact nm

renovably attached such that it seals or otherw se blocks a first portion
of the VSDMUWRsAPHRNSEM i drronlstimeslppsebedereratiy agachadowcbthatile VSDM f or
deposition of a nmaterial (e.g., a current-carrying formation). [14] A
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vol tage greater than the characteristic voltage of the VSDM may be created,
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VSDM may be etched, typically using a mask, in a fashion that renoves the
conduct or fofdhe ¥SPMpRd degiagiasesst defiaes/Sm\ar Mrps RATEEH el cPrigitons may f or m
current-carrying formati ons according to certain enbodi mnents. [16] A VSDM
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embodi nents i nclude a VSDM having fi rst and second regions. rst region
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contact mask may be immersed in (or otherwise exposed to) a solution that
provides a source of ions associated with a desired material to be deposited.
A voltage greater than the characteristic voltage of the VSDM may be created,
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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conditions, a material nmay be deposited on either of the first and second
regions, or both regions. In sone cases, deposition on both regions nmay be
fol | oned W9 2a11p05ef7¢r enti al et ching of the deposited nat eciraiS26womsene
region, but not the other region. In sone enbodi nents, current-carrying
formations are formed on different regions independently of each other.
[017] Any structural limtation described herein may be conbined with

anot her St rugl@l, | hidiah hon W RpLded LHEVATE nlohsidialdbXy excl usi ve. Any

step descri ereln my w t h anot her step prOV|ded they are

not nutually exclusive. BRI EF DESCRI PTI ON OF FI GURES
regions, or both regions. In some cases, deposition on both regions may be

followed by a preferential etching of the deposited material from one region,
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 herein may be combined with another step provided they are

not mutually exclusive.



[18] FIG 1 illustrates a single-sided substrate device including a voltage
switchable dielectric material, under an enbodi nent of the invention. [19]
FIG 2 ilwozoriaisewiel ectrical resistance characteristi c®CofUSa0100545a9e
switchable dielectric material, under an enbodi nent of the invention. [20]
FI Gs. 3A-3F show a flow process for formng the device of FIG 1. [21]
FIG 3Aillustrates a step for formng a substrate of voltage sw tchable
dielectric material. 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.



[22] FIG 3B illustrates a step of depositing a non-conductive |ayer on the
substrate. [23] FIG3Cillustrates a step of patterning a non-conductive

| ayer on wbeosuisstmate. [24] FIG 3D illustrates a stepCofUSt@omt4sg a
conductive | ayer using the pattern of the non-conductive layer. [25] FIG
BE illustrates a step of renoving the non-conductive |ayer from

[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.
[036] FIG. 13 illustrates certain embodiments associated with intermediate

layers.



the substrate. [26] FIG 3F illustrates the step of polishing the
conductive | ayer on the substrate. [27] FIG 4 details a process for

el ect r oplwOi2og/osgrment - carryi ng structures on a subst r aPeTfuseomas£569m
voltage switchable dielectric material, under an enbodi nment of the
invention. [28] FIG 5 illustrates a dual-sided substrate device forned
fromvoltage switchable dielectric material and including a via

| Nt er conneciig e {EMLGALL ¥h % OLAPREARY Ak SAlRLRiRS Of the substrate,

h_
under an enbodi ment op'fﬁe i nvent |

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.
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[29] FIG 6 illustrates a flow process for formng the device of FIG 5.

[30] FIG 7 illustrates a multi-layered substrate device including
subst r at esof20rwvse77ir om vol t age swi t chabl e di el ectri c nmatremitskol00stey an
enbodi nent of the invention. [31] FIG 8 illustrates a process for formng

the nulti-substrate device of FIG 7. [32] FIG 9 illustrates an exenpl ary
waveform for a pulse plating process according to an enbodi nent of the

invention. [33] FIG 10 i"%&%ﬁtﬁﬁﬁﬁﬁgﬁgﬁﬁ(ﬁly wavef orm for a reverse
odi

pul se plating process according to an e ment of the invention.

[044] Embodiments of the invention use a class 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
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[34] FIG 11 illustrates a segnent of an interior structure of a connector,
t he segnent havi ng exposed pin receptacles according to an enbodi nent of
the i nverw0Danm1/s98%i FI G 12 shows a perspective vi ew ofPCa/ysesmwiosssenf t he
segnent of FIG 11 with a mask di sposed thereon, according to an enbodi nent
of the invention. [036] FIG 13 illustrates certain enbodi ments associ at ed
with internediate layers. [037] FIG 14 illustrates an exenplary nethod

and struct uéif‘cutitpf‘gn HARIERYBLESe QuARRLUAL 1Y Ral? ﬂ'&hﬂiearﬂsl opening of a

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,
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[038i FIG 15 is a diagrammatic illustration of attaching a package,
according to sone enbodi nents. [39] FIGS. 16A and 16B illustrate cross
section a0 2pavespEeti ve views (respectively) of a renovabraScaniasss mask,
according to certain enbodinents. [40] FIG 17 illustrates deposition of a
current-carrying material to forma current-carrying formation, according
to certain enbodi nents.

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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[41] FIG 18 illustrates a current-carrying formation fabricated using an
et ching process, according to certain enbodi nents. [0421 FIG 19
i 11 ustratwe 2a1vsbt7age switchable dielectric material (VB8DUS:@L05458%i ng
regions with different characteristic voltages, according to certain
enbodi nents. [043] FIGS. 20A-Cillustrate the deposition of one or nore
current-carrying formations, according to certain enbodi nents.

[049] A nonconductive layer may be patterned onto the surface of the

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 cworentosemnryi ng el ements on a structure or sub®CTAS2010/DB4569

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
conductive a[,ﬁ | é!ﬁtBQh@sdB%'nfa?egtﬁ &e%n%%griéﬁ%] SPGR B LEBBRIEHee! ectric

mat eri al , then subjecting the substtate or structure to an

el ectrochem cal process. This process causes current-carrying material to
be forned ofrefaieblyibesplttente Frubiegieddpan elpckglyi Piadess WAFS thean be deposi t ed
on select regions of the substrate to forma patterned current-carrying

| ayer. The applgheditRidl@gR1dcsrid M@Rrie RN adosduithatsidibeTraIbIstF S8 OF
structure returns to the non-conductive state after the current-carrying

| ayer has been patterned, As will . further described, enbodi nents of the
vent i on pRgUFae AP e Trivriflia g BoRR T RET agiROPCaE Thavi ng
current-carrying structures. Anong ot her advantages, current-carrying

mat eri al cathebegipad defimeddydthe patthen Subs hoacendudtiveflgwer Osteps, t hus

avoi ding costly and tine-consum ng steps such as etching and el ectrol ess
processes. j el o I B so be used
for dual-si%%éggﬁggﬁgﬁ??¥§§%%§$§?%§ﬁg%ﬁﬁ%%%hgg?ﬂgkgégﬁ%élnnrgq%ubstrate
surfaces containing electrical conponents and circuitry. Vias in substrates
formed fromabofateden s stedraiieavidh alreducedl ¢higlgnesp redpEvetrPreWOES connect

el ectrical conponents and <circuitry on different substrate surfaces. A via
can incl udesaRiaRRRMAE Rfsodind WaskrRliQuelenfeyi-Fie th@tatkAtaR®epr ovi ded with
a conductive layer for the purpose of electrlcalﬁy i nterconnecting two or
nore substrate surfaces. Vias include voids, openings, channels, slots, and
sl eeves t halP"R&M YHEOBF GOPIEENfiRERORe %J?{&&EPW@PF&;@?WFBHrmrérfconnect

el ectrical conponents and circuitry on the different substrate surfaces.
Under enboddtreemires,slicli he fomsantpleniepploftichipngaovimaliiysda steps af conpl i shed
during a relatively sinple el ectrochem cal process. For exanple, vias in a
vol t age smﬁ&&ﬁg@%qngjllegﬁ&hgwe j%r& g$§ Q&%rate may be plated using an

el ectrolytic pr essSPhe Vias cancalso be Tormed concurrently during the
el ectrolytic process used to pattern one or nore conductive |ayers on a
substrat e sio¥f ade apptheyembedisnayft of the idesritioe, 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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[046] In an enbodi ment of the invention, a current-carrying structure is
formed froma voltage switchable dielectric material. A current-carrying
f or mat i orwoan11s9t’er med on one or nore sel ected secti on®CofUsaowosfsace of
the substrate. As used herein, "current carrying" refers to an ability to
carry current in response to an applied voltage. Exanpl es of
current-carrying materials include magnetic and conductive materials. As
used Ner ei My, agadzﬁ@eed RELUARSFAVS J91dNhdHES Sl GRS bRt T on to
formthrough a process In which a current-carrying material 1's deposited in
the presence of a current applied to the substrate. Accordingly,

cur r ent - car#y§lagrepleténg processythselaingcnpisgiapeandsenloin e pretidesrthate of t he
substrate through processes such as electroplating, plasma deposition,
vapor deposidnhgike tBé 8&NApdralsb&ding 068K EE e pafticldtylahibdprobiemant andt her
processes may al so be used to formthe current-carrying formation in the

presence of ap electrical current. The cyrrent-carryin ormati on may be
s ement al 19 Gid tegaiato PRI RABYEHITE Py FYR: Ut rvi gt or wat  on
i s devel oped by deposition of |ike material onto selected sections of the

substrate. cdndinhitAané|désgiersidyootihegartidler flagesurtackodafddn iandesnist he
current-carrying formation and the substrate. The el ectrobonding interface

conpri ses i LCUr t-carrying
formation S%EF ntq@%%gtsgté ai eg’ él)'%%kgg%g%% ﬁ%ﬁ%ﬁ%@ Bg%t\gﬁ%%bﬁl g%%ftg:érfré}?g] bet ween
mol ecul es of the substrate and nol ecul es of the current-carrying materi al
that are elpletingaeposiaced! arvivistrekenpspmaiencttige el ect robonds formin

regions of the substrate where additional current-carrying material is

deposi ted tgssf Orcﬂ&bhﬁre‘%wds%&c&%sfwéé AGhEDFIRE kQh melUBlicahBoRi£Ct r obonds
f orm bet ween nol ecul es, el ectrobonds exclude bonds forned as a result of

el ectrol ess processes where nol ecul.es of the current-carrying nmaterial may
be mechani cHfMgerHPUY Ra DS BVERARLIEIES WHEC STRRSEAE 3 ‘EF 84 76 Vexcl ude

bonds forned in processes that include, for exanple, seeding conductive
mat eri al onmeteriabk Bubsbdahealbomiy adhdstiwds weakl irotdepartisppes of nmechani ca
or chem cal bonds. Exanpl es of processes where current-carrying naterial

ey o o CcALSASRERIARRLAR LR ShESILRRORTR L BLUETRL SRLARULAL 09, B 2o
nature of the bonds formed between the surface of the via and the conductive
material make devices prone to failure. 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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[ 49] A nonconductive |ayer may be patterned onto the surface of the
substrate to define the selected sections of the substrate. The substrate
is then swbjettesgr7io an el ectrochem cal process to i ncrecgEnsadiops4569 m t he
current-carrying formati on on the sel ected regions of the substrate. The
nonconductive |ayer may conprise a resist |layer that is renoved once the
current-carrying formation is fornmed on the select regions of the

substrate. Fhe NOAGRRGHEL LY Farl BYRI0r B0 ALBAIREN SRS LM AEASRRET T esi st

patterns, ﬂhlch can er be pérmanent or reno rom the substrate.
[50] A voltage switchable dielectric material is a material that is
nonconduct i \WEMiE Gurrentary Mg orratigis qredirfaget defindeg Higs arecdvidest eri sti ¢

t hreshol d vol tage val ue. Above the characteristic threshold voltage val ue

the materi iﬂ\cé&&ﬂ%‘&@ Ip@i@fldﬂciﬁétﬁeds thaefeue &, susfa¥Ohoadeativh te¢babl e diel ectric
material is sw tchabl e between a non-conducti ve state and a conducti ve

st at e. 51 n el ectrochem cal. process.includes a process.in,which
Coaduet i ve Sratsfvs SR ERBeTReReB S TRk do Bt bl S BOH wl ¢t er 1 al
while the voltage switchable dielectric material is in the conductive

state. An eccaaipkigvematemiatbantisoitikantfoals of tlecessatesncantlelretser ol yti c process.
In an enbodi nent, an electrode is imersed in a fluid along w th anot her

materi al . ANaLLAGEIRoAPRLLA ARLRC TR LNEEh S5 LOYSIANG LD Ot her material

to cause ions fromt ode to transter and tormon the other
material. [52] In one enbodi nent, a device includes a single-sided
substrate fiseded i ewhrdistanagel Bainenbbn begivse e valmgravachale A
non- conductive | ayer is

dielectric material forming the substrate can be made conductive during the
electroplating process. As such, bonds formed between surfaces of vias and
the current-carrying material are electrical attraction bonds 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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patterned onto the substrate to define regions on the surface of substrate.
Preferably, the substrate is subjected to an electrolytic process when the
vol t age swotehiaishidi el ectric material is in a conducti PeT4atSat10/0546he

el ectrolytic process causes conductive material to increnentally formon
the substrate in the regions defined by the pattern of the non-conductive
| ayer. One advantage of this enbodinent is that the current-carrying
formation cag s EABLLERWENARe H1BeSHEUBhUE ReyhikLuBicliE USR] L i Ckness
relative to previous substrate devi ces. so, the patterne
current-carrying formation can be formed wi thout inplenenting sone

fabri cati oreleftEyshemii@Hpigicess- pri or art structures, such as, for exanple,
steps of etching, or nultiple steps of masking, inmaging, and devel opi ng

resist layepsy Amdhg biheaR@NRAgRPROGIIBEDBY aibddieehid\veHd ialentrdual - si ded
Substrate is forned %o include vias to electrically connect conponents on

both sides of th ubstrate. A patterned current-carrying | er is forned
on each i dBUBH bt e e e trongr Ot ool e BRR STRESE ¢ he
substrate. The substrate can be subjected to one or nore el ectrochem cal

processes whieleetricmathgaldorpdate tviasénist@heectoautbe diffaantrsbttatar ryi ng materi a
to be fornmed on sel ected sections of the substrate, including on surfaces

def i ni ng ¢ haykias milbaoReLas Al aseh] AR Al LBUALI B gyl fig detined by

a non-conductive | ayer, patt a previous step. I
shortcom ngs exist in previous processes that plate or otherw se provide
conduct i ve dn§leetEolyidc Bigcesseeyithpuihagdng jonlisr éhe sibstrpieda eegiens tiaht deposi t
seed | ayers on surfaces of vias and then subject those surfaces to an

el ect ropl at idiheRROGASSThE RBURIBLdRENIRESYinall RODES mRAlY thovihhe particles
that conprise the seed |ayer. Seeding conductive particles can be

problenatic-angrco tly, since it requjres dgition I nuf act uri ng steps.
Purther . t FRSBRIT Ruiet<2ihd ek ianiB Bias SRIITNE QR eh BECRieahg AT aces
defining the vias is often inperfect. As such, a substantial risk exists
t hat the copdtiveen sybsafatdshén pdratdsygriol ast multfadetrofe devideahiee ivedken at sonme
juncture.

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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[ 0551 Ot her previous processes use adhesives to form nechani cal bonds

bet ween surfaces, or between particles in the surface of a via and a
conduct i weOreatierspaEll. The nechani cal bonds are rel ativel yChasoons4s6npari son
to el ectrochem cal bonds fornmed on surfaces of the substrate. The
mechani cal nature of the bonds fornmed between the surface of the via and
the conductive material make devices prone to failure. To conpound probl ens
W th previggssglﬂg g haiik&d plated via is detrinental to the entire
substrate evrt%?Jﬁgég?—TVbrfﬁlly, vias are plated only after the substrate
is provided with conductive elenments on the substrate's surfaces. Failures
in the platgl vilas. hisy dets-ssetipml ivieay obt dedesiBgonritingd volegst sone or al |
of the substrates in the device are assenbled. If plating a via fails,

re-plating dviechubr dislefteit rhRasiIPleddriintdnt RESEAD@He dR¥hESn. X ihen, the
entire device has to be discarded. Thus, one failed via in a device having

several vias and su rates is.e .to cause the entire device, including
21 Sor ¢ he FaBEREAnS tERe s ERTHE Rl R Rl SRR ES oihng. ot her
advant ages of this enbodi nent, problematic nethods for formng

cur r ent - carsupsingteflorofrltd dnsceo Thewltageswideiabid diglevirasnatesalbv abded.
According to prior art nethods that require a surface nodification to be

conduct i ve, . ALl Ol o TBLEIC A S ALE LEBLLAM LY SRALLGY Agicly bond wi th

a conductive materi ause the surfaces o € vias are no herw se
conductive wthout these materials. Thus, additional materials are not
needed i n etrddingaritodtage haviagianyagiiiugs thelexgessarbatastariage velidgectabl e
dielectric material form ng the substrate can be nade conductive during the

el ectropl at{ihRGnE QA2 mADuS bednplROBES vbIefmRd iRahMe eIRcISUFit atgsiAf vias and
the current-carrying material are electrical attraction bonds fornmed during

the el ectrochen cal, process.  The bond, herei eferred to as
el ect  ocherfBAIbEB HaTelpRE 1) 5ﬂﬁ‘??ﬁﬁiebgiméﬁﬁeiﬂ%é"dﬂb‘i‘?f?‘é‘é@éﬁ%E%'rti cles or

adhesi ves. Moreover, the surfaces of the vias are uniformsurfaces of a
vol t age sw 2.cpglliceticischediich cunaitafargling dilbyarateglagctiseiddatluderfor nui ty t hrough
the vias is ensured. [58] In another enbodi nent of the invention, a

Vol 1 age. swi TARAF €1l BRI HReR) RS L OPLEE SRRl oot e co

an el ectrochemi cal process to forma conductive layer. A pattern of each
conduct i ve Waleey flex cipewtieeasrsribackplagespand brtegratpdaritqoit-devivducipegidicl ayer to
define the pattern for the current-carrying formation. One or nore vias my

be used to £;1 ﬁEﬁ&r@df'iﬂ{tegfb@é@&k&t@%&@&é G@Jiéééiﬁgﬁg%oﬁ?ﬁdt&“s on one or nore
of the substrates. Each

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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via may be formed when the respective substrates are subjected to the

el ectrochem cal process. [59] Anong ot her advantages provi ded by

enbodi nerwe 20f1/tshiE1i nventi on, multi-substrate devi ces u®ETIUSROI0OMIETE i Ve
state of the voltage switchable dielectric material to plate vias
interconnecting the different substrate surfaces. Therefore,
current-carrying materials can be fornmed on vias during an electrolytic

brocesses WLLhpwt Nl o AL (A5 BURSII AL flshepBaI T RAL define the

vias. The resulting current-carryin ayers forne e vias
significantly reduce the risk that the vias will fail to establish

el ectrical ¥detosetinioer sodetions ubyrsuksiaate 10hs @drosedi&a the gplugion ayhile the

mul ti-substrate devices have been plagued by occasionally ineffective vias,

whi ch of t envdlgesukividnible Hi@eceid b Rriilistrhaintidsdd @ttBe devd cevhamikdlg to be
di scarded. [60] Another advantage provided to enbodi nents of the invention

is that inclusi of a substrate. fornmed from ol tage sw.tchabl e
di el ect ric WA eriisIPrauaots ST HEY SOt EUsE PesurSRio N SBIRE o to ¢ he
devi ce as a whole. Nunerous applications for enbodi nents of the invention

exi st. Enbogliedetetsiret fattern. iienpiedatermainedepattepd Byfernédby psitermirtdy f or
exanpl e, substrate devices such as PCBs, surface nmount conponents, pin

connect or's, , AL LAV Brye PRASUTRIIGLGE! 1hyer! @%S1EY. BE6Y.| Whin the

voltage switchable dielectric material is in the conductive state, the precursors
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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A. Single Substrate Devices [061] FIG 1 is a cross-sectional view of a
devi ce incorporating a voltage switchable dielectric material, under an
enbodi mrerwoabi1ttdse77inventi on. I n this enbodi nent, the volPCags2emiosashabl e
dielectric material is used to forma substrate 10 of the device. The
voltage switchable dielectric material is nonconductive but, as previously
noted, can be switched to a conductive state by applying a voltage having a
magni tude tfoc@x GRS A ARAARLAL Sl el AT Ghnld Bl RiidH . Numer ous
exanpl es of a voltage swtchable dielectric material have been devel oped,

i ncluding those described below with reference to FIG 2. Applications in
whi ch cur r éfcorditdtiyendsshpwnbatids. Zrtbe glselgicplvepigdace pighe sybsdsite, print ed
circuit boards (PCBs), printed wiring boards, sem conductor wafers, flex
circuit boagdsrablpekcRdLhar@Rdrdnh@dl B16E, & thatlibe thRYiemStiospeci fic
applications of integrated circuits 1nclude devices having conputer
processors,hgongute%?readaqge menory devi ces, notherboards, and PCBs. [0621
The vol t age®SWFtEHAKE & GiBFEatY i ¢ material in the substrate 10 all ows for
the fabrication of a patterned current-carrying formation 30. The

cur r ent - carpssi ngnfaorematodomeid) Vic sargges batwaratli aovl 180 violtd it tethdat the
current-carrying elenents 35 forned onto the substrate 10 according to a
predet erm “\%i%agé?s&z cﬂab}%— N1 WL ARt GRESHREyE OB [TRELRD gQis' H%ﬂ:b‘&%
conductive matérials. e current-carrying Yormation 30 1°s formed from
precursors deposited on the substrate 10 during an el ectrochem cal process
in which thad&) vdigeusng pahabihe camaosisiops Eorveltage awvitflybledigleced conduct i ve
by an applied voltage (see FIG 2). In an enbodi ment, the precursors are

ions deposi hg@ril MR@BelBle ah kORI ehiBoiBe®Q] M d1HEe shi@hMIPatd@lB: 10 is _
exposed to the solution while the voltage switchable dielectric material is

mai ntai ned in the conductive state. 6 The precursors selectively
deposit on ATl dpraREh g, SyFRssy L‘E%J f&abﬁﬂsdmts% Sﬁ@tfhs%%%m The
predeterm ned pattern is fornmed by patterning a non-conductive |ayer 20
such as a riesulating ayemduseeg khteSit a3B13E} chaMenritdibintelrmagea Ssltdt chabl e
dielectric material is in the conductive state, the precursors deposit only
on t he exposed _regqi he . r . The, vol swi.tchabl e
dielectric %éféﬁ%%ﬁg?%xg%gkggﬁ§%§%%8€ﬁ§{%%%“%”5H$%P%%e %%lrgg é%ical bonds
with the precursors in the exposed sections of the substrate 10. In an
enmbodi ment , swikéhimpfieldanajules beteepaye pn@ H0G0Fratis/m 3 BIrBfymMe embodiments, r om a
resi st |layer deposited over the substrate 10. The resist layer is then
masked and gxpRagf E@dﬁh&@%@bé@ﬁmﬁ%b%ﬁ&@oo@§RyﬁﬁMB!| known. [64] FIG 2
illustrates the resistive properties of voltage swi tchable dielectric
materials as a function of applied voltage, The voltage sw tchabl e

di el ectric Ml erNansmbesimenina peliceitdablsaiteral s faeddtemiave a
characteristic voltage value (Vc) specific to the type, concentration, and
particl e spaditig @mprieng@dreluicale paiftielegLiilaienss, o polvtiagdispdfagd an be
applied to the voltage swtchable dielectric material to alter the
electrical rgsistance properties of .the material. If.the magni tude of Va
Fanges bet v oG ABRebERSG L hre B € ar o e B IR Chas a
hi gh el ectrical resistance and is therefore non-conductive. |If the

magni t ude ofondacexcwetisial/maytchmpyist theggresigbit mhabiton 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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dielectric material transfornms into a |ow electrical resistance state in
which it is conductive. As shown by FIG 2, the electrical resistance of

t he substwetelymsef/er ably switches sharply from high to PORUSs@ow0besb9 t he
transformati on between states is imediate. [65] In an enbodi nent, Vc
ranges between 1 and 100 volts to render the voltage switchable dielectric
mat eri al conductive. Preferably, Vc is between 5 and 50 volts, using one of
t he conpositj 0 =Y - S\ I i i aterj.akqld.sted bel ow
In sone errbé ﬁﬂéﬁ??%g J\:/o tgtglgél\gé\n&? gﬁaﬁegiﬁrg%@? ?F%ﬁtﬁ%tdleeglb%%éu?s f or med
havi ng a thi ckness such that the material switches froman insulating to
conduct i ng ¥hgibcene bhey thegeosHirdeg egans sxrludest\ey s peoxides prd Bhe(e. g, a
vol tage across the thickness of the material). In sone enbodi nents, a

swi t chi ng figlddciivypdedbahwaans ARkanFitH 90 niblohShvetdge phiti@@diRe embodi nment s,
a swtching field may be between 50 and 300 volts/ml. [66] In an

enbodi nent, ,a yoltage . switchable material,is farned froma m xture
conpr1 o ng' 4B IR BER daffade yahble ekt Bobr R sBbiedl” o
| ayer including a non-conductive binding material and a binding agent. The

conduct i ve brater iL &b arays loding agattdnel @r@atastugpive pomtdeowhefe thhe m xt ure.
O her formul ations that have the property of being non-conductive until a

threshol d vl ageyia.aRRl 180 A Analsthd MEAdSdlache Jnghidedaas vol tage

swi tchabl e ctric 'materra odiments of this invention. [0671 A
specific exanple of a voltage switchable dielectric material is provided by
a material deseriesrfl dbym a 35% pol yner bi nder, 0.5%cross |inking agent, and
64. 5% conducti ve powder. The pol ynmer binder includes Silastic 35U silicone

rubber , t heof 0X5thbi SlinigleAGIRvh dLIAGLIHEB VG daS, OX filnerAiibride conduct i ve
powder includes nickel with a 10 m cron average particle size. Another

formul ation for _.a volt sw tchabl e material, i.ncl udes 35% pol yner bi nder,
1. 0% cross NaQlRge aa&?ﬁ%qbl%ﬁ@i%ﬁf}fo@@t?&ﬁ@mm%dsa W%gﬁ i / pol yrrer

bi nder, the cross-Ilinking agent, and the conductive powder are as descri bed
above. iron, silver, platinum, lead, tin, bronze, brass, copper, bismuth, cobalt,

magnesium, molybdenum, palladium, tantalum carbide, boron carbide, and
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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[ 0681 O her exanples of conductive particles, powders, or filanents for use
in a voltage switchable dielectric material can include al um num

beryl | i umvoizoams9witl ver, platinum |ead, tin, bronze, bPaZaAS2TO0NPER9

bi snut h, cobalt, magnesi um nol ybdenum palladium tantalum carbide, boron
carbide, and other conductive materials known in the art that can be

di spersed within a material such as a binding agent. The non-conductive

bi ndi ng mat gohcaGah HOGLHHRS U AR R RALKIEIP h RIRTIES istkBhbBEI OTY
materials, waxes, oils, and glasses,®as well as other nmaterials known in
the art that are capable of interparticle spacing or particle suspension.
Exanpl es ofmUE$Q%@e switchable dielectric material are provided in

ref erences such as U.S. Patent No. 4,977,357, U S. Patent No. 5, 068, 634,

U S. Patentjpdyp. Andif&: 38RhpldbtS valaleeRivildRabld didestdOmatddiabis gratrieH No.
5,189,387, U S. Patent No. 5,248,517, U S. Patent No. 5,807,509, WO

96/ 02924, an 97/ 26665 .of which, are .incorporated. reference
ROV A BR: woFL TN te  T R  Lee S t S Aed
derivatives, and changes to any of the references |isted above or bel ow

[ 69] Anot hetinedx divptle] adndactioé pagieles widpobabinea disiel meterink Yrmtheothal i s
provided in U S. Patent No. 3,685,026, incorporated by reference herein,

provided in US. Patent No. ) rated by ! i
ot ori 2l Vet Thor har hel s B DA FAL KSRl KRR AP 2 el

provided in U S. Patent No. 4,726,991, incorporated by reference herein,
whi ch di sclBeek?72%, 9%t inrorporated prreieenpahetel) adidi disdashsct noeixpdt eri al s and
separate particles of a sem conductor naterial coated with an insulative

material . QcBgkatd AEIRIGESOMANAVP hRVRUSINI spariPphaled oval t age switchable
dielectric materials into existing devices, such as disclosed in U S

Pat ent No. 5, 246,388 (connector) and U . S. Patent No. 4,6928,199 (circuit
prot ect i on BHFICEIRHeEAl GRRtednViER anintithEmat et P thet EFER.ES her ei n.
[70] FIGS. 3A-3F illustrate a flow process for formng a single |ayer

cur r ent - carhagiengesibusig tintfoepafateal wiltage s@itehatde dletantrid matel@ls idio under an
enbodi nent of the invention. The flow process exenplifies a process in

which th . i cal i I i i i i al
wnich the. ShashloRleropeLLigscly A 1olbagn s 4Enshlc diplegi e teria

predet erm ned pattern.
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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[71] In FIG 3A, a substrate 10 is provided that is fornmed froma voltage
switchable dielectric material. The substrate 10 has di nensi ons, shape,
conposi t iwo 2andsprieperti es as necessary for a parti cul arcapskéloasisen. The
conposition of the voltage switchable dielectric nmaterial can be varied so
that the substrate is rigid or flexible, as required by the application.
In addition, the voltage switchable dielectric material can be shaped for a

gi ven appl i i i : i i her g i.scl ose
essentialIfﬁg%gﬁgﬁﬁgggggg??gg?sg?%g%ﬁgﬁ%%ggﬁgﬁééhggh?ﬁeﬁ!%ﬁgﬁ§§on may
enpl oy a voltage switchable dielectric material that is nolded or shaped
i nto a non-irarbpssumisthakleddiclsgiely naaferighcapde sharad lesaBEE@0Or s and

sem conductor conponents. [72] In FIG 3B, a non-conductive layer 20 is

deposi ted oyMfJlichiién. SWSIE 688 eklbodihientd aBs@RAWCHY BitcRYEsseRigARN be formed
from a phot oi mageabl e material, such as a photoresist |ayer. Preferably,

t he non-conductive |layer 20 i§ formed froma dry filmresist. FIG 3C shows
that the. noRRtIGEE e QU bt Ren af PR aa i Tk SR f SP6E0. 1 an
enbodi ment, a mask is applied over the non-conductive |ayer 20. The mask is
used t o exposiechableatitlectnic afiatertid thatts hraddel diGhiaped irgh aanopgdanarve

phot oresi st. The pattern of the exposed substrate 10 corresponds to a

pattern i n ML CUICH s R Wi orfl BIRIL S WohioRHRESAUSRSdtnRe T Or med on

the substrate

[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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[73] FIG 3D shows that the substrate 10 subjected to an electrolytic
process while the voltage switchable dielectric material is maintained in a
conduct i WeObHI8977The el ectrol ytic process forns a curr @TASAN0PE4G9
formati on 30 that includes current-carrying elenments 35. In an enbodi nent,
the el ectroplating process deposits current-carrying elenments 35 on the
substrate 10 in gaps 14 in the non-conductive |ayer 20 created by maski ng

and_exposi ngal BNk OTESHAL clocidit pRRAL. ALhANb S Plnddignel ectrol yti c

process as enpl oye er an e vention are described with
FIG 4. [74] In FIG. 3E t he non-conductive | a 20 is renoved as
necessary feBRedIAmENEbibe inreatipp arq %esaﬁb%cwa@n%%{l in which the

non- conductive | ayer 20 includes photoresist, the photoresist my be

stripped frgm the rsarfpee &n-tdiriuzubstayat 20 tQeMdiEBadndasarsabHt i O, such
as a potassi um hydroxi de (KOH) solutlon Still, other enbodi nents may

Condutt e Pay8 Y5 B Paprnbalims ™ Rvaishe '%ﬁ%ﬁ?eiﬁeﬁ%ﬂ?ﬁed. An

enbodi nent enpl oys chem cal - mechani cal polishing (CW) neans. [75] FIG 4
det ai | s t heindiende$ ppotendsispfthe photendsist atayybersgrippahntsthenutfhe Fibst rat e by
use of an electroplating process. In a step 210, the electroplating process

i ncl udes fo{d%‘s{}gte%u% %Csf Ea%%%lhglsﬁoid&' a2 goﬂl@mﬁ&? (91%5(#&6 ) Lhe

current-carrying elene e do 05|t ctrode used
to formthe electrolytic solutlon Accordlngly, t he conp05|t|on of the

el ectrode i leiégrecitidly odes emgpAgnerds MagearEox ikerds sebsithe redigdayarcal

resi stance, and thermal properties. Depending on the application, for

exanpl e, the m|Eest, rtHéiFesﬁRﬂng%nQQ&t%e 18} dr\8@Ipatie ARRIGINto thdbubBira@lidm num  The
el ectrode can be imersed in a solution |ncIu ing, for exanple, sulfate

pl ati ng, pyropgg p%ge platlgg&land caﬁbon te

Anem ment employs chemi all mecﬂgmcal 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

_25-



O761 In a step 220, a voltage that exceeds the characteristic voltage of
the voltage switchable dielectric material is applied to the substrate 10
whi l e t heweubsitosat7e 10 is i mersed in the el ectrol ytic ®olraszan/0546he
substrate 10 switches to a conductive state, such as is illustrated by FIG
2. The applied voltage makes the substrate 10 conductive, causing
precursors in the electrolytic solution to bind to the voltage swtchable

di el ect ri ¢ ARLELICANs AT Zcch t BAISRAAR ool A, MHRBHE EhECt rol yti c

solution bond to the substrate 10 in areas of the substrate 10 that are
exposed by the non-conductive |ayer 20. In an enbodi nent, ions are

precl uded fsoifess 7 rRpdustive giabn sudhmsrie iltusirajsdddyolfles s thaagplirden exposed
and devel oped. Therefore, the pattern of conductive material formed on the

substrate l&pebehaes tHesupeghii9onBSHIVUSE/ising fratdres® ik iR non- conducti ve
| ayer 20. Exposed regions of the substrate 10 attract and bond to the ions,

in some enbqdi nents, because the substrate. is LNt aj ned at. a vol tage

ol ati ve T o IEHENE ety GReiodane At e U 25 e el SEReBi BReFahe. and t he

el ectrolytic solution together conprise an electrolytic cell, as is well
known i n t hie77ar tin a[s@p82B0A0R froaditerdagedy tarsoldtdbacbdny tanhesdistiatent of the

i nvention, current-carrying elenents 35 are patterned onto the substrate 10

In a procesg Lequisrdr g {BMEhSOSRS: afr{é‘gﬁ%c%{eg%%gﬁ‘é Borﬂé&%fc’%i 2 aa))té&” exanpl e,

in an enbodi nent, current-carrying e are deposite o form
circuitry on the substrate 10 w t hout etching, and therefore al so w thout
deposi ti on ¥ la apehihedimentripsigiapgpreglpded fignm apndingtip mpietsepheredheddi ti on,
enbodi ments of the invention allow for the current-carrying elements 35 to
be formed dﬁ%ﬁ@ﬁ%%t@ﬂﬂk@ﬁe§ﬁ&%ﬁ%ﬁh%b¥@ob@§l?HQ@R%aQHe§a§&%Qﬁ|ayer- Thi s

allows a vertical thickness o
conductive material formed on the substrate 10 matches the positive mask
used to pattern the non-conductive layer 20. Exposed regions of the substrate
10 attract and bond to the ions, in some embodiments, because the substrate is
maintained at a voltage relative to the electrode so that the substrate, the
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 Cerwaizniidsyi7ees i ncl ude substrates that enpl oy el ecrrise@/ossaponent 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 .8 ceg»ah{.%yiggaieh% SRSt @éeasfeffa b Ut oG exanpl 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 ntéavéenneErediat Athsr BFRsesses-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 pl i i %po extend froma first planar surface
312 of the % HoARaES sur f ace 313 of the substrate. The
first surface 312 includes a current-carrying formati on 330 having a
plurality ob79curCeetiin davicgsingudé emestitates3BaE enfpley skctoind] sumpacats313 i ncl udes
a current-carrying formation 340 having a plurality of current-carrying

el ement s 348 06, SR ARt S A, LRLTRLAONS A0 ARARE: Ll cat ed on

t he respective si ubstr at

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 secondweunfiase’’ef the substrate when a voltage sw t cirablusS2dionbse6eri 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
eIectrolytH%g%#%g%§§?§ggghgs?ﬁ3§%%%gaggéﬁb%hgﬁgﬂgzﬁé?%gf%ﬁi?%Q1ﬁbludes a
patterned non-conductive | ayer &not shown). In an enbodi nent, the patterned
non- conductfov® 4 @eian effrephsristeaiase depgreed onfilg regpectiygtirer¥ed t o expose
sel ect regions on the first and second side 312, 313 of the substrate 310.

The via 350seksndasifdde@n ek Sstrhi@twiterd adleGe SUifcRsisle Afelddi@c MiaterdO
subsequently contacts one or nore of the current-carrying elenents 335, 345

on the first and second side 312, 313. ri.n he el ectr tic.process, the
Ve 350 1 5 BT SRS SR BB B PG A PPOT BT HE= 95 “AhdcesiPar o
fabricated. In this way the via 350 is provided with a conductive sl eeve or
si de-wal | 3% pateex bem greaexigtirecton-calductna byt antHerrespaatiee Gfstbhe
current-carrying elenents 335 on the first surface 312 with one of the
current-cartyi 45 on the second side 313 of the substrate 310.
[82] FIG éﬁﬁ§§%?§%§%§@%ﬁ%§}process for devel oping a dual -sided substrate
310, according to an enbodi ment of the invention. In a step 410, the
substrate 3 dnfaperdwdiment a vidol0agoragiltie HaptubsHpie| 386 befoge Mgt eri al  and
provi ded with di nensions, shape, properties, and characteristics necessary

for a desirgmsaRilii 6ajdQ to the ledtrER tif $Poceds, NORKGRIRMBIO I8 rhiRyer 320 is
deposited over the first and second side 312, 313 of the substrate 310. In

a step 430, the ngnconductive | ayer 320 i yatterned on the first side 312
of the subs%lﬁ%éﬁr%te:ﬁ ?ncgﬁ‘gﬁsé‘r%ﬁ € ‘?ﬂ'ﬁ%ﬁfﬂ’ﬁgf’? if"é(eﬁ&oéFli‘%‘T’n A"af | east the
first side 312 of the substrate 310 is a photo-imageable material, such as

a phot or esi @hbddiatent, shpphttearnat donsomdudivp dsjelrs ae phasdesidifieyqgodidti ve mask
all ows select regions of the substrate 310 to be exposed through the

non- conduct | r In.a.step 4 th -C cti yer 320 is
patterned d%¥?ﬁgg%%g5§§9%¥ﬁee%i e§¥n§§§ﬂ§a€§{%%?g*%ﬁggm%gﬁgﬁh§§ﬁodinent,

t he non-conductive |ayer 320 on the second side 313 of the substrate 310 is
simlarly athseubstpitieBt) ediestia BHhis positioned eq)than b lpjated skideread dheexiposed t o
form anot her pattern. The resulting pattern exposes the substrate 310

through the3phabQRehay chY&E ond B83kord Of e ShfRndRryi %@Ieﬁ{en@fﬁ%@, 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 vi¥e opgfe &iret agdsperad %@e 3i2gelindp1dng gie t@%ftwﬁ%saé%%ubst rate

310. In a step 460, the substrate 310 is subjected to one or nore

el ectrol ytidapsoigdsesd witleuaicat-theyigsimsiahe 330 dnd SeCardalsiiceB313, and
the side-walls of the vias 350. In an enbodinent, in step 460 the substrate

310 is subj ed to.a si e elegtrolytic process while.an e nal voltage
s appi +ed FoM P QR R B PRAH &4 for P g e SRS "he

substrate is in a conductive state. The conductive state of the substrate
310 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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causes ions in the electrolytic solution to bond to the substrate 310 in
uncovered regions on the first and second surfaces 312, 313. The

el ect r ol ywocoftaspial so noves through the vias 350 so tiratr/tusens/obsned to t he
side-walls of the vias 350, form ng conductive sleeves 355 that extend

t hrough the vias 350. The vias 350 intersect current-carrying elenments on
the first and second sides 312, 313 to electrically connect the
current-car ry [

our rent - a9 AB. oo B HLEER S AT AN

non- conductive | ayer 320 is renoved as necessary fromthe substrate in a
step 470. |3PPAsalédmolé wien 420namnrgﬁnﬂhelwdhy@&ﬁétﬁc@qm@%@r to0 i ncl udes
phot oresi st, the photoresist nay be stripped fromthe surface of the

substrate 3@t ssd OGoAd BiILS13H191K EHE subbiGhte 8330 a1k ke aBM)th®Aon-I N @ step 480,
the resulting current-carrying formation 330 and/or 340 is polished. In an

enbodi nent , i.s enpl oyed t 0 t he arryin mat i on 330.
857 Sever sforoartth FERsbanplerhaet fus PreSthalarrERcu el ik w ch
reference to FIGs. 5 and 6. In one variation, a first non-conductive | ayer
can be depoBietezablpmdrheoriducEte sukdraad en 3f Rastahel fisst seled®id ondre- conduct i ve

| ayer can be deposited on the second surface 313 in a separate step. The
first and Ss%% 0939059 6{8 eelb&}é/ﬁ{a erEALUDR of Q?ﬁs %{]s‘%@i’lﬂ'lifere“t

materi al s, can prov erent unctions ot her an enabling patterns
to be forned fo | ati ng the substrate. For exa the first

non- conduct patee E$D&PP@QWVB@H$Brﬁhﬁppﬁbﬁ¢aﬁﬁk? @@EF@@“T%ﬁPm%Oﬁhe second
non- conductive nmaterial can be formed from a phot o-i mageabl e i nsul ati ve
material . Vklsgbdthfe HVioRUxpbsddSthedu zgl{)clﬁ@ﬁitoﬁ%ﬁdé‘éﬁ\%rlay’f’erggbrﬁm carrying

| ayer is formed on the first s|de 31 t he photo i mgeabl e |nsulat|ve
material is r ent and etal t he sec urface 313, 86]

Addi ti onal |§t,pé4mf @ﬂ'c%d;‘tctl‘rﬁ‘a Fo slsBstt%‘Eﬁ BBt S EEOT Slﬁieza”tlé he first
surface 312, the second surface 313, and the surface 355 of the vias 350.
For exanpl ethetshbstered1td 1aunhfeateddhanip thet ven-sarlsictiad Bry8dfP0canthbe pl ated in a
separate step fromthe first surface 312 to allom/the first and second
surfaces 31%t0 %%g%%l?gf %uﬁs(%ralrfr% nEuflar % Eggore)s?s%%ha%qu/ or

el ectrolytic so I ons I'nce e nvention reduce steps
necessary to formcurrent-carrying Iayers forntng current-carrying |ayers
330 and 34Csubrequeatlyuadsked dad expiret tafanBamther prateri.charesyltagyant ageous.
The use of different plating processes facilitates the fabrication of

di fferent t6drh 8k &éﬁh&é&%aﬁ%&@@@HHGé%ﬁMkﬂ&u%&k§@$b9&5 on opposite sides
of the substrate 0 Different types of current-carrying nmaterial can be

rovi ded as si | as switching the electrolytic baths to jinclude different
Br ecur sor s [083] m%n% step 450, one or r%ore vias 350 are ?or¥ned 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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[0871 As one exanple, a first side of a device such as a PCB is intended to
be exposed to the environnent, but the opposite side requires a high-grade
conduct orwolnitishwiexanpl e, a nickel pattern can be pl area/usromiosssbd r st
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 nore durable
current-carrying material on the exposed side of the PCB. [0881 Any nunber

of vias can.be.dbhl iafle eFetcE‘rBft?z‘?m s&hu%*i'@fa éﬁoﬂch%rsﬁsgcr tE'gPo fhe substrate.

Vias can interconnect curren carrying e enen S, |nc Ing electrical
conponents or circuitry. Alternatively, a via can be used to ground a
cur r ent - car8GoNgred| regieRs op pheoliist andieecend sudaceg 342,348 e Thoelgctielptindi ng
el enent accessible froma second side of the substrate. [89] Anobng

advant ages fili@laded ovisttirddisdl ths vie 356 b at &3 DoHAds theaidehadionent of the
i nvention, precursors fromthe electrode form an electrochenlcal bond to

t he surface of t vi as 350. The fore securely pl at ed,
Wl Eh i e a0 P COH VAT O Rt SN HEBRPLAE GIeey i ca
connecti on between the two sides of the substrate 310. C Devices Having
Mul ti - LayerBek Sah3ilriatezsect crd@jt-cSoyngldemenis onelie first lhndeedond sidesnor e
substrates into one device. Stacking substrates enables the device to

| ncor por at eya BN SEASINY QndlEShHRELK AY LSRN S SURD rpg Clroui try

and electrrcal nponent's; rnalim print ustrates a

nultr-substrate deyrce 700. In t he enbodi nent shown, the device 700
i ncl udes fiide 312withdlee aeentshring fosmatien407ante FecTRideEaBh substrat e
710-910 is forned froma voltage switchable dielectric material. As with

previous enpidi MatRn-doRBuSHRSHYA RS i AL BhecdiollyGri e | ve absent an

applied voltage that exceeds the characteristic voltage of the voltage
swi tchabl e dielectric %ﬁ%é@ %&lhe FI G 1ﬁl| ust rate an nbodrnent of
three substfiesiate igagsisp SRR ¥kt E‘BP a3§‘°d’bstrates.
It will be appreciated that substrates nay al so be aligned in different
conf i gur at i 30Sndtiies plidiaresbeitigplsdtackBtmasbeltdspaidjranahé swifacerdf hanor mal to
one anot her.

the substrate 310 using a base solution, such as a KOH solution. In a step 480,

the resulting current-carrying formation 330 and/or 340 is polished. In an

embodiment, CMP is employed to polish the current-carrying formation 330.

[085] Several variations can be made to the embodiment described with

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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[91] Each substrate 710, 810, 910 is provided with at |east one
current-carrying formation 730, 830, 930 respectively. Each
current - caoryiwvgotior mati on 730, 830, 930 is forned frompaTaiSeeialostsy9 of
current-carrying elements 735, 835, 935 respectively. The current-carrying
el ements 735, 835, 935 are each fornmed when their respective substrates
710, 810, 910 are subjected to an electrochem cal process while in a
conductive §i: - : £ unted on
one anotherﬁgﬁﬁg%a&agB?é?%é%??&gﬁgﬁygi%?égg§¥§%%dﬂﬁ%gégg%%%%?QB , 935 are
formed. [92] The device 700 includes a first plated via 750 to

el ect ri cal | phaterimaseabiqinselative magsriaés RarBmBARisAERIBtdned prothe sesendsubst r at e
710 to current-carrying elenents 935 on the third substrate 910. The device
700 al so i ngirides1® second plated via 850 to electrically connect
current-carrying elenments 835 on the second substrate 810 with

current-carrying, el.enments 935 on . the third substrate 910. |n this way, the
current - car[lo% n&$%§%£tyoﬂg%@}t RISENS BIS5CSES ¢ edés\‘?ﬁcif%p %)J‘ 8%l ectrical l'y
i nt erconnected. The arrangenent of plated vias 750, 850 shown in the device
700 i s onl ysweieeapl2the seasndrougaer31B.essl the asrfaaB5alos thedaedfil dped. [ 93] For
exanpl e, additional vias can be used to connect one of the current-carrying
el ements 73 : i.ng el enments on
anot hor - subarriy ppeph® sBHHER gl BT nBLE B9 L STTE0: 850
are formed in the substrates 710, 810, 910 before the substrates 710, 810,
910 are i ndieppeiasiey Mpnathedirstrwigce pi3 wralloy Pledirptigd sehendpsfases vi as 750,
850 are formed through the substrates 710, 810, 910 in predeterm ned
positions s® a3 ePIes isihBeliGeicheabot@lcs WhAbr eleeMBRR séRpion§35, 935 of
the different substrates as necessary. For the first plated via 750,
openings arge forned .in the supstrates 710, 810, 910 at .the predeterm ned
posi ti ons b’gﬁﬁ‘aﬂ”ﬁwnﬁmw@%m@m Erlugr gtepp apeasary i BRMs& ™6 t he second
pl ated via 850, openings are fornmed in the substrates 810, 910 at

pr edet er m nedrypos layenSrpin®curientidaagmmgslapat 330 esd B4l ogthel dtabdidedhe
predeterm ned positions for the first and second plated via 750 and 850
correspond t red r.egiqps ;0 fac f lve substrates in
whi ch curré%%?%Q%?¥§ﬁ@gﬁé?%?ﬁg?dﬁﬁPfg%%én?ﬁﬁﬁ??%Q%QE‘%@gﬁ%ﬁ’ el ectrolytic
processes, precursors deposit in these uncovered regions of the substrates,
as wel | as miocesses fahiditadprethie hefwichtpmetiditiererd ehateids fordhe cuertc cormodat e t he
vias 750, 850. [094] For sinplicity, details of device 700 will be

descri bed V‘éaﬁ‘?hﬁg?f&fr%ﬁ%ﬁs 59 op PSsifel S il oF URSSULaESte 510 DIfAGeh t&?@s Substrate
710 includes gaps 714 between the current-carrying elenents”735. In an
enbodi nent, gaps 714 are forped by masking a photoresjist |ayer and then
renovi ng r etEItEETERGIBREERSEnDeRpPVidRd a8 sinpriKes sWHEYNREhRI enent s 735 are
fabricated on the substrate 710. Simlar processes are used to form second
and third saéstolpiEsatB, inBllde difaeht pretursodstrate 710 is nmounted over the
current-carrying formation 830 of the second substrate 810. As with the

PEESERSUDSE ﬁ)t?lﬁ € Xsl(g)ﬁe éxta]fenp%%%qﬂ’(sjt ssléllebgtt d 3$V61:ce8511'19:h 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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is nmounted directly over the current-carrying formation 930 of the third
substrate 910. [95] In a variation to enbodi nents descri bed above, one or
nore subswoapa®sp17it he devi ce 700 may be dual - si ded. ForCeAmapods456he third
substrate 910 nay be dual -sided, since the location of the third substrate
910 at the bottom of the device 700 readily enables the third substrate to
i ncor porate a doubl e-sided construction. Therefore, the device 700 may

| nel ude DT GusfUTARMaHBES o VAL LT IRASARAN P URRELALES Oy fRR M 2e the
density of conponentry and/or mnim ze the overa footprint of the device.
[96] The conposition of the substrates 710, 810, 910, as well as the
particul ar ®aspesiraieayiaycayintercennest cysey-Poyinmdpmenissineadéns may vary from
substrate to substrate. Thus, for exanple, the current-carrying formation

of the firsdle@HbatcbRpenddd oFBiYQRtr OMMReh Ativel}, Rivikein, beel €0 ERfind
current-carrying formati on 830 of the second substrate 810 1s fornmed from

gold. [97] FIG 8 illustrates a flo cess for devel oping a device

havi ng mul 17 SRy iR T ParieRr ons e BE REPSIET i 0 MHer e two or more
of the substrates are forned froma voltage switchable dielectric materi al
The devi ce demehienctensivbdfrbmomneaondside patHesubeidratsei ngl e and/ or doubl e- si ded

substrates. In an enbodi nent, the nulti-substrate device 700 conpri ses

"ol or once (5 hout B8 a0y AR LA SR LRI AR 10 & o1 e

froma voltage swtchable dielectric material. In a step 620, a first
non- conduct§meodigyeat of e daysmsionepregwisprstipem the electsegdestormaa 710, As with
previ ously described enbodi nents, the first non-conductive |ayer can be,

for exanpl ele@rRROhRIaBARAR] the TRESI: A t1RUGHs $59. apRtRreeisd layer. In a
step 630, the first nonconductive layer is patterned to form sel ected

regions in ich the substrate 710 is exposed. . In an enbodi nept, a

phot or esi stt\ﬁ?aeg%fﬁ SRSl CHEH RS 00 Bl PR HIDh abyﬂl@f n, so that

the substrate is exposed according to the pattern of the positive mask.
interrupt electrical connection between the two sides of the substrate 310.

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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[0981 In a step 640, the first via 750 is fornmed in the substrate 710. The
first via 750 is preferably fornmed by etching a hole in the substrate 710.
Addi ti onawovoa®seam be fornmed as needed in the substrat @CTAB2010/084569 a 750
is etched in a location on the substrate that is predeterm ned to be where
select current-carrying elenments 735 will be located to connect to
current-carrying elenents of other substrates in the device 700. In a step
650, the f!&i?ﬁer&?@éﬁfi@trﬁﬁigﬁsooth& tﬁ?@baﬁggi’ac@d %ﬁcﬁhfg&jé&'n%fc process. The
el ectrol ytic process ‘€nploys an el ectr&de and a sol ut'ron according to
design requirenents for the first substrate 710. Conponents of the

el ect r ol yt i ¥thyeemakio angangiiehg t he el ectrode and the conposition of the
el ectrolytic solution, are selected to provide the desired precursors, i.e.

material s fiegim Mhch BebtRRIPESL BUE 9l B6erovidld with & 184seBnéb@rerithe remai ni ng
non- conductive layer on the first substrate 710 is renoved. The

current-carryin | enent the first substrate 710. may then be
SO ehed trian g Bramgon 23d A Ao b pe s B e EHEE B 1 ot
substrate 710 is forned, additional substrates 810, 910 can be formed in

step 680 t ofocmniidbetY, BBE 98U istformed brai pludteltyod cdiOnt-Gubdegiuent substrates
810, 910 are forned using a conbination of the steps 610-670. One or nore

addi tional yi - ' - ' not her
substrate oo e RS e e M T B P T e 700 may
i nclude addi tional substrates fornmed as described in steps 610-680, or as
descri bed &P aeedsihdogneduhenbheir espectiyssvbstrtendl)l, 844 PHt a'6ns nay be nmade
to each of the substrates 710, 810 as needed. For exanple, substrates used

in the devigeical danelddltRARI AV leRallBledh 8l @altitEvemRieri al s with
di fferent conpositions. Accordingly, the external voltage applied to each

substrate t ver co the ch cteristic voltage can vary bhetween

Subst r at os. AR S ol SHERE T O M. HOrATG SHALLST o Ov%ef%?t@efc%fwr\éf%o be vari ed
fromsubstrate to substrate. Additionally, the non-conductive |ayers can be
patter ned webpectivecuerarlreingllalter78ht836p935 arg forntedgi ng, and/ or resi st

devel opnent techniques. Further, the nmaterials used to devel op
current-carryin I r.f 5t rat can al so be
vari ed frod&%tbg?%aE%%%g%%%ﬁ%%%gfzﬁgﬁgggﬁﬁg%%%géfﬁ#%éggyégﬁ?%:es used to

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

subst r at es, cudeqréairnigpgsternerds g3y on thel fast dbsiraie 736 tamerentscafiying he
substrates. [Non Under a variation, it can be preferable for the process to
i ncl ude t he:6QBREOES b Ak @fird@lubt@sio10NehdQMALEr R AeAnsiibel § &d@ndsuch as at
an end of the stack of substrates. The third substrate 910, for exanple,
can be formed to .include current-carrying elenments 935 on both pl anar

sides. In thpedds P *i%ﬁ?ct%%r?@%‘?fa GEFPVECA EiRF ClregisysiondBe on the first
side and the second side of the third substrate 910. The non-conductive

| ayer on thecsetaiststedd 0cqith berremdarging dlemsar®3fBh ehéd @lirdasibstiete

non- conductive |ayer on the first side, although in sone applications the
second sid f the subsirate require di type of .

hoto- i nagedtl 5 i VIR Bha Tt Aok Balatvp0 PR E® ShdcaBhconduct i ve
| ayers on each side of the third substrate 910 are then individually
patterned. adthelectrically sntbsonatated 1Thd mrangeowest etpletedtyhes 750y 810 and second

si des when the respective non-conductive |ayers are patterned. Exposed
regions on gach pidledelict A SRR LRhHISRYaRoR! GLEL Jigdghhelo 7 [N separate
plating steps. [0102] Enbodi nent's such as shown above can be used in PCB
devi ces. PCBs have a variety of sizes and applications, such as for

exanpl e, fd™MB®Eeds printed wiring boards, motherboards, and printed
circuit cards. In general, a high density of current-carrying el enents,

such as el go431 | Gk egcofipRN&diSondleadcandadis€d tECtbinneys ol tehhadded or
otherwi se included with PCBs. In multi-substrate devices, the size and

function of the PCBs ¢ ji.ed. A devi i ncludi ng a PCB under an
erbodi ment GEVEHESERGBRL Po e e g anb st L e kit P Vantlge
switchable dielectric material. A photoresist such as a dry filmresist can
be appl i ed @varothéresubatvater Erateraply, eheafimpt andfecand phied ciaal/bQy 8aW aiel abl e dry

filmresist includes Dial on FRA305, manufactured by M tsubishi Rayon Co.
The thickness of the dry fil mresist ggposited on the



substrate is sufficient to allow the substrate to becone exposed at

sel ected portions corresponding to where the resist was exposed by the
mask. [O0MWB20Amset7ect ropl ati ng process such as descri be@Chushowas{rert to
FIG 3 is used to plate conductive nmaterials on exposed regions of the
substrate. Substrates forned froma voltage switchable dielectric materi al
can be used for various applications. The voltage switchable dielectric
material capheqioHIdn.ehaoeth sand1chast &8 SIESARG F8f sidg1g el ous print ed
circuit board applications. Exanpl'es of printed circuit boards include, for
exanpl e, (i) notherboards for nounting and interconnecting conputer
conponent s; indiviguay plaked- \ﬁhﬁlﬁzrﬁjﬂ%dapbgl,ngaﬂ‘ﬁ Rlatef VvigsePRgialare pgtler ( PC)
cards and simlar devices. [0104] Further variations of the basic process

are descri b@dol ®WsuBstrdtel B0, $loadioia greaaessinkd PoslioAnseaedi ment of the
i nvention enploys a pulse plating process. In this process, an el ectrode

d bstrat I Si .vol t Lt | ielectri terial
mer sed | e BV BTGOSO AOr Age" P SRMe G BBt Een ( ne

el ectrode and the substrate so that the voltage switchable dielectric
mat eri al bexsoreessseondioe thevierst plagedayppl7b@ dpeoinigages fakmeod ¢atiees i ons in the
electrolytic solution to deposit onto exposed areas of the substrate,

thereby pl afjng,as 9%’8%‘5’16%( t{}%éip{%@deft%ﬁ‘fﬁ%& gpsitil)ﬁ's B&fﬁrepel'f‘!ys(ﬁ tht ating process,

t he vol tage 1I's nodul ated "an OWs a waveform such as-the exenpl ary

wavef orm 900 shown in FIG 9. The waveform 900 resenbl es a square-wave, but
further inciubdeateaarezldicdg Ldefyeses poribe sa@nd eted eaftfgoraigessspirke 910 i s
preferably a very short duration voltage spike sufficient to overcone a
trigger vol{aged iVihe sobsthies 30, baOS HuidichabLE pdbiebRS bribLtombgr i al , where

the trigger voltage is a threshold voltage that nmust be exceeded in order
for the voltage switchable dielectric material to enter the conductive
state. In s tr@%m%elpﬁ@ﬁatsé- [ Prade g BYeroP saiRnsile! el 56 V) St ge,  such
as between 100 and 400 volts.

plated via 750 and 850 correspond to uncovered regions on surfaces of the

respective substrates in which current-carrying material will form. During
subsequent electrolytic processes, precursors deposit in these uncovered
regions of the substrates, as well as within the openings formed in each
substrate to accommodate the vias 750, 850.

[094] For simplicity, details of device 700 will be described with reference to
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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[0106] Once the trigger voltage has been exceeded and the voltage
switchable dielectric material is in the conductive state, the voltage
swi t chablwodbelosetmi c material will remain in the condueCus2eas4sed or as
|l ong as the voltage applied to the voltage switchable dielectric materi al
remai ns above a | ower clanping voltage, V. In the waveform 900 of FIG 9,
it wll be appreciated that the | eading edge spike 910 is followed by a

pl at eau 920, afo,p¥PLEAIE AROYS. L MRurtl AT HAL @08 Fife Blias eau 920 i s

foll owed by a relaxation period I n wh e voltage returns to a baseline
930, such as 0 volts, then the cycle repeats. 2. Reverse Pulse Plating

Process [Olﬂfk’}stfﬁﬁc?tlﬂer enbodi nent of the invention enploys a reverse pul se
pl ati ng process. This process is essentially the sane as the pul se plating

process desgdsi baf aaheMBon ex&aPbdiitdts dddcRbATfodk, biteomhaiaals®20s (FI G 9)
the polarity of the voltage is reversed so that plating occurs at the

FI G 10 1 n MANCROPR7 ey PYAvah iR ot S e va- e SRt ai 1y the

sanme nmagni tude but opposite polarity. The shape of the negative portion
need not mateh bt datl-ofled,encpalsé focatdorpatrihe eird sulstriateed10rm ¢h hatthen or
duration, and in sone enbodi nents the negative portion of the waveform 1000

does not ih&'tﬂgﬁe%ﬁé SRNGiC A IhL %F%&Pds te t%"ln?&égwu%{t{‘gﬁo el EVErse

pul se plating 1s that 1t produces snoother platingr en the
voltage is reversed, those areas on the plating surface where plating
occurred nodded gpistugtigref Braseforr thederen00gaepinsludegsereatagat-wher e
di ssolution occurs nost readily. Accordingly, irregularities in the plating
tend to sMQLRiQtorMAebnd IHXB-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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3. Depositing and Patterning Non-Conductive Layers [0108] Anot her

enbodi nent of the invention enploys a silk-screening nethod to devel op a
patt er nedwoantigsauct i ve | ayer on a substrate forned frecraSeaoosge9
switchable dielectric material. This enbodi nent 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

di spenser I bstrate
accordi ng ?%9%hg§e€?%%§§ﬁ%%{e%gﬁ%%?ﬁ&ﬁ#ﬁ%@S%PEggf%%gﬁﬁmgre% icant is
typically a formof plastic or resin, such as Kapton. In contrast to ot her
enbodi nent serule@cttgteatﬁotlwrf&t ran-gpdarctizg Byporant bre [orsnamgidadiole | ayer,

si |l k-screened Kapton, or another plastic or resin, is permanently applied

to the surfiaggeblebhesbEER &l fphoSresuthyesith k<89 oniegiaffers advant ages
of conbi ning steps for depositing and pa¥tern|ng non- conductive material on

material f ronkens ST e B eHe MmO TR R C MY BRSO Gonduct i ve

Materials on a Single Surface [0109] In addition, current-carrying el enments
may be fabr710as edpwed.olrearsembadtiencot, agplsuitastisalgerfic omskewand thenr e t ypes of
current-carrying materials. The substrate including the voltage sw tchable

dielectric él@;to%d Al fobs tg?gg&%nl & tthgt tt%]% sﬂtfl}aetg X %rge‘e’cﬁe&ft!)rd&%fb;thgf

current-carrying materi ctr tic processes
can be applied to a surface of the substrate to develop different types of
cur r ent - car Pajeng optietpasite mask- one enbodi ment, a first electrolytic process
is enployed to deposit a first conductive material in a first pattern

formed on the) sunfaes o, iHaGirsURS V5@ GornRUDTEAN 8Bt Yate 105 ATRMH st
non- conductive | ayer ‘i s patterned on the substrate including the first

conductive nma | al troly cess na then | oyed to
deposit a §@€%§ B&Hﬁ@ﬁ%ﬁY@% ﬁﬁgpnﬁéiﬁg”Pﬁ €§ ‘ﬁlOW this way,
a substrate may include nultlple types of conductive naterlal For exanpl e,

copper can tes dapasfot®dd honéatemih eladsibatrate¥d 0s Ths viadd5e iaetdhahot her
conductive material, such as gold, can be deposited el sewhere on the sane

surface wh ClSattotPSH t!h% rsuBé)cpaqel gﬁat (?snpﬂeaetre%%ﬁle%létr Ye 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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E. O her Applications for Enbodinments of the Invention [ono] Enbodi nents
of the invention include various devices with a substrate of a voltage

swi t chablwodoalmsetmi ¢ materi al upon which a current- car Pgirasg261005569 on has
been deposited. The current-carrying formation can conprise circuits,

| eads, el ectrical conponents, and magnetic material. Exenplary applications
for enbodi nents of the invention are described or |isted below The

appl T Cat | 0NfuelCSSHINRL RY shibstlofl7 AL Rirthedl SadbRhMoubbi-iSt 6 bye of L he

diversity a lexibiTity o i s |nvent|on ererore not be

construed as an exhaustive list. 1. Pin Cbnnectors Oiiii I'n an enmbodi nent,
a pi n conne@ndie fpgmeg mﬁtﬂééSOWnH%l%Fﬁﬁh‘émuﬂWréubﬁéW% iegf®Pchabl e di el ectric

material is used to forman interior structure of a fermale pin connector.

The vol t agesiisbdednablissthii@l 80} 910G réRirficdalsiacifbinggeh bothkatdpscont act
| eads within the interior structure of the female pin connector. The

vol tage sw I di el ectri e sha ed i interior
struc?ure d@ﬁﬁgg 6F(E%%Wﬁﬁgaﬂgmﬁ§Wﬂ$FH§?g? ?ﬁéaiéT@h swi t chabl e

dielectric material in aliquid form The resultlng interior structure
i ncl udes a foamiedin snsthaceibstrate ao plessdbedacaodirestpereghis 60 mad 65(p1 Theconnect or
when the two connectors are mated. Pin receptacles are accessible through

e e T SRR P AR Bl GEgeiAsl e s cspond o
610-680, or as described for double-sided substrates above.
[0100] Variations may be made to each of the substrates 710, 810 as needed.
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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[0112] To provide conductive contact elenents wthin the connector, and as
showmn in FIG 11, the interior structure may be separated into segnents
1100 to ewpasa/asheil engt hs of the pin receptacles 1110 PhatuSexwsmbcs o t he
holes in the mating surface 1120. A non-conductive |ayer 1200, shown in
FIG 12, such as a photoresist |ayer may be deposited on one of the
segnents 1100. The nonconductive |ayer 1200 may then be patterned so that a

bot tom sur A8k fkeAL, BAR P ROSBIAGEY bHA: [3:eXRaRRd HEGN the

non- conductive | ayer e or nts O of the interior

structure may then be subjected to an electrolytic plating process. During
the plati ng? peyeerductiyeayler iglepiositeshen thedirsiosidhand H%eéﬁfiwf d¢le gthgre so that

the voltage switchable dielectric material is conductive. A conductive

naterial iSﬂﬁﬁk@&bﬂ&ﬁ%@daoﬂhéH@m@&kﬁ&ﬁh@uﬁ%ﬁ@ﬁﬂiﬁiﬁmﬂigﬁ@@ﬂn@éﬂmﬂecﬁptaC'e
1110 in the interior structure. Once the contact |eads are forned in the

pin receptacles 1110, .the ngn-conductive J]ayer 1200 can be renoved and the
B egrent o 11001 8787 FIBHET o AB OT B P U g iy b BERGILED wit i a
shell to conplete the fermale pin connector. [0113] Several advantages exi st

to form ng sonp appdieatiect the semvddrsidenofehd ebiso it mof réduarel andigfietdndn. Pl ati ng
the interior structure enables a | arge nunber of pin receptacles to be

| nct uded | e e pREGIhAEMEHERUES of DuRPRoRlBhi NG RIAFERS TifUigher . because

the | ead contacts can inner, pin receptacles can ormed cl oser
together to reduce di mensions of the pin connector. The pin connector can
al so provi de@nguetiveloyeraga eaﬁlmﬁlé@pfﬂwtgrréﬁebﬁtr@g Nhare therendividpalh ¢ o
voltage switchable dielectric materials. 2. Surface Munt Packages

patterned. The third substrate 910 is uncovered on the first and second sides
when the respective non-conductive layers are patterned. Exposed regions on
each side of the substrate may be plated together or in separate plating steps.
[0102] Embodiments such as shown above can be used in PCB devices. PCBs
have a variety of sizes and applications, such 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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[ 01141 Surface nount packages nount el ectronic conponents to a surface of a
printed circuit board. Surface nount packages house, for exanple,

resi st or swocapasptior s, di odes, transistors, and i ntegraPel/us2e10054569levi ces
(processors, DRAM etc.). The packages include | eads directed internally or
outwardly to connect to the electrical conponent being housed. Specific
exanpl es of surface nounted sem conductor packages include small outline
packages, ] i i i afr d chip
carrier sogﬂgggg%?%ngéﬁgﬁﬁ?gg{%%%kgﬁgﬁg acé%%%&ﬁ g%%% gggg%?nvolves
formng a frame for the | eads of the package. The frame is nolded using a
materi al  suRdFtiass eysEsepopdigisio whese Bifredst wisidrosest by Hiegeeskopl ated into the
nol ded frame. In an enbodi nent of the invention, a voltage sw tchable

dielectric [ﬁﬁ)ts]erA@éle&%le@nng?Rﬁeés%uﬂQ'ééﬂi&é&_ﬁbédmreépé%@%H@?Gﬁ@ti ve |ayer
is forned on the frane to define the |ocations of the | eads. The

Cubsequent WENAP R bFORBLETe SR TR o R B AN B BLtE g

phot o-i nageabl e material such as descri bed above. A voltage is applied to
t he franme diuhbshgtets ierneddefcomaptdtaign gwiichadds dielartremderiahcprt beeudedane
conductive. The leads formon the frame in | ocations defined by a pattern

of the non- ' . ' ' bl e
i ol octric BovHoL] HIEte AR R RRR Aok R B SR g for o
smal | er package that occupies a smaller footprint on the PCB. The voltage

swi t chabl e @reréchaped madsided]as akeded ion dreevariops priovediescudieaard ol t age

protection to protect contents of the package from vol tage spi kes. [0117]

FIG 13 il lysiicaties. ERhhpld Pt dBRLS: RRsdsindiRd, o bharhpleiyredi at e

| ayers. In sone applications, it nmay be advantageous to incorporate one or
nore | ayers between a VSDM and a current-carrying material in

current - carWﬁW\é\gcf%?lWi%‘?ﬂmm Ity enneRing @ufﬁbma?%wt% (Bhi ckness
(e.g., greater than tens of nm a few mcrons, tens of mcrons, or even
tens of m)primed veEying®oasist md(idsparanal ayepstef €0) cardsamichgmalat hi ckness of
the order of an atom a few atons, or a nolecule). For the purposes of this
specificati&gﬁaguch | ayers are termed internedi ate | ayers.

[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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[0118] FIG 13 includes a diagrammatic representation of exenplary
processing steps (left side) and correspondi ng structures (right side)
associ at edowntinsptre use of internedi ate | ayers accor di n@CraSs@0ms4569

enbodi ments. In step 1300, a VSDM 1302 is provided. In sone cases, the VSDM
may be provided as a |l ayer or coating on a substrate 1304. A VSDM nmay have
a characteristic voltage, above which the VSDM becones conductive. In sone

erbodi TEnt Sua b6 008 ARKEL oo oY Oht A0 RLn AR APOYR AP 0a) | use”

vol tage associated wth an electronic C Vol't’'s, 5 Volts,
12 Volts, or 24 Volts). In some enbodi nents, the characteristic voltage of
a VSDM is apgvertaerpsiudas alegtinggs agsetkerdp. dheledss edeengike Haderial (e. g. ,
above 0.5 volts, 1.5 volts, or 2.5 volts). In some cases, electroplating
may requi r epafereblly agery Badrt derdiohR oihey SpiRe bymicieat tih@kdonge ¥ aidgage and

above the characteristic voltage.
voltage, V4, of the voltage switchable dielectric material, where the trigger
voltage is a threshold voltage that must be exceeded in order for the voltage
switchable dielectric material to enter the conductive state. 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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[0119] In step 1310, VSDM 1302 may be masked using mask 1312, although
maski ng may not be required for certain applications. Typically, mask 1312
defi nes awmoexpasedfiporti on 1314 of the VSDM upon whi ch &Ctorse@nis4sas ryi ng
formation will be fornmed, and a "masked" region (e.g., beneath the mask)
upon which a current-carrying material is not deposited. In the exanple
shown in FIG 13, mask 1312 defines an exposed portion 1314 of VSDM 1302

upon whi oh &ueHifents SARTYLAG, LOFIRL QW iTBo\bE d ARLI6S Rkl 4201 In step

1320, an i nter medi at e dep05|te n at least part of the
exposed portion 1314. Internediate Ia er 1322 may be sufficiently thick

that cert ai Prsiféd anghesapy o pertions aye @SSﬁ@tﬂﬁlkyébﬁ sgige gnagnigdePBhce, ~ di f f usi on
bl ocki ng, inproved electrical properties and the like). In sonme cases, an

i nt er nedi at §pRne poliyy. PEhdIgRPe Lo tiRtdcagivapfeloyiRed ot MatM thsOz | n sone
cases, an |nterned|ate | ayer may be suff|0|ently thin and/or conductive

t hat subse osi tion a curre |ng terial on internediate
| ayer 1325 ByPoBE B ERHHBE EAEBEHE SPGB 230D SREY form an | neul at | ng
barrier, and in sone cases, may provide for conductivity via tunneling

and/ or ot heembatihieneahe ebfaoteor{fiod 2flihelwavet@m 1BBQoeanctinckerte-acar ryi ng
mat erial 1332 may be deposited on the internediate Iayer. In sone

mbodi t i i
gur?eh?ega?rylng%gégééwﬁ%kpggfQﬁﬂg %ﬁ% 518 d%%% Bb%L%P%§Mt%3 step 1340

illustrates the renoval of mask 1312, yielding a current carrying formation
1342 conpr i Biodgces ssuratherntnleting sesnigs nWhen ithe velinge anrevatsed rbesereas ayer .

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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[0122] An internmediate |layer may include a diffusion barrier to reduce or
prevent diffusion between a current-carrying material (e.g., Cu) and a VSDM
mat er i al .waxemnplsar7y di ffusion barriers include netals, mrCTSd@s/ 054589 bi des,
silicides, and in sone cases conbi nations thereof. Exenplary diffusion
barriers include TiN, TaN, Ta, W W, SiC, Si3N4, TaTiN, SiON, Re, MSi 2,

Ti SIN, WCN, conposites thereof, and other materials. [0123] An internedi ate
| ayer may g, £l 86} fcabl (€ ORAYGL, Yl sF5Enik oYe it #&gswpd' ate |ayers
(e.g., lesst 8 50n nm or éven [ess even relatively
resistive materials nay provide for sufficient current densities that

el ectrical ks sieps IpT P IsiBIa AP A epvisBmoproadr e megrialothg nat eri al
to the VSDM phase. An internedi ate |ayer nay be a conductive pol yner, such

as certain ghoReBstRé, ¥k N IRRenasn ANt SEpPRk Yanblihg@sn-dbRddd]lvel nt er nedi at e
| ayers may be fabri cat ed u5|ng l'i ne-of sight deposition, physical vapor

deposi tion, ap ition, electrodeposition, spin coating,
sprayi ng, aQ%QLﬁPHH§€ ﬁ?f(ﬁ %F’V&Fious embodi ment s i ncl ude
el ectrodeposition of current-carrying materials. In sone enbodi nents, a

VSDM (optionally including an internediate |ayer) is imersed in a plating
solution, after which a plating bias is created to cause el ectroplating of

a current- ‘f‘rmﬁﬂﬁﬁﬁ‘?ﬁggéfﬁ@d@ ?ée)g@t‘%gﬁ%ﬁ% P1 lé)étﬁff Cg VSDM i s renoved from

t he pl ating bat i ng |as El ectrodeposi ti on
may include inposing electrical currents betmeen 0.1 and 10

m | |i anps/ sl8War dneddition, exaerstcarsying eemagtssenyuled whripdyd ontd agetasepper i ons
at a concentration between 0.4 and 100nM a copper conpl exi ng agent such as

[ et hyl ami neyf Dbk @hiderorR Yk b Ok h(Hré‘@y e@)b@lElﬂ*é’r@ctJ&Yﬂyﬂﬁ§ﬁ1ﬁ}z@rﬁm Mehe aromatic
am nes, and nltrogen het er ocycl es] haV|ng a molar ratio between 0.1 and 2

on 2 DA Do A0S SO SRR O, st Bl o g5, e rater il
2007/ 0272560 Al, the disclosures of which are |ncorporated by reference
her ei n. 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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[0126] Certain enbodi ments include electrografting one or nore | ayers, as
descri bed, for exanple, in U S. patent application publication nunber
2005/ 02558820105917me di scl osure of which is incorporat edCoUSe@EhOsLSRE e
herein. In sone enbodi nents, depositing an internediate |ayer may include
el ectrografting the internedi ate | ayer. Enbodi nents conpri sing

el ectrografting may be used to deposit insulating layers (e.g., insluating
polymers) of @aVsRTRL &AL B BGRLROLARLNEy o ect rograft ed _
internedi ate Tayer. Efrectrogrartin ly be described as the el ectrochem cal

bonding (e.g., electrobonding) of a polyner, and may include i mersing a
VSDM i n a sB1gk iFsnbasivients ot swenieninshugieriiagiogs deviegowith Asgbstediei on of an
appropriate voltage (including a voltage profile) may cause the VSDMto

conduct el egita Rilgage Whichabl@Yicl@sid fnateRiaBip & fBidHOCARTEahrgaRosi tion of the
di ssol ved pol yner onto the surface of the VSDM As such, a pol yner nmay be

el ectrobonded to the VS 0127i,An exenpl ar. | ectrografting. enbodi nent
| nel adelof RAEPS MR R PETIT T SarcTr PR Lo R A OB ¢
precursor. An exenplary solution may include butyl nethacrylate in a

sol uti on cosiquits, laglsS&Ee&rinal donpehehist arabinhyhatimmateval. peeatglaryate in DVF, in
an anount of 5 nol of butylnmethacrylate/L of solution. The VSDM nay be the
wor ki ng el e i g . el ectrode.
The i mer sem%nﬁ\g?{ egg%’,g?%g%g%tgg glll\%%}l%) ggge %‘?Sg’fq]lgégo@ﬁ%t (ligagﬁ’t to cause
the VSDM to conduct (e.g., cyclic voltage between -0.1 and -2.6 V/(Ag+-Ag),
and cycl ed The applicagions c?%@reb@forﬂcﬁ@edmrgm are mpsplgsilesteptiveoflit ¢ film (e. g.
pol y-butyl met hacrylate). [0128] In other enbodi nents, a

pol y- met hyl qivelsRgahy |f@§<%ﬂ(t8%i_s {lJemigR¥anPe e LIRCIheRISRIHEHBet O @ VSDM
material by imersing the VSDMin a solution conprising WA (e.g., 3.125
mol /L of MMA, 1E-2 nol/L of 4- nitrophenyl diazoniumtetrafl uoroborate and
2. 5E-2 ol /9ONgFURG AR Phasiive BF) , and subj ecting the i mersed VSDM to a
vol tage cycle sufficient to cause the VSDMto beconme conductive. An

exenpl ary vol tage cycle may include cycling between -0.1 and -3 V/ (Ag+/ Ag)
at 100 nV/sec to forma pMVA | ayer on the VSDM [0129] FIG 14 illustrates
an exenpl ar ]ﬁ%&ﬂ%%e&%g structure that incorporates a conductive backpl ane.
In sonme appl’ications, It may be advant ageous to provide a conductive

backpl ane "beneat h" or "behind" a
[0111] In an embodiment, a pin connector is provided. For example, the

voltage switchable dielectric material is used to form an interior structure of a
female pin connector. The voltage switchable dielectric material can be used
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.

- 43 -



VSDM | ayer. FIG 14 is a diagrammatic representati on of exenplary
processing steps (left side) and correspondi ng structures (right hand side)
associ at esowntinsarreonduct i ve backpl ane, accordi ng to cerCaius2@wisdenent s.
[0130] In step 1400, a conductive backpl ane 1402 is provided. In sone
cases, the conductive backpl ane may be incorporated into or onto a
substrate. In sone enbodi nents, a conductive backpl ane may act as a
substrate i | f : j ' S t 410, a

vol t age smﬁ@@’%gFgﬁgggvé%???gﬁﬁgggFﬁgﬁLg%%ggﬁgégggééggggvﬁb 6% at least a
portion of the conductive backplane (e.g., by spin coating). {0131] In sone
enbodi nent sshowspm Fig1 D1, feg/infriqrpinsdire maydivsep ke dinposemanéyl18As f or
subsequent creation of a current-carrying formation. In other enbodinents,

VSDM 1412 n@)expesctARBsHesh ofl tRe PR ie0&thclsd BR0IMARKMRSK tHéRAeNRYthbe appl i ed
to VSDM 1412, defining a region 1424 where a current-carrying formati on may

be deposited. .[01321 | t 1430, .curre arryin rnmati on 1432 nay be
Pormen by dunihe Fired T2 bt e i a0 SR e A s e
exanple, in region 1424). In optional step 1440, mask 1422 may be renoved.

[0133] A conpbatbiessst hyekmlagbe depysiteeldircend dtehe sepnaarde1 0. {Theoloness of VSDM
t hrough which electrical current passes (e.g., the conductive backpl ane may

act as a "b )1 ' [ Vv ot h out
o maie mor S by iy RO, R o BEABERG AR TRB icheato GO e
Enbodi nents wi t hout a conductive backpl ane may require some current passage
in a hori zowchlpinrerepiailed 11Q isexposedrthequghghe hentpandkaizedayst 1800/SDM | ayer) .
Enbodi rents with a conductive backpl ane may provide for reduced distances

of current EASSABGH skPmbABN 160 SChE iidtioCHFU@ie MRY tHRADR slibRMea to
current-carrying formation through the VSDM | ayer” to the conductive

backpl ane in g direction orthogonal to the |ayer.
P ane ectrolyt?c pla’pmg procegs. rBﬁuring 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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[0134] A conductive backplane may inprove the uniformty of current density
during deposition (e.g., of a current carrying formation) and may i nprove

t he perfovoenu@segf7ia VSDM in certain el ectrostatic di scirargsS2¢i@a8b)seevent s.
A conductive backplane may result in a reduced di stance over which current
passes, which may provide for |ower resistance as conpared to a VSDM | ayer
not di sposed on a conductive backplane. Alternately, a thinner VSDM | ayer
may be conbined with a conductive backplane to yield properties equival ent
to a thicker VSDM | ayer w thout a conductive backpl ane. A conductive

backpl ane may be netallic (e.g., Cu, A, TiN; a conductive backpl ane may

i ncl ude a chniéceMoyBINAEEIZes) 0135) FIG 15 is a diagrammatic illustration
of attaching a package, according to sonme enbodi nents. A package may be

attached t OooA4CWurRBE nfoRint Phd]@ EOmBBAE QBRI @mpPorkditd @Uesusiict 6habl e
dielectric material. The attached conponents may be protected (e.g., from

dust, noisture and the |ik si ng the package. ackage nma rovide for
Mor oved mebTRTCFDPaper hedty BoghlSalpgthise def Pritade, FrkeRss ance ¢ o
war pi ng) and/or may inprove the ease with which packaged conponents nay be
further procgssieds,(dodes, tratdigtots, myd ireeglstedaimudeleviwe)d (prdteasqrsst uds, i nes,
w res and/or other connections to a device contained within the package nmay
be include i p 130] L. t of a
package 150300 R e R ea D RIeTL e il ed HRRAALIS AMbARITER. 104
deposited on a voltage switchable dielectric material 1505. In this

exanpl e, volanage tewie dpdprd cam@orerirheinglaguseil aPpadicemaplpecidi sposed on an
optional conductive backpl ane 1506, which may be di sposed on an opti onal

substrate 1affice hbus@d finlic GINRURRL Soes InEEKSHSE! BRYinEadikdaghed to a
current-carrying formati on and/ or VSDM wi t hout a conducti ve backpl ane

and/ or w t hout substrat e. 137], I n step 1500, .a packa 1502 is
at t ached, tw%@rwc a@eatpﬁ?%ﬁg?adgdﬁgm FBHETSS alfCﬂféﬂ%Plf%ég T chabl e
dielectric material 1504 and current-carrying formation 1505. A package may

i ncl ude a poliymVan@acanipgsutiece ooy parkegesangdlassiormingd fremerfat eri al . A
package may be insulating. In sonme enbodi nents, a package may include a

pol ymer coating, ) lic,. X .g.

D e oy BB SR DD AR08 KEIBIFAA S eps

m croel ectroni cs packagi ng and/ or the fabrication of printed wiring boards.
[0138] | n opsinodhkresttey lcbdlsore edisaplaied int®dBe mpjddaseirampplreah Certain
enbodi ments include a substrate that is dissolvable, etchable, or neltable.

A subst r at e fBYdihia6t HGe n VXioAl a PEIRGE sHBtREbRidIG@tic FRkdrH @in bENPer at ur es
bel ow 50 Cel sius. A substrate may include a netal foil. In certain

enbodi nent s, a dgcohesion | ayer may be_ incorporated at t%@rinterface

bet ween t he'SABS oAt Eediing he negr@idiriie BukpfAMedBrthefiemaSBM as t he
case may be), which may provide for inproved renovability of the substrate.
A decohesi ofeflnaythe lorayondflthdRads T @sriveshidaiceive ayer can be formed

during the molding process, during a subsequent molding process, or
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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[0139] In optional step 1520, conductive backpl ane 1506 may be renoved. In
sone cases (e.g., a conductive backpl ane conprising Cu) a conductive
backpl anewoay1instiissol ved or etched (e.g., in an appropcCraiSeotaos4y? | n
sonme cases, a conductive backplane conprising an electrically conducting
pol yner may be dissolved in an organic solvent. A conductive backpl ane may
be thermally etched, plasnma etched, ashed, or otherw se renoved. [0140] In

sorre embodi geRl iy oA NSPMIINRE) i ROREdLY digkLEY OflAuisybst rate, and i he

substrate may be renoved after mation of a current-carrying formation
and often after having attached a package. In sone enbodi nents, a VSDM may
be di sposednbreatly prenides overtyakrgt Brrieqhionte protgcisgpinisefdhe packaghe
conductive backpl ane may be renoved after having forned a current-carrying
formation. @Ugagg@§§hgge§ayer may aid renoval in these and ot her
applications. [0141] FIGS. 16A and 16B illustrate cross section and

perspective vie (respectively). of a.renpvabl e contact mask, according to
Bertai n end8H/mants 3 A opEs SlnmBOd YT ppaaFaoy RAUPIR i Fayer of
voltage switchable dielectric material (VSDM 1602 is shown, although a

cont act maslkyemy Ibsons gl wiatibng itwob t beged switd gHoab teindogloedit one ormat er i a
W thout a substrate. [0142] In sone enbodi nents, a contact mask 1610

{ncl udes any sl ALLIG LAl VAR, NS el EE 1AM, 1630 FligsLjode 1630 my

connect to one or nore electrica may provide for
el ectrochem cal reactions. Contact mask 1610 typically includes one or nore
openi ngs 16%4a@ryinghicmagay beessgerfrngwyihave appregtableghicdspessiegogreater

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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[0143] Insulating foot 1620 may sealingly attach contact nask 1610 to VSDM
1602 in such a manner as to forma seal. The seal ed regi ons of VSDM 1602
are maskeaof2zoamsgeposi ti on or other reaction. In sonme erbodiSrEns4sezont act
mask 1610 rmay be pressed agai nst VSDM 1602. Typically, insulating foot 1620
may be sufficiently conpliant that contact mask 1610 nasks a regi on of VSDM
1602 fromformation of a current-carrying structure and defines a portion

10144] 1 nsal 51T gt Sa HEHE By ST EAR U POl MRSy P TR 602 by a

di stance 1660. Di stance 1660 may be |l ess than 1cm 5mm 1mm or even | ess
t han 500 niY¥qlEge and aboyeithergaraskrisieyoltaggdy al so support el ectrode 1630
substantially parallel to VSDM 1602, which may inprove the uniformty of

current - dengitby 1heted-1310Lr3MY 130D AflytHeARI sk @G MBI 1312MmItkealh | nsul ati ng
foot 1620 nmay be fabricated froma variety of ceramc, polyner, or other

i nsulating materials, ch as polyimde, poly-tetraf] uoroethyl ene, |atex,
bhot or esi <t sk fay ot 35 s irelgp iyt andtcatinhS s pomeBl SBAThiTe . | n some
enbodi ments, an internediate | ayer may be used to inprove adherence and/ or

seal i ng of afinensnkaposad pooitn t314a tled ¥SIDModigon Whichoneiremibadirpigt s, an
internedi ate | ayer may be used to inprove sealing and/ or adherence of an

[ nsulat i ng_ Foabb i YSRALIA5T - CHenl. P8R40, TR iy BTk Lgyred Lo expose

one or nore portions 0o’'a , gas, sma and the

| i ke) containing ions associated with formation of a current-carrying
structure. M whithy @urepeposyingigatarielopper depmsiedtlothaexpniplel ude exposi ng
portion 1650 to a solution having copper ions. Typically, openings 1640 are

suf fici entlghdual Geriantd, ahasRl18M dénHeshh@kpascdgreabh i omn rlvsrshvimmay, be suppl i ed
"continuously" or fast enough that the supply of deposition fluid does not

limt deposition
P 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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[0146] El ectrode 1630 may be fabricated froma suitably conductive
material. In sone enbodi nents, electrode 1630 may include a netal foil,
such as awOi2011R59770r Au foil. Contact mask 1610 may al s@cCirnshadesesddi ti ona
materials, such as layers that inprove mechanical properties, |ayers that

i nprove adherence, layers that inprove deposition quality and the I|ike.

El ectrode 1630 and insulating foot 1620 may each conprise a plurality of

material s. i%t%@ﬁ%@é ﬁwgﬁglﬁgitﬁ@% aﬁoﬁh&slél%g%&figﬁ%ﬂ%% d ¥éx{%9kagg tern

(e.g., that hes t ape of portions 1 to a uni form
pressure to a "top" side of contact mask 1610. [0147] Formation of one or
nore cur r enfor@atey g s SohsU - GHYIngBaEret irdenEreERgdideposi ti on,

and in some cases, may include el ectrochem cal pattern replication (ECPR)
as descri begdyém U. S. patent application publication number 2004/0154828 Al,
t he di sclosure of which is incorporated herein by reference. [0148] FIG 17

illustrates deposition of a,current-carrying naterial to forma
current - carPEhdot BETRISGHE 147EE BRgTAY IS CORYThORRBHH HEHESST Exenpl ary

steps in a deposition process are shown on the left side of FIG 17, along
wi t h exenpl preyergitditfation stvorentan@irrangtasrrgingenabrifll (g, Oh) ahdadFDNIn st ep
1700, contact mask 1610 nay be applied to a voltage switchable dielectric

opt i onal 1y Tet e A LbR o 3R FiludAllai GRS D bIEY bt o

1712 may be planar and sufficiently stiff that contact nmask 1610 may be
seal i ngly atiidd¢rednd & seomivrapys oombippiiens thgreog ofreaerlaadikius®D0 i s renpvabl y
attached to VSDM 1710, for exanple using a clanp or other neans of applying
pressure. parriers include TiN, TaN, Ta, W, WN, SiC, Si3N4, TaTiN, SiON, Re, MoSi2,

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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[0150] In step 1730, sandwi ch 1720 nay be imersed in a fluid 1732 that
provi des a source of ions associated with a current-carrying material. In
sonme enboaDreentes977il uid 1732 may be a plating sol uti on. PEDUSexanpise9 a
sol uti on having copper ions my be used to fabricate a copper
current-carrying formation, with netallic copper formng the electrical
conductor of the formation. Fluid 1732 may be circul ated and/or agitated

such that i r - NOS, I : to the

i d. [orsitY Branas i an iORF G I pEEAREA I RAL LEPRRIRED el ectr ode
1630 and VSDM 1710. Typically, voltage 1742 is larger (in magnitude) than a
char act er i sthe®laiBigkige %@@&%&9@aomqy iydpre imposing gleRtricAburiEbvM 1710
conducts current under voltage 1742. Voltage 1742 may cause a deposition of

a current - Cadtiviéma 1 el Metnhidihrdyd<are 8Ar ke @d8y grhtidsoldidh fay be
repl eni shed (e.g., via openings 1640) sufficiently fast that

current-carryj formation plates uniformy. [01 |p step 1750, contact
sk 1610 rBUgE cpBRvRE Shlr Berridar e &4 287 I Sks FRRE may be
re-used for nmultiple depositions. In sone enbodi nents, a voltage may be
appl i ed priamiplexingapestisanh of [etindaBiaVpeodirecpymalskinent o t he pl ati ng
solution. In sone enbodi nents, the applied voltage may be nai ntai ned until

afer the VRPUbeQRAAGdmShuas ERD SemRYeddiamANE Bl ptlag sol uti on.

[ 0153] FI rates a current-carryin tion rrcated using an
etching process, according to certain enbodi nents. Exenplary steps are
shown on t heavieg ¢ myilareragp bpjvgen gl ang 3 agd airthbetverpBang 7stSemet ures on t he
right side of FIG 18.

embodiments may use procedures and materials as described in U.S. patent
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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[0154i In step 1800, a contact nmask 1610 nmay be applied to a conductor 1802
di sposed on a voltage switchable dielectric material (VSDM 1804, which may
be di sposw0 20nvasep1of a substrate 1806, form ng a "sandRCTUS201808456LCont act
mask 1610 defines one or nore 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. ML551 In step 1810, sandwi ch 1808 may be

er sed | SIS AU0C BhLHO0, kA oL 00DRA BOLU 9BARAZ fIRYe chosen

to el ectrochem cally’etch conduct or en using a vol t age.
Et ching solution 1812 may pass through openi ngs 1640, reaching exposed
portions 18dectroRogdedis HiedrPEYl uti on may al so be operated as an etching
solution by reversing the sign (or polarity) of the applied voltage. ML561

In step 1820172 XAleka@iplat( elcivByrahith 2ddinbdBtheREHAReRcIEH S Thineighal /30 and VSDM
1804. Vol tage 1822 may be chosen to match a conposition of etching solution

1812 and opt | | he circulation of etching so|jution 1812 through
openi ngs 105 Cacs i TR PG R BaoR AREETRYE SAITY Vol t age
1822 is greater than a characteristic voltage associated with VSDM 1804,

whi ch may beaygirehidrbuthbnethadrylkecal a etaiormngmplidsing8ELengl/l. ol volt, 3 volts,
or 5 volts). The regions of conductor 1802 renaini ng unetched may becone

one of ITOr e (UL BN RALEY U AREIBYA PREr 1828 2nlc0RBLI s hity 5f ep 1830, contact

mask 1610 may be-renove s, conductor 1802 may be

deposited as a sufficiently thick |layer (e.g., several mcrons or nore)
t hat cur r entutgbnethpgiglatesk waseloron.gdlae Mo Mymay bedhawoskinpetectrngs8l | n
optional step 1840, an additional current-carrying material 1842 nmay

i ncor por at egith AtM EHATeRM ctiRle! M Ag o Rt PR 1824 . THOM R&BEPEDNMPY €exposi ng
current-carrying material 1824 to a deposition solution and creating an

appropriate voltage between VSDM 1804 and a counte trode in the
pprop may be sgbject toa Voﬂage profile SUTfiCIent (0 cause tLe I’\/%ID?\% 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
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solution, an additional current-carrying material 1842 may be deposited on
current-carrying formation 1824. [0159] FIG 19 illustrates a voltage

swi t chablwodnalmsetmi c material (VSDM 1910 havi ng regi oR€TRISRO10M5456€r ent
characteristic voltages, according to certain enbodi nents. Such a
configuration may inprove an ability to fabricate current-carrying
formations in different regions. VSDM 1910 nmay have regi ons having

di fferent i £ d{ o .et:chi LSt anple, a first
regi on 1948@%§§1%k§?&§§-%ﬁ%ag?%%%?gmﬁgﬁ?§§%5§3§§%ﬁ§’fgﬂﬂ? | ectric materials
having a first characteristic voltage, and a second region 1950 may i ncl ude
one or nor ePipEEsHGSens (et andicerserqidéngreitestivegs srighiiang sidgecond
characteristic voltage. A current-carrying formation may be fornmed on first

regi on 1940iss&diate@6atda EQGHIRAVA Balkpl e, RRLIIINE 8 8t&in 8EOHGNIs.t 0 di fferent
deposition conditions. VSDM 1910 may be di sposed on a conductive backpl ane

1920, which i | be di d ubst r.at 930. 01607 |
erooui ot TR 1R Bl org it e R e R AR PRl B IRt knose.

1942 between conductive backpl ane 1920 and the surface of region 1940. A
second r egi tha cd®B@ctivapableplefiamag be in@epotatedangeerondo hilkiib#regssinl 952 bet ween
conductive backpl ane 1920 and the surface of region 1950. [0161] In certain

erbod: Tent suorf S0hONT A0 2051 AIR0 LR AISADRERYABLEILIEA py dept hs 1946

and 1956, respective er certaln - ‘deposition conditions, osition may

i ncl ude i mersing VSDM 1910 in a deposition solution having ions associ ated
wi th a mat et ihgk metab ibasheet).da stapnldd@revadage switdhalfle diedasted i ons from the
bul k solution to the surfaces of regions 1940 and 1950 (e.g., down depths

1946 and 199@eriAPY4108ns) BNIERRHEN oh RRlead Lpdrtichenar Latvwesn depths 1946 and
1956 has an appreciable effect on the rel ative deposition and/or etching

rates at the kefpe?tive surfaces. In sone enbodi nents, a cyclic voltage may
be i nposed, *%fB" R SHRY TPAR £ tMEe frequency of the cyclic voltage is
chosen pursuant to diffusion tinmes associated with diffusion of ions within
dept hs 19460mmd 4 966e 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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ML621 Deposition may include the use of an el ectrode 1960, which may be a
pl anar electrode. In certain enbodi nents, deposition and/or etching in

regi ons MWoOQoanmd9wd50 nay be nodified by choosi ng an appcofs:@aEves4bst ance
fromthe respective surface to el ectrode 1960. For exanple, first distance
1944 may characterize a length fromthe surface of region 1940 to el ectrode
1960, and second di stance 1954 may characterize a length fromthe surface

of [edi on 1950,1.0,lieeLbndf 16Riod 0163bhil SAEmRINRL! draNiGM I TSt regi on

1940 may h ferent characteristic voltage tha second region
1950. In sonme cases, this difference may be due to different thicknesses of
t he VSDM i nlagerehEmbgiisnentomiibn spmylucivssackphine mahyeprosidedof rrelucpd) d
densities associated with the regions. In sone enbodi nents, a different

VSDM nay bedidg@aeksidf cBaeht p8eARNin thAt SIBE ARy pas@irMeM | ayer may
include a plurality of V. materials (e.g., arranged in | ayers). For

exanple, a first VSDM have.a d h | to second thickness 1952, and
S Conbi nat | SHFEY-<F T B OSRROI U Qe b CESHIRE ROV AdHEiND equal to first
t hi ckness 1942. [0164] Regions having different characteristic voltages nmay

be fabri catledkplnstirmagimdgior orth dpenaltoythe &afker.f or m ng. Regi ons havi ng
different characteristic voltages nmay be fabricated by abl ating,

Iaser-ablat&ﬂgrlgg lﬂgvﬁgéﬁgﬁﬁggﬂgfgn%ﬁﬂg¥ﬂ@gn@@%ﬁggﬁglwémiirst regi on may

be formed using a first otoresis a second regi on may
be formed using a second mask. [0165i FIGS. 20A-C illustrate the deposition
of one or n@#ATEItE duriagtdepasiFign frg- of a current carrying formation) and may

improve the performance of a VSDM in certain electrostatic discharge (ESD)
events. A conductive backplane may result in a reduced distance over which
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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formations, according to certain enbodiments. In each figure, VSDM 1920 is
used as an exanple for illustrative purposes only. VSDM 1920 i ncl udes a
first regworro@4977mavi ng a first characteristic volt agepCarnus2aonssend

regi on 1950 having a second characteristic voltage. A current-carrying
formati on may be fornmed on first region 1940, or second region 1950, or
both regions 1940 and 1950, according to different processing conditions.
[0166i FIG i) a . . i S i ectrical
conduct or 218%%%%&0#%%5'0{‘%2%%%%% ﬁlﬁg%?%ﬁes%ggg(.{r Oglée}%to ?P%dg{()ﬁ%g%uct or 2010 may
be fornmed, for exanple, by exposing VSDM 1910 to a source of ions

(associ at eddwct‘erfounkﬁén%w&}é& Be)packageanayabringluded it a prekpgBe cr eat ed

bet ween VSDM 1910 and the source of ions that is greater than the

charact eri sfisg \FDCIﬁi}iﬂu@t&&l@é‘/bt@é&%éﬂtbha?ﬁ@l&@@i15@2_3&0@% edd | ess than the
characteristic voltage associated with tirst region 1940. First region 1940

may renmain i | ati ng, ile.second . .region 1950 becones conducting, and
Goposi 11 on MG ERLLr S b e oAt o B croRted s 89188 & 208
illustrates a structure conprising a first electrical conductor 2020 forned

on first regriothab4lelacidicandgeddridO®| kmchisiexampin nwdliageorwiB®3dblef or ned on
second region 1950. Electrical conductors 2020 and 2030 nmay be forned, for

exanpl e, byjy. Si (oFP r j i iLth the
conduct or) .dlgfég% tﬁ%gxa%%%g’c% dﬁ%&gg ngagg{pé{?&)lg&o&ggﬁggs%? Q]ﬁ% and the
source of ions that is greater than the characteristic voltages associ ated

wi th both f1306twhishiney beodispessd osevoriionasihrtiragsl§08.Depessiaint on may occur on
both first region 1940 and second region 1950. [0168i FIG 20C illustrates

a_struct ur ehBydiREns, b iphsitagtIneHtBd &?Ach@&&ﬂ&@&&ént@?&iﬁ%o&*ﬁ%@@ first region
1940 having a characteristic voltage that is greater than the

characteristic v e.associated with second region 1950, Such a structure
may be for n8Y/o% @#6%@9@ a Wdyét%%@?%f@ne@f’émrﬁ@lt@%@ﬁ&é%t@ f or med

according to FIG 20B. For exanple, electrical conductors 2020 and 2030 may
be fornmed byisex{dostepg SUSLNpLRAL: 1502 & stoched topichlbn® d{tdssoe pattéth off t h t he
conductor). A voltage difference may be created between VSDM 1910 and t he

source of i@ns t . at.er t ]g racteristi Vs% ssoci at ed
wtn both 1rrsple @b dbRE et T SOPRTLOE R N PR cocur on
both first region 1940 and second region 1950, form ng two (or nore)
cur r ent - car¥pné paskage inon $1cl8ldhs polyarer) yconepestierd cahmepagliss,or 2030 may be
preferentially etched (e.g., to the point of its conplete renoval),

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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| eaving el ectrical conductor 2020 as shown. In sone enbodinents, a
conductor nmay be etched by reversing the polarity of a deposition voltage.
I n such caees11/espmi ng may be associated with current fPOWUSho100G562A

regi on. By choosing an etching voltage that is greater than the
characteristic voltage associated with second region 1950, but |ess than
the characteristic voltage associated with first region 1940, preferential

he i stic v ted .
M oron G 1 annt: Bas) AprT By M P Ral R TR PRSP on al so

provide mcro-circuit board applications. For exanple, smart cards are
cr edi t - car dAslesehesigadpyestreayiegivdeantnigrmgdivielayer mor e enbedded conput er
chips. A smart card typically includes a mounted m cro-nmenory nodul e and

conduct ors [Hk iTAbLPHEAMNRRG 1520, dddeubiied BrcRBIME Y 50WELY Be YWrhbveet. har
conponents such as a sensor for detecting smart card readers. Due to the

size of the smart card, as ,well as the size .aof conponent s enbedded or
Tount ad o T G @ S A LR RIE e URHTLE S AGURSEr at o of t he
smart card al so have to be very small. [0170] In an enbodi nent, a voltage
swi t chabl e ldickphat may reatieroladd orsetdsdde.foin dhepsopsibteatcel)oin sorserart car d.
An el ectrolytic plating process such as descri bed above is used to produce

a pattern of, LonNGERONS.e Mk ienSIRLSrSRE th ERERANEEind ANIBERN.TodUl & to
R e A a0k b PROR

ot her corrponent’s. conauctirve rising tne patte connectors

is plated onto the surface of the
may be dissolved in an organic solvent. A conductive backplane may be

thermally etched, plasma etched, ashed, or otherwise removed.

[0140] In some embodiments, a VSDM may be disposed directly on a
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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substrate through a photoresi st nmask as descri bed above. By using a voltage
switchable dielectric material, the pattern of connectors can be plated
ont o t he wobstwesd®1w t hout having to etch. This can redmce/usb@owbisekness of
t he conductive | ayer on the substrate. [0171] Another mcro-circuit board
application includes a circuit board that packages two or nore processors
together. The circuit board includes | eads and circuits that enable

hi gh-1evel GOEMINGRALHBES WBLYRED diG S FYRlalRAARRIPRASGRUNt d on the
board so that the processors act’substantially as one processing unit.

Addi tional conponents such as a menory can al so be nmounted to the circuit
board to corpRiAficat Wle By RriFdlypPeledesenasor mpieeoreningsilosy veHeh Médd patt erns
are therefore required to preserve processing speed for conmunications that

pass bet weege SPURi0Ss IADRSRPHRCRSSTY2S. [0172] As with previous enbodi nents,
such as the enmbodinents directed to snart cards, the mcro-circuit board

al so includes_a suhstrate med froma volfage swit I ctric
marerial. - ARRdrRH o 0 Rey e Atcb APt d Rb Fa B et  ne
pattern for selected regions of conductive material to be subsequently
deposi ted. 02éh ewdhraomphner prtot@ssa ssal.ubelsdatedplegions oo NEDM iLle@ arat erial in
sel ected regions according to a pattern to interconnect processors

subsequent | OIS 0oLl 6 b} 1aPBAL thn LAETHL OGRS A dvant age

provi ded by using voltage swtc relectric materials 1s that
conductive |ayers can be made wi th reduced thicknesses. Another advantage

i s that pl anpsglad@merichs pressediagaingl VAPM 160wdy pically i inatlpomg 5106ps reduces
manuf acturing costs for the mcro-circuit board. Still another advantage is

that a m cr@oinifubd s REAESLEa Pearfl V.8l BREE: MAsIPY kARHGELYR ofl enent s
formed from nore than one type of conductive material. This is particularly

advant ageo or jnterconnecting processors on one mcyo-circuit board
because rmt L8 1 édinm HBRLONGY 2 CHESRGFIDErS PUFR{e it @efflt?ﬁ 3each
processor, depending on the quality, function, or position of each
processor. patioaXaspbeySIPVOBO3 spovs wifich heumetr@rging forinatioanthytbeat ar e
exposed to the environnment may require nore durable conductive el enents,
for exanple %%Q& fromnickel, to withstand tenperature fluctuati ons and
extrenes. Wﬁereas a processor for handling nore conputationally demandi ng
functions, and | ocated away fromthe environnent, can have contacts and

| eads f or meldi4flr dnsulatieg wof 4620whhsepandtghlectrede te30ifean VEbNdde2 by ¢y such as
gold or silver.

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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4. Magnetic Menory Device [0174] In another application, a substrate is
integrated into a nenory device that includes a plurality of nenory cells.
Each nmenow9 20ad5977mcl udes a | ayer of a magnetic nateri alPCT/IS2010/05456¢ at i on
of a magnetic field of the layer of the magnetic material stores a data
bit. The nmenory cells are accessed by electrical |eads. Voltages applied to
the nmenory cells via the electrical |eads are used to set and to read the

or i ent at | ong A RANELECRhL Bhed 1 ASSL OLFTRHRE A h BrenPLof 87 ed 11, the

substrate are used to“se me cells”to be set and to be read.
[0175] In an enmbodinent of the invention, the substrate used in the nmenory
devi ce is figpwabng ftaaYsMge switchabl e dielectric material. A first
nonconductive layer is deposited and patterned on the substrate to define

regi ons whepast Bpdnay®i16ah i dRebhbgiRUAD efpodeont@r Reork pbFisatiede A first

el ectrolytic process, as described above, is used to plate the | ayer of
magnetic material, on the substrate. The el.ectrol ytic.process, for exanple,
Ca he usederHHArE: & duEhpt BB POUER) P RSBy Cof rmgnet | ¢
material. Simlarly, a second non-conductive |ayer nay be deposited and
masked on twihdsoinsdticat @ atanrchet-caeyinggironsirehBsrexhingleldepoditicgh | eads are to
be | ocated. A second electrolytic process is then used to plate the

el ectrical 40%%9? conductor may include exposing portion 1650 to a solution having

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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5. Stacked Menory Devices [0176] Under still another enbodinent, a

mul ti-substrate nmenory device includes a plurality of substrates each
formed frwomaiwesht7age switchable dielectric material. TRETAIShEWO&456eS ar e
stacked and are electrically interconnected using one or nore vias. As
shown by FIGS. 5 and 7, the vias are plated with a current-carrying |ayer
by an el ectrolytic process. Several advantages are apparent under this

embodi ment. Qe bASoheSsHIA1, TGRS E BN ARKRL ALEIINGE Agrdn bbT | cat i on

step with one or nore e current-carrying forndtions tforned on the
surface of the respective substrates. The plating on the surface of the
vias is al§@ﬁF@§§-expensive to produce and nore reliable than plated vias
produced by previous nmethods, such as by seeding the surfaces of the vias

or using adpgsi es. 176ilubiregs Gepdsitidn BoaddrdAe\hGemgRatérihl t¥ebrmaot her
enbodi mrent of the invention provides flex circuit board devices. Flex

circuit boards generall i ncl ude a. hi gh densit f electric | eads and
Component o CORIE T TH AP ator: Aeutrims 1o rer R et r BieTpley *and
conductive elements can dimnish the speed and/or capacity of the flex

ci rcuit boadtebs iknteghionitioh profest me shonwanin tha l¢tt side deFI&s. flV exdoweg withi t boar d
t hat advant ageously uses a voltage switchable dielectric material to

i ncrease tnsﬁﬁﬁ?%Q%éngﬁﬁéﬁggﬁhgﬁtgﬁﬂﬂﬁ%ﬂﬂdﬁﬁtiVe conponents on the flex

circuit boar I'ment, a conposition of a voltage
switchable dielectric material is selected and nolded into a flexible and
thin circuiP14podndtepA7P@giostact agel 1§19 majt berpidipddaao dliage sybshablg e t o
define finely spaced regi ons, as above. A voltage exceeding the

charact eri sficleci#R!thAgRa0lvsDM) PALE fthes “dspliage bt shirhliendyg) ectric
material is applied to the voltage switchable dielectric material and a

current - caryl ng fonRLion s Bl ST 10 g1 BYSNAIMo SRILEEL Sk N
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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[01791 By using a voltage switchable dielectric material, current-carrying
precursors are deposited directly on the surface of the substrate to form
t he currew0-20avesyi7mg formation. This allows the current PCaUSFINGY54569 mat i on
to have a reduced thickness in conparison to previous flex circuit board
devices. Accordingly, the respective electrical and conductive el enents on
the surface of the flex circuit board can be thinner and spaced nore

cl osely t0gaLhekor 0 vARRL £ALLABATAM IsPAPIZIO LEHiihabRgsG: f4ger an

enbodi nent e Inventt?on In s aprint h or an ink jet style
printer. Thus, the use of a voltage switchable dielectric material enables
the flex cif®duetsisgaient lﬂlafiqxa«@étaa@%éﬁf Virdipge Sricaey eluse edepasitiedbfponent s and
| eads resulting in increased printing resolution fromthe print head. 7.

Radio Fr eqwaﬁyeﬂtlzaggﬁié%rﬁaﬁén [ 2480 porebn apsy. hatidcereoehspant of the
i nvention provides ID tags. In these enbodi nents the meéthod of the

Cubst raf o5 EOITHRB Sha uoPENBae 1ol B BB E AT BHE C RO rBARF Ly, & | ayer
of a voltage switchable dielectric material can be used as an encapsul ant.
Concl usi on formation plates uniformly.

[0152] In step 1750, contact mask 1610 may be removed. In some

embodiments, a contact mask may be re-used for multiple depositions. In

some embodiments, a voltage may be applied prior to immersion of the

VSDM/contact mask into the plating solution. In some embodiments, the

applied voltage may be maintained until after the VSDM/contact mask has

been removed from 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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[01811 In the foregoing specification, the invention is described with
reference to specific enbodi nents thereof, but those skilled in the art
will recoyoizesi/asbiert t he i nvention is not |imted theret ®CTN®RIIOOS45ELAt Ur €S
and aspects of the above-described invention nay be used individually or
jointly. Further, the invention can be utilized in any nunber of

envi ronnents and applications beyond those descri bed herein w thout

departing foRg ther @agehndRidh' fsod ity HqREndled HEarbREGHELGRGRN The
pecification an awi ngs are, accordingly, to be regarded as illustrative
rather than restrictive. It will be recognized that the terns "conprising,"
"i ncl udi ng, 181&n&tchipgohgtion H 2 magberdiosemto ele@raghemidaily gidhy i nt ended to be
read as open-ended terns of art. 27. A nmultilayer structure conprising: a
vol t age swi ¢drldabior 18022baeh LbiegMBta@hlidd 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

-59 -



an internedi ate | ayer deposited on at |east a portion of the voltage
switchable dielectric material; and a polyner deposited on at |east a
porti on oVotha/asot7er medi ate | ayer. 28. The nmultil ayer sPCHASar1e/08f56€] ai m
27, wherein the internediate |ayer includes an el ectrografted polyner. 29.
The multilayer structure of claim27, wherein the internedi ate | ayer
i ncludes a diffusion barrier.

solution, an additional current-carrying material 1842 may be deposited on

current-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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CLAI M5 What is claimed is: 1. A nmethod for fabricating a current-carrying
formation, the nethod conprising: providing a voltage switchable dielectric
mat eri al ;w0 2011/058Bposi ting an i nternedi ate | ayer on at [PeaAIS2@0068t569 on of
the voltage switchable dielectric nmaterial; and

some cases, diffusion of ions from the bulk solution to the surfaces of regions
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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depositing an electrically conductive material on at |east a portion of the
I nternmedi ate layer. 2. The nethod of claim1, wherein the internediate

| ayer i ncwoades/@otiif f usi on barrier that reduces diffusi eaTalS2a0054569 nor e
speci es between the voltage switchable dielectric material and the

el ectrically conductive material. 3. The nethod of claim 1, wherein the

I nternmedi ate | ayer includes any of W Ti, Ta, Ru, Re, and Mb. 4. The nethod

of claim1,,nhergl al é@%&éﬁﬁ%%ﬁﬁesk %g%r SMQCHH{B%&%X Pird \/FS*ﬂMC' de,

oxi de, nltrl e an e net claiml1l, whereint

i nternedi ate | ayer |ncludes a conductive polyne
and second VSDM may have a depth equal to first thlckness 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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6. The nethod of claimb5, wherein the conductive polyner includes any of a
pol yt hi ophene and a polyaniline. 7. The nethod of claim1, wherein

deposi t i nyotzhe/isat7er nedi at e | ayer includes el ectrograft iPog/ush@oiontsey medi at e
| ayer. 8. The nethod of claim11l, wherein the internmediate |ayer includes a
seed | ayer that enhances the deposition of the electrically conductive
material. 9. The nmethod of claim8, wherein the seed | ayer includes one or

o CoTPOeRS oy B AP Etre  Fpe BRI 2 ©
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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11. The method of claim@8, wherein the seed | ayer includes a netal. 12.
nmet hod of fabricating a nultilayer structure, the nmethod conpri sing:

provi di ngva 2alasarye swi t chabl e dielectric materi al ; PCTIUSD®OADF45G9 t he
vol tage switchable dielectric material in a solution conprising a polyner
precursor; subj ecting the i mersed voltage swtchable dielectric
material to a voltage sufficient to cause el ectrodeposition of a first

polymer fr 01@54&&1& eROUrHG] Qhdu@R 2020 as shown. In some embodiments, a

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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depositing the first polynmer onto the i mrersed voltage swtchable
dielectric material. 13. The nethod of claim 12, further conprising
appl yi ng wo=etasg77pol ynmer to the first polyner. 14. ThePo@tusoaoos4569 ai m 12,
wherein depositing includes electroplating. 15. The nethod of claim12,
wherei n depositing includes electrografting. 16. The nethod of claim 12,
wherei n depositing includes using a cyclic voltage.

substrate through a photoresist mask as described above. By using a voltage

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

-65 -



17. The method of claim 12, wherein depositing includes partially etching.
-73 - 18. Acurrent-carrying formati on conprising: a voltage sw tchable
di el ect riworzat1arsH il ; an internedi ate | ayer deposipCedisenoas4sbeast a
portion of the voltage switchable dielectric material; and

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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an electrical conductor deposited on at |east a portion of the internediate
| ayer. 19. The current-carrying formati on of claim 18, wherein the

el ectri cavocondseror i ncludes any of Cu, Ti, A, Ag, AuPCan$2030/05469 The
current-carrying formation of claim 18, wherein the voltage sw tchable
dielectric material includes a characteristic voltage between 3 and 100
volts. 21. The current-carrying formation of claim 18, wherein the

| nt er medi At gol, ARkl AGhHAGEiA AL BEEAAENLLMARRNTRE mddfory T
current-carrying formation of clarm 21, erein the electrica

I ncl udes a conductive pol yner.
be set and to be read:

ffs to
conduct or

[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 current-carrying formati on of claim 18, wherein the internediate
| ayer includes any of W Ti, Ta, Ru, Re, and Mob. - 74 - 24. The
current - caorgiwvgotior mati on of claim 18, wherein the intecwase@abasisayer
includes any of a silicide, oxide, nitride and carbide. 25. The
current-carrying formation of claim 18, wherein the internediate | ayer
i ncl udes a diffusion barrier.

plating 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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26. The current-carrying formati on of claim 18, wherein the electrical
conductor includes a conductive polynmer. 27. Anultilayer structure

conpri si Yo 201vP178ge swit chabl e dielectric material;  PCT/USanoiontsey medi at e
| ayer deposited on at |east a portion of the voltage switchable dielectric
material ; and

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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a polynmer deposited on at |least a portion of the internediate |ayer. 28.
The multilayer structure of claim27, wherein the internedi ate |ayer

i ncl udes w0 2el1@s9170gr af t ed pol yner. 29. The multil ayer ®CTOIStawms4369 cl ai m
27, wherein the internediate |ayer includes a diffusion barrier.

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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27. A multilayer structure comprising:

a voltage switchable dielectric material;

an intermediate layer deposited on at least a portion of the voltage
switchable dielectric material; and

a polymer deposited on at least a portion of the intermediate layer.

28. The multilayer structure of claim 27, wherein the intermediate layer

includes an electrografted polymer.

29. The multilayer structure of claim 27, wherein the intermediate layer

includes a diffusion barrier.

-76 -



WO 2011/059771 PCT/US2010/054569

CLAIMS

What is claimed is:

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

providing a voltage switchable dielectric material;

depositing an intermediate layer on at least a portion of the voltage
switchable dielectric material; and

depositing an electrically conductive material on at least a portion of

the intermediate layer.

2. The method of claim 1, wherein the intermediate layer includes a diffusion
barrier that reduces diffusion of one or more species between the
voltage switchable dielectric material and the electrically conductive

material.

3. The method of claim 1, wherein the intermediate layer includes any of W,

Ti, Ta, Ru, Re, and Mo.

4. The method of claim 1, wherein the intermediate layer includes any of a

silicide, oxide, nitride and carbide.
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5. The method of claim 1, wherein the intermediate layer includes a

conductive polymer.

6. The method of claim 5, wherein the conductive polymer includes any of a

polythiophene and a polyaniline.

7. The method of claim 1, wherein depositing the intermediate layer includes

electrografting the intermediate layer.

8. The method of claim 1, wherein the intermediate layer includes a seed

layer that enhances the deposition of the electrically conductive

material.

9. The method of claim 8, wherein the seed layer includes one or more

components of the intermediate layer.

10. The method of claim 8, wherein the seed layer includes an electrically

conductive material.

11. The method of claim 8, wherein the seed layer includes a metal.
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12.

A method of fabricating a multilayer structure, the method comprising;:
providing a voltage switchable dielectric material;

immersing the voltage switchable dielectric material in a solution

comprising a polymer precursor;

subjecting the immersed voltage switchable dielectric material to a

voltage sufficient to cause electrodeposition of a first polymer from the

solution; and

depositing the first polymer onto the immersed voltage switchable

dielectric material.

13.

14.

15.

16.

17.

The method of claim 12, further comprising applying a second polymer to

the first polymer.

The method of claim 12, wherein depositing includes electroplating.

The method of claim 12, wherein depositing includes electrografting.

The method of claim 12, wherein depositing includes using a cyclic

voltage.

The method of claim 12, wherein depositing includes partially etching.
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18. A current-carrying formation comprising;:

a voltage switchable dielectric material;

an intermediate layer deposited on at least a portion of the voltage
switchable dielectric material; and

an electrical conductor deposited on at least a portion of the

intermediate layer.

19. The current-carrying formation of claim 18, wherein the electrical

conductor includes any of Cu, Ti, AL, Ag, Au, and Pt.

20. The current-carrying formation of claim 18, wherein the voltage
switchable dielectric material includes a characteristic voltage between

3 and 100 volts.

21. The current-carrying formation of claim 18, wherein the intermediate layer

includes an electrografted polymer.

22. The current-carrying formation of claim 21, wherein the electrical

conductor includes a conductive polymer.

23. The current-carrying formation of claim 18, wherein the intermediate layer

includes any of W, Ti, Ta, Ru, Re, and Mo.
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24. The current-carrying formation of claim 18, wherein the intermediate

layer includes any of a silicide, oxide, nitride and carbide.

25. The current-carrying formation of claim 18, wherein the intermediate

layer includes a diffusion barrier.

26. The current-carrying formation of claim 18, wherein the electrical

conductor includes a conductive polymer.
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27. A multilayer structure comprising:

a voltage switchable dielectric material;

an intermediate layer deposited on at least a portion of the voltage
switchable dielectric material; and

a polymer deposited on at least a portion of the intermediate layer.

28. The multilayer structure of claim 27, wherein the intermediate layer

includes an electrografted polymer.

29. The multilayer structure of claim 27, wherein the intermediate layer

includes a diffusion barrier.
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